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Abstract 
Over the past decade, there has been a marked increase in accessible and user-friendly design 

tools and hardware platforms for haptic device development. This democratisation has 

enabled individuals from diverse expertise and academic backgrounds to participate in haptic 

design and prototyping. However, despite significant progress in design capabilities, the field 

of haptic device characterisation has not experienced comparable advancement in accessible 

methodologies and tools. 

This thesis chronicles the development of the Framework for Affordable, Reliable Kinesthetic 

Evaluation (FARE-KE), which emerged organically from practical challenges encountered 

while creating and characterising diverse haptic controllers. The research journey began with 

developing novel haptic prototypes, each presenting unique measurement challenges that 

revealed limitations in existing characterisation approaches. These challenges were 

particularly pronounced during COVID-19 restrictions, which necessitated innovative 

solutions with limited resources and equipment access. 

Through iterative development across multiple projects, methodologies for measurement, 

calibration, and analysis evolved into a coherent framework. FARE-KE provides a 

standardised approach to haptic device characterisation using affordable, readily available 

components. Key technical contributions include: (1) validated low-cost load cell 

configurations capable of measuring forces from 0.5N to 80N with accuracy better than 2%; 

(2) a custom data acquisition system supporting sampling rates up to 10kSPS across multiple 

channels; (3) calibration methods that reduce crosstalk in multi-axis measurements by a 

factor of 10; and (4) standardised analysis procedures for consistent performance evaluation. 

To demonstrate the framework's development and application, this thesis presents three case 

studies of haptic controllers that contributed to its evolution: a pneumatically-actuated 

single-axis controller (VR Recoil), which revealed that lower levels of linear kinesthetic 

feedback can enhance immersion without compromising performance; a study of self-touch 

haptic sensations (ProxyTouch), which confirmed somatosensory attenuation effects in pinch 

interactions; and a flywheel-based multi-axis haptic device (HapticWhirl), which 

demonstrated the ability to generate five distinct haptic modalities from a single actuator 

system. Each project not only exemplifies specific kinesthetic feedback modalities but also 

documents the characterisation challenges that shaped FARE-KE's development. 
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The FARE-KE framework represents a significant contribution to the haptic research 

community by lowering barriers to rigorous device characterisation. By providing accessible 

methods that complement existing approaches without requiring specialised expertise or 

expensive equipment, the framework supports the ongoing democratisation of haptic 

technology development. The standardised methodology enables more consistent reporting 

of device performance metrics, facilitating meaningful comparisons between different haptic 

systems and accelerating innovation in the field. 
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RMIS Robot-assisted Minimally Invasive Surgery 
RMS Root Mean Square 
RMSE Root Mean Square Error 
RPM Revolutions Per Minute 
SA Somatosensory Attenuation 
SA Slow-Adaptive 
SD Standard Deviation 
SEM Standard Error of the Mean 
SMA Shape Memory Alloy 
SNR Signal-to-Noise Ratio 
SP-CMG Scissored-Pair Control Moment Gyroscope 
SPI Serial Peripheral Interface 
SPS Samples Per Second 
THD Total Harmonic Distortion 
TPS Time Per Shoot 
TSA Twisted String Actuation 
TSE Traditional Sandwich Element 
USB Universal Serial Bus 
VE Virtual Environment 
VR Virtual Reality 



 

 

24 

 

1  Introduction 
The rapid evolution of hardware and software technologies has transformed haptic device 

design and prototyping, incorporating advanced digital fabrication methods. These 

innovations have outpaced evaluation methodologies, which remain crucial for ensuring 

consistent assessment across different devices. Foundational texts such as "Performance 

Metrics for Haptic Interfaces" [1] have tackled these issues, but updated methods that reflect 

current advances in device design and fabrication are needed. 

This thesis chronicles how my research journey, which began with developing novel haptic 

prototypes, ultimately led to the creation of a comprehensive characterisation framework. 

Each prototype presented unique measurement challenges that revealed limitations in 

existing approaches to haptic device evaluation. These experiences, particularly during 

COVID-19 restrictions when laboratory access was limited, necessitated creative solutions 

with accessible components. The methodologies developed across these projects gradually 

lead to FARE-KE - a framework that systematises the insights gained from these practical 

challenges into a cohesive approach for haptic device characterisation. 

Broader Impact of VR Research and Accessibility 

Virtual reality technology has profound implications beyond the technical research 

community, affecting multiple sectors of society. The transformative potential of VR in 

education and training is particularly significant, as immersive environments enable 

experiential learning previously impossible in traditional settings. Medical students can 

practice surgical procedures without risk to patients, emergency responders can train for 

disaster scenarios safely, and technical skills can be developed through repeated practice with 

immediate feedback—all facilitated by effective haptic interfaces that provide realistic tactile 

responses. 

In psychology and cognitive science, VR offers unprecedented opportunities to study human 

behavior and perception in controlled yet realistic environments. Research on spatial 

cognition, social interaction, and therapeutic interventions for conditions like PTSD and 

phobias has advanced significantly through VR applications. However, these societal benefits 

depend critically on accurate, reliable haptic feedback that mimics real-world interactions. 
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Making VR research more accessible through frameworks like FARE-KE therefore serves a 

broader societal purpose. When haptic device evaluation becomes more standardized and 

accessible, researchers from diverse fields—not just engineering specialists—can contribute 

to advancing VR technology. This democratization accelerates innovation and ensures that 

VR applications are developed by multidisciplinary teams with varied perspectives, 

ultimately creating more inclusive and effective virtual experiences that can benefit 

education, healthcare, psychological wellbeing, and many other domains. 

Standardization in Haptic Device Evaluation 

The standardisation of evaluation processes is critical for maintaining reliable assessments 

across various haptic device models. Traditional evaluation methodologies connected to 

mechanical and engineering frameworks have not kept pace with changes brought by digital 

fabrication technologies. These methods often require costly and specialised equipment, 

making them less accessible and adaptable to modern rapid prototyping practices. This 

creates a significant gap in the evaluation landscape, highlighting the need for innovative 

methodologies that align with contemporary haptic device design while facilitating easier 

access for diverse designers and researchers. 

This thesis is dedicated to developing hardware and software solutions for characterising 

kinesthetic haptic devices, with a focus on handheld models. The insights gained from 

creating diverse haptic prototypes inform a framework whose components are released as 

open source to foster further development and community contributions. A comprehensive 

review of both kinesthetic and vibrotactile characterisation provides a solid foundation for 

future enhancements. The framework includes an array of sensors, electronic design tools, 

data collection techniques, and processing methods chosen for their accessibility and cost-

effectiveness, allowing researchers to easily acquire components, program development 

boards, connect controllers, and follow straightforward instructions to obtain detailed 

physical performance metrics. 

Foundational works such as "Performance Metrics for Haptic Interfaces" [1] and 

"Performance Measures for Haptic Interfaces" [2] have received limited citation counts (84 

and 299 respectively) compared to the number of devices presented since their publication. 

The methodologies detailed within these texts primarily cater to an engineering audience, 

necessitating specialised knowledge for implementation. This requirement reflects the 
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inherently complex nature of haptic device design, as described by Kern et al. in "Engineering 

Haptic Devices" [3]: 

“Haptic systems are mechatronic systems, incorporating powerful actuators, sophisticated 

kinematic structures, specialised sensors, and demanding control structures as well as 

complex software. The development of these parts is normally focus of specialised areas of 

specialists, i.e. mechanical engineers, robotic specialists, sensor and instrumentation 

professionals, control and automation engineers and software developers. A haptic system 

engineer should be at least able to understand the basic tasks and procedures of all of these 

professions, in addition to the required basic knowledge about psychophysics and 

neurobiology outlined in the last chapters”. 

This complexity creates challenges for junior researchers and PhD students who may lack 

the extensive knowledge typical of an experienced haptic system engineer. The 

implementation and evaluation methods detailed in academic literature often demand 

significant effort and expertise, creating barriers to entry without the support of a skilled, 

interdisciplinary team. Thus, there is a need for more accessible evaluation methods that can 

be integrated into the haptic design process by researchers at various levels of expertise. 

Advancements in technology, including digital fabrication techniques, 3D modelling, 

printing, and electronic development platforms, have significantly lowered barriers to entry 

in electronics expertise and manufacturing. These developments have broadened haptic 

controller design, incorporating diverse approaches such as pneumatic, fluidic, chemical, EMS 

(Electrical Muscle Stimulation), and turbine-based systems into handheld kinesthetic 

controllers. Moreover, the growing accessibility of affordable virtual reality headsets has 

further democratised VR technology, leading to a focus on untethered handheld devices. This 

evolution highlights the need for evaluation methods that accommodate the expanding 

variety of haptic device designs and technologies. 

Another recurring issue in haptic device characterisation is the lack of practical guidelines 

that can be implemented without extensive mechanical engineering knowledge. This 

deficiency often limits the adoption of characterisation processes, presenting significant 

challenges for designers and researchers new to this field. The persistent concern regarding 

the absence of standardisation and detailed reporting protocols has been documented in 

numerous scholarly articles. For example: 
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“Haptipedia [4](CHI – 2019) Quote{Hopes for improved metrics and standardization – 

Several of our interviewees noted the lack of standards in the field and hoped that the 

Haptipedia taxonomy can provide metrics and protocols for device characterisation. 

P7DevD:“In all the papers they just tell you ... I built it, and it works ... what does that 

mean?” 

The solution, however, was not straightforward. P7DevD: “I don’t really know what to do... 

there’s not a specific standard in haptics.” 

“Getting Your Hands Dirty Outside the Lab: A Practical Primer for Conducting Wearable 

Vibrotactile Haptics Research [5] (TRANSACTIONS ON HAPTICS – 2019) Quote{ While 

this article identifies a number of areas for future improvement, we argue that the most 

urgent issue in the haptic  community at this moment is the lack of generalizability  and 

comparability of studies’ findings. We therefore invite researchers to pay particular attention 

to developing:   

• Standardised assessment methods.   

• Standardised coupling methods and reporting, such as measurement procedures 

(e.g., load cell placement).  

Contributions to these two aspects would allow the generation of more cohesive, consistent, 

repeatable, and comparable results that would strengthen the haptics community, bringing 

it closer to that of its audio and visual counterparts.} 

Implementation and Characterisation of Vibrotactile Interfaces [6] (2018)“the 

characterisation of haptic prototypes—together with their technical documentation—allows 

reproducible implementations and enables other users and designers to carry on research and 

development, rather than resulting in one-of-a-kind devices.” 

To tackle these challenges, this thesis introduces FARE-KE, the "Framework for Affordable, 

Reliable Kinesthetic Evaluation," which emerged organically from my experiences developing 

and characterising several novel haptic controllers. This framework offers a standardised and 

accessible method for measuring and modelling the operation of kinesthetic feedback 

controllers. By employing affordable hardware and providing clear, step-by-step instructions, 
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FARE-KE assists researchers of varying backgrounds and skill levels in effectively evaluating 

their haptic devices. 

1.1  Ethos & Main Contribution 

The framework guiding this thesis is based on open-source technology principles. This 

approach aims to build a collaborative community among researchers and practitioners in 

haptic technology, promoting innovation, collaborative problem-solving, and democratising 

access to haptic developments. By providing comprehensive information freely available to 

the public in the form of a detailed "Tutorial," haptic technology becomes more accessible, 

supporting a circular economy model that empowers individuals with limited resources. 

Publications advocating an open-source ethos highlight several common themes: firstly, 

haptic technology becomes more inclusive, facilitating entry for new practitioners and 

nurturing community-oriented values; secondly, open-source haptic designs encourage 

iterative improvements, leading to better interfaces and collectively advancing haptic design; 

thirdly, these open designs offer an educational platform supporting academic programmes, 

embedding the characterisation of haptic devices within the design process. 

The primary contribution of this thesis is the development of FARE-KE, a framework aimed 

at promoting the democratisation of haptic research within the open-source community. The 

framework offers detailed guidance on selecting appropriate hardware and software, along 

with methods for measuring and modelling the operation of kinesthetic feedback controllers. 

It establishes clear analytical procedures, identifies comparable features across various haptic 

devices, and outlines properties to ensure controller performance is assessed using 

standardised metrics and methods. 

Moreover, this thesis includes an extensive literature review covering the most widely used 

haptic modalities and practical methods employed by researchers to characterise haptic 

devices, supported by insightful case studies. The review primarily emphasises previous works 

providing visual or clearly descriptive information about researchers' measurement setups 

and methodologies. This analysis serves as a valuable resource, offering guidance on sensor 

applications and integration within the framework outlined in this study.  

Additionally, this research presents three novel haptic controllers developed to investigate 

various scenarios and interaction properties within a virtual environment. Each controller is 
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designed with specific objectives, which will be explored in greater depth through subsequent 

research questions. By combining the Kinesthetic Feedback Modelling Framework, case 

studies, and the literature review, this thesis contributes to the field of haptic research by 

providing a standardised and accessible method for evaluating kinesthetic feedback 

controllers, clearly organising the core research questions across five chapters. 

1.2  Research Questions 

RQ1: How can a standardised and accessible framework be developed to make haptic device 

characterisation more widely adopted by the research community? This research question is 

addressed in the thesis through the development and presentation of the FARE-KE 

framework in Chapters 3 and 4. The framework provides comprehensive guidelines for the 

physical evaluation of haptic devices, making the characterisation process more accessible 

and adoptable by researchers with varying levels of expertise. 

RQ2: What are the key components and methodologies required to establish a foundation 

for standardised measurements, enabling the comparison of diverse haptic devices across 

various modalities? The thesis successfully addresses this question by proposing the essential 

elements and techniques needed for a standardised approach to characterizing and comparing 

haptic devices. Chapters 3, 4, and 5 present the key components of the FARE-KE framework, 

including guidelines for hardware and software selection, data acquisition, performance 

analysis, and sensor validation. 

RQ3: How can the versatility of the proposed framework be demonstrated in characterizing 

a wide range of kinesthetic feedback modalities? The versatility of the FARE-KE framework 

is demonstrated through case studies in Chapters 6, 7, and 8. Each case study applies the 

framework to different kinesthetic feedback modalities, validating its adaptability and 

effectiveness in evaluating diverse kinesthetic haptic devices. 

RQ4: What is the impact of linear kinesthetic feedback on user performance and experience 

in virtual reality shooting scenarios? The VR Recoil case study in Chapter 6 addresses this 

research question by examining the effects of linear kinesthetic feedback on user performance, 

immersion, and learning in VR shooting experiences. The study provides insights into how 

linear kinesthetic feedback influences user experience in virtual environments. 
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RQ5: Can kinesthetic feedback be effectively recreated using the user's own body, without 

relying on external proxies? The Proxy Touch case study in Chapter 7 explores the feasibility 

of using the user's own body to generate kinesthetic feedback in VR interactions. The study 

examines the somatosensory attenuation (SA) effect in pinch gestures, demonstrating the 

potential for recreating kinesthetic feedback without external proxies. 

RQ6: How can continuous rotational flywheels be utilised to simulate fluid motion haptic 

effects, and what are the key considerations for characterizing such devices? The HapticWhirl 

case study in Chapter 8 addresses this research question by investigating the capabilities of 

continuous rotational flywheels in recreating fluid motion haptic effects. The study discusses 

the challenges and techniques for characterizing such devices using the FARE-KE framework, 

providing insights into key considerations for evaluating continuous rotational flywheel-based 

haptic devices. 
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Research Question Objective Chapter 

RQ1: How can a standardised and 
accessible framework be developed to make 
haptic device characterisation more widely 
adopted by the research community? 

1. Develop a standardized, accessible framework for 
haptic device characterisation 
2. Provide open-source hardware and software 
components with step-by-step instructions for various 
expertise levels 
3. Encourage collaboration and foster a sense of 
community within the haptic research field 

Chapter 3: FARE-KE 
Framework Overview 
Chapter 4: FARE-KE Data 
Acquisition System 

RQ2: What are the key components and 
methodologies required to establish a 
foundation for standardised measurements, 
enabling the comparison of diverse haptic 
devices across various modalities? 

1. Identify and define comparable features and properties 
of haptic devices across various modalities 
2. Establish consistent metrics and procedures for 
evaluating and comparing haptic devices 
3. Integrate findings from a comprehensive literature 
review to inform framework development 

Chapter 3: FARE-KE 
Framework Overview 
Section 3.4: Load Cell 
Count and Type Section 
3.5: Considering Range 
and Capacity 
Section 3.8: Calibration 
Process 
Section 3.9: Device 
Characterisation Process 

RQ3: How can the versatility of the proposed 
framework be demonstrated in 
characterizing a wide range of kinesthetic 
feedback modalities? 

1. Investigate and evaluate different techniques for 
kinesthetic feedback2. Determine the most suitable and 
versatile approach for various kinesthetic feedback 
modalities3. Validate the versatility and effectiveness of 
the approach through case studies and practical 
implementation 

Section 3.2: Initial 
Considerations 
Section 3.3: Testbed 
Designs 
Chapter 6: VR Recoil Case 
Study 
Chapter 7: Proxy Touch 
Case Study 
Chapter 8: HapticWhirl 
Case Study 

RQ4: What is the impact of linear 
kinesthetic feedback on user performance 
and experience in virtual reality shooting 
scenarios? 

1. Assess the effect of linear recoil on aim task 
performance, immersion, and learning in VR shooting 
experiences 
2. Adapt and apply the developed framework to 
accommodate different haptic device modalities 
3. Validate the effectiveness of the approach through 
user studies and practical implementation 

Chapter 6: VR Recoil Case 
Study 
Section 6.4: FARE-KE & 
VR RECOIL 
Section 6.5: User Studies 

RQ5: Can kinesthetic feedback be effectively 
recreated using the user's own body, without 
relying on external proxies? 

1. Investigate the feasibility of leveraging the user's own 
body to generate kinesthetic feedback in VR interactions 
2. Assess the potential of utilising mutual finger contact 
during pinch gestures as a means of providing haptic 
feedback 
3. Validate the effectiveness of the approach through 
user studies and practical implementation 

Chapter 7: Proxy Touch 
Case Study 
Section 7.3: FARE-KE & 
Force Measuring Setup 
Section 7.4: Proxy-Touch 
SA Evaluation 

RQ6: How can continuous rotational 
flywheels be utilised to simulate fluid 
motion haptic effects, and what are the key 
considerations for characterizing such 
devices? 

1. Explore the capabilities of continuous rotational 
flywheels in recreating fluid motion haptic effects 
2. Identify the challenges and techniques for 
characterizing such devices using the FARE-KE 
framework 
3. Validate the effectiveness of the approach through 
practical implementation and performance analysis 

Chapter 8: HapticWhirl 
Case Study 
Section 8.4: FARE-KE & 
HapticWhirl Section 
8.5: Experimental 
Validation 
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2  Situating our Work 

The creation of a comprehensive framework for evaluating and characterising haptic devices 

requires a thorough understanding across various fields. Haptic design involves specialisations 

such as mechanical engineering, robotics, sensor technology, control and automation, 

software development, and psychophysics. This chapter explores key areas relevant to 

establishing the groundwork for the FARE-KE framework. 

The analysis explores haptic perception, focusing on tactile and kinesthetic senses, and 

examining human dynamics, capabilities, and limitations essential for haptic device design. 

The discussion then covers haptic technologies, from eccentric rotating motors (ERM) to 

innovative mid-air technologies, and reviews kinesthetic actuators documented in existing 

research.  

The third section examines haptic controller characterisation methods, setups, and sensors 

previously employed in research, addressing both tactile and kinesthetic techniques. It 

critically assesses elements of the characterisation process to form the FARE-KE framework 

Figure 1. Flowchart outlining the structure of the literature review in this chapter, categorising haptic perception, haptic technology, 
haptic characteristics, and evaluation metrics. 
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core, providing guidelines for force range and sampling rate requirements. The concluding 

section summarises insights to ensure clarity and practical applicability. 

2.1  Understanding Haptic Perception: Tactile and 
Kinesthetic Feedback 

Haptic perception, known as the sense of touch, is a sophisticated sensory system enabling 

environmental interaction through skin contact. This "somatic sense," often called the sixth 

sense [7], detects physical contact and responds to temperature, pressure, texture, and 

vibration variations. It relies on proprioceptors and mechanoreceptors distributed throughout 

the body, which transmit information to the central nervous system and cerebral cortex for 

processing [8]. Understanding this system's neurophysiological basis and perceptual 

limitations is crucial for developing effective haptic interfaces that deliver meaningful tactile 

experiences for daily activities like object manipulation and tool use.  

This literature review specifically examines mechanoreception (tactile feedback) and 

proprioception (kinesthetic feedback), two senses with distinct functions and sensory 

receptors: 

• Tactile Feedback: This involves detecting sensations like pressure, vibrations, 

and textures through the skin, enabling individuals to perceive and explore 

objects. 

Figure 2. The multimodal sensory system, illustrating how touch, once considered a 
single sense, is now divided into multiple distinct modalities, including 
mechanoreception, proprioception, and kinesthesia, among others [7]  
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• Kinesthetic Feedback: This sense uses information from proprioceptors to inform 

the brain about the body's position, size, and weight relative to its surroundings, 

assisting in navigation and spatial awareness. 

Understanding these senses is vital for developing effective haptic interfaces that offer users 

rich and immersive tactile and kinesthetic experiences. 

2.1.1  Tactile Feedback  

Tactile feedback (Figure 3), mediated through the skin (the body's most extensive sensory 

organ), enables perception of pressure, temperature, pain, and other sensations essential for 

environmental interaction. Various mechanoreceptors within the skin respond to distinct 

mechanical stimuli. The primary mechanoreceptors Merkel cells, Ruffini endings, Meissner's 

corpuscles, and Pacinian corpuscles, each facilitate specific aspects of tactile perception 

[9][10].   

These mechanoreceptors have distinct receptive fields that transmit sensory information. 

Pacinian and Ruffini corpuscles with their large receptive fields convey information about 

Figure 3. Diagram illustrating the receptive fields of Merkel cells, Ruffini endings, Meissner’s corpuscles, and Pacinian corpuscles, 
highlighting their density, function, frequency response, receptive field area, and adaptation properties. Adapted from [11]. 
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general stimulus outlines, while Meissner's corpuscles and Merkel disks with smaller receptive 

fields identify precise spatial boundaries of smaller stimuli [11]. 

Additionally, these mechanoreceptors show varying adaptation rates to continuous stimuli. 

Pacinian and Meissner's corpuscles, categorised as fast-adaptive receptors (FA or RA), 

exhibit reduced sensitivity to prolonged stimulation and cease transmitting information if 

the stimulus remains constant on the skin [10]. In contrast, Merkel and Ruffini receptors, 

identified as slow-adaptive receptors (SA), maintain their responsiveness to sustained 

pressure on the skin [10]. 

Mechanoreceptor distribution and density vary across the body, significantly influencing 

tactile sensitivity. Peripheral regions such as arms and legs have higher receptor density 

compared to the trunk and proximal areas, resulting in heightened sensitivity thresholds in 

these peripheral areas [12]. 

The detection of a vibrotactile stimulus is explained by the four-channel theory, which posits 

that each mechanoreceptor type corresponds to a psychophysical channel sensitive to distinct 

input frequencies. Understanding these sensitivity ranges is crucial, as detection thresholds 

for complex vibrotactile stimuli are determined by the spectral component with the highest 

energy, adjusted for human psychophysical sensitivity [13]. Most findings, except for texture 

perception, derive from passive touch scenarios where the hand remains stationary. In 

contrast, active touch, involving hand and finger movement, presents different dynamics and 

can yield varied results. 

Understanding the mechanisms of tactile feedback is vital for the development of the FARE-

KE framework. Although the framework primarily focuses on kinesthetic devices, designs 

Figure 4.  Illustration of proprioceptors involved in sensing force and body movement, including 
muscle spindles and Golgi tendon organs. Adapted from [14]. 
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often incorporate both tactile and kinesthetic modalities, or actuators may inadvertently 

introduce unwanted vibrations during early prototyping, affecting user experience. Aligning 

FARE-KE with human tactile perception ensures that the evaluation process 

comprehensively measures and quantifies all facets of the haptic experience as well as 

ensuring researchers are aware of any potential limitations of the framework. 

2.1.2  Kinesthetic Feedback 

Our perception of position, movement, and muscle and joint tension is facilitated by the 

kinesthetic sense, or proprioception (Figure 4). This sensory system allows us to determine 

the spatial location of our body parts without visual input. Proprioceptors, sensory receptors 

that detect internal body stimuli, particularly from muscles and joints movement, play a 

crucial role in this process. 

Proprioception involves three primary main types of proprioceptors: muscle spindles, Golgi 

tendon organs, and joint receptors [14]. Muscle spindles, embedded within muscle fibres, 

detect changes in muscle length and their rate of change, providing critical information about 

muscle stretch. This detection aids in regulating muscle contractions and reflex responses. 

Golgi tendon organs, located near muscle-tendon junctions, monitor muscle tension and relay 

data on muscle force, helping to regulate contractions and prevent damage from excessive 

force. Joint receptors, found in the joint capsule, detect changes in joint position and 

movement, providing data on angles, velocity, and acceleration, which is essential for 

coordinating joint movements and maintaining stability [16]. 

Slow-adapting Ruffini endings, which detect skin stretching, also contribute to 

proprioception. Though not as dominant as muscle spindles, Golgi tendon organs, and joint 

receptors, Ruffini endings help perceive body position and movement by providing 

information on the length and direction of skin stretch. 

Developing a kinesthetic haptic controller requires understanding the human body's 

capabilities and operational range to accurately assess metrics associated with these 

phenomena. Table 1 lists parameters related to human kinesthetic perception, including 

sensory thresholds that define our capabilities and limitations. Considering these parameters 

is essential for the characterisation framework, ensuring operation remains within safe ranges. 

Exceeding these limits could increase injury risk from the controller, highlighting the 

importance of well-defined safety protocols in design and application. 



 

 

37 

 

Table 1. Aggregated Sensory Thresholds and Body Capabilities for Kinanesthesia: This table is an adapted summary of various tables from Samur et al., focusing on the kinesthetic perception of limb motion and position, sensory thresholds 
of the human hand, and human body capabilities related to kinesthetic perception. Data sourced from various studies as detailed in Performance metric for haptic [1]

Category Parameter Type Value Notes 

Kinanesthesia Position threshold Absolute 0.6–1.1° Elbow & shoulder position precision   
Differential 1.7–2.7° Smallest detectable change in position    

2.0/0.8° Wrist & elbow/shoulder minimum movement detection    
9 % Finger & elbow minimum position change  

Movement threshold Absolute 1° Minimum detected movement in a specified velocity range   
Differential 0.2–0.7° Wrist, elbow & shoulder smallest detectable change in movement    

8 % Elbow smallest detectable change in movement  
Information transfer 

 
1.92 bits Amount of information transmittable about joint angle positions  

Sensing bandwidth 
 

20–30 Hz Frequency range of proprioceptive and kinesthetic sensor detection 

Sensory Thresholds Force Absolute 0.06 N Smallest detectable force change   
Differential 7 % Detectable force change over a range of 2.5–10 N    

7 % Elbow muscle force change over a range of 25–400 N    
15–27 % Detectable force change for forces less than 0.5 N  

Pressure Absolute 0.019 g Women's smallest detectable pressure change    
0.055 g Men's smallest detectable pressure change  

Friction Accurately scaled 0.43–2.79 Friction coefficient range accurately perceived  
Shear Accurately scaled 0.15–0.70 N Range of shear force accurately perceived  
Vibration Intensity (Differential) 25 % Detectable change in vibration intensity over a range of 10–20 dB sensation level  
Spatial resolution 

 
1.2 mm Smallest detectable change in grating orientation    
0.6 mm Smallest detectable change in grating  

Temporal resolution 
 

5 ms Minimum time interval for detecting two successive mechanical pulses 

Body Capabilities Force Maximum 50/60 N Maximum exertable force for the finger/wrist    
100 N Maximum exertable force for the elbow & shoulder   

Control 11–15 % Control precision of force exertion    
1 % Detectable force change over a range of 10 to 20 N    
1 % Detectable force change over a range of 20 to 50 N for the wrist, elbow & shoulder    
10 % Detectable force change over a range of 5 to 18 N   

Bandwidth 2–3 Hz Frequency range for detecting changes in force    
5 Hz As above    
2–6 Hz As above  

Motion Maximum speed 17.6 rad/s Maximum achievable speed of movement   
Bandwidth <2 Hz Frequency range for detecting changes in motion during active touch for sensing    

2–4 Hz ……………………………………………………………………………………… voluntary movements    
2–7 Hz ……………………………………………………………………………………… periodic tracking    
4–8 Hz ……………………………………………………………………………………… skilled actions like hand writing, typing, tapping, playing musical instruments    
10 Hz ……………………………………………………………………………………… reflexive actions    
<10 Hz Frequency range for detecting changes in motion    
8–12 Hz Frequency range for detecting changes in motion during finger tremor 
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2.2  Haptic technologies 

Haptic technologies simulate touch and force sensations, significantly enhancing user 

experience by increasing intuitiveness and immersion across various applications. This section 

examines a range of technologies designed to generate tactile and kinesthetic feedback, 

highlighting their unique characteristics and specific applications. The section begins with an 

exploration of the most prevalent tactile technologies (Figure 5), followed by an overview of 

kinesthetic haptic actuators.  

2.2.1  Tactile Technologies 

 

Tactile feedback technologies stimulate skin mechanoreceptors using vibrotactile, thermal, 

and electro-tactile displays that evoke sensations of texture, temperature, and pressure. This 

subsection explores tactile feedback methods, from widely used vibrotactile approaches to 

novel technologies like chemical haptics. Table 2 evaluates different vibrotactile actuators 

that generate feedback through amplitude and frequency variations applied directly to the 

skin, operating across ranges up to several kilohertz. 

Research indicates that human skin’s sensitivity to tactile stimuli varies, covering a frequency 

spectrum from 0.4 to 1000 Hz [15], with frequencies beyond this range generally falling outside 

human tactile perception [16]. Optimal perceptual sensitivity is found within the 150 to 300 

Hz range [17]. The amplitude of perceived vibrations varies significantly across different body 

part, emphasising the need for precise actuator performance tuning for specific application 

areas.  

Figure 5. Summary of tactile technologies: (a) Eccentric rotating mass motor, (b) linear resonant actuator, (c) solenoid actuator, and (d) 
piezoelectric actuator. 
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2.2.1.1  ERM Vibration Motors 

The Eccentric Rotating Mass (ERM) motor is a widely used actuator for haptic feedback. It 

functions by rotating an imbalanced mass on a shaft, generating multi-axis vibrations 

primarily in the plane of rotation. The simplicity, ease of control, and durability of ERMs 

make them a cost-effective and reliable choice for various applications. However, ERMs have 

inherent limitations, such as the direct correlation between vibration strength and rotational 

speed [19], which restricts the complexity of haptic patterns they can generate. Additionally, 

actuation latency (the time required for the mass to accelerate or decelerate) further limits 

their effectiveness in delivering precise haptic feedback. 

To mitigate some of these drawbacks, modern integrated circuit (IC) drivers [22] have been 

developed, incorporating features such as overdrive to accelerate motor startup and active 

braking mechanisms to decrease stopping time. While these advancements reduce some 

limitations, ERMs still struggle to produce complex haptic feedback patterns. Nevertheless, 

their affordability and reliability sustain their widespread adoption across various industries. 

Table 2. Expanded and adapted table from [18] [5], [19], [20], [21]. These values are generalized; actual parameters may differ significantly 
depending on specific models, manufacturers, and application environments. 
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2.2.1.2  Vibrotactile linear actuators 

Vibrotactile linear actuators offer a flexible haptic technology, distinguished by their ability 

to produce diverse tactile sensations. They generate vibrations along a single axis, allowing 

enhanced control over stimuli. Within this category, linear resonant actuators (LRAs) and 

voice coils (VCs) are the predominant designs. Both function on principles similar to 

loudspeakers, where electric current passing through a coil within a magnetic field causes 

movement along the field's axis, converting electrical signals into physical vibrations. In 

LRAs, this mechanism includes a mass-spring system which amplifies vibrations but limits 

the frequency range due to the resonant frequency of the mass. VCs offer a wider frequency 

range, enabling more expressive stimuli, albeit with reduced amplitude. Linear actuators 

feature quicker response times and broader frequency capabilities compared to ERMs, with 

initial research into this technology for haptic applications dating to the 1930s [23].  

While ERM actuators operate with a simple DC voltage, linear actuators require a more 

complex electrical “audio” signal. This “audio” input enables LRA to generate effects that can 

simulate "virtual textures" on surfaces [24]. Modern haptic IC controllers have been developed 

to manage these actuators efficiently, incorporating pre-programmed haptic sensations to 

streamline their operation. 

2.2.1.3  Solenoid Actuators 

Solenoids are electromagnetic actuators commonly used in haptic technology to create 

vibrations and simulate kinesthetic feedback. These devices function by passing an electric 

current through a coil of wire, generating a magnetic field that causes a ferromagnetic core 

to retract or extend rapidly. This motion produces a strong force, enabling solenoids to 

generate high-amplitude, low-frequency vibrations, functioning similarly to linear resonant 

actuators (LRAs). Due to their significant actuation force, reliability, and simple design, 

solenoids are widely used in applications requiring robust kinesthetic feedback. 

Despite their advantages, solenoids have inherent limitations due to the mass of the internal 

core moving within the coil. These include high response latency, output variability based on 

device orientation, and a restricted frequency range. These factors can limit the versatility of 

solenoids in nuanced haptic applications requiring rapid response and a broad frequency 

spectrum. 
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2.2.1.4  Piezoelectric Actuators 

Piezoelectric actuators leverage the piezoelectric effect, where solid materials alter their shape 

upon application of electrical voltage. These actuators typically comprise a metal disk topped 

with a ceramic layer that responds to an electric field by expanding, causing linear 

displacement perpendicular to the disk. While the displacement produced is minimal, 

piezoelectric actuators can generate significant forces at high frequencies. This feature makes 

them particularly effective in creating various tactile sensations, such as simulating textures, 

by manipulating the frequency and amplitude of the applied electrical signal. 

Due to their low power consumption and high reliability, piezoelectric actuators are well-

suited for portable and wearable haptic devices. However, they operate at high voltages, often 

exceeding 100V, which requires specialised circuitry for voltage amplification and precise 

control. Furthermore, the limited displacement of these actuators may restrict the diversity 

of haptic sensations they can produce, posing challenges in applications requiring a broader 

range of tactile feedback. 

2.2.1.5  Shape Memory Allow 

Shape memory alloys (SMAs) offer a novel approach in haptic technology. These materials 

deform in response to temperature or electrical current changes, generating force, pressure, or 

movement for haptic feedback. SMAs are advantageous due to their compact size, low power 

consumption, and ability to produce consistent motion. However, they have limitations, 

including slow actuation and a restricted range of motion that can limit their use in dynamic 

applications. Additionally, precise control of temperature or current is necessary to ensure 

accurate feedback, adding complexity to their integration into haptic systems. 

2.2.1.6  Mid-air technologies 

Mid-air technologies use phased array ultrasound transducers to generate skin vibrations via 

acoustic pressure without direct physical contact. This technology adjusts transducer phase 

shift and integrates hand-tracking technology, enabling accurate control over the vibration 

focal point. Such control allows simulation of various haptic patterns that mimic the sensation 

of touching shapes or edges across an interface. The intensity and frequency of stimuli 

produced by this technology depend on the ultrasound speaker wavelength [25]. For instance, 

a 40 kHz ultrasound speaker, with a wavelength of approximately 8.5 cm, can produce an 

output force of 16 mN, creating tangible haptic feedback in mid-air. 
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2.2.1.7  Air actuators 

Air actuators, using fans or pneumatic systems, stimulate skin mechanoreceptors to create 

tactile haptic feedback. This feedback is experienced as pressure, discernible through skin hair 

movement. Devices like the Wind Tactor [26] use directed airflow to provide tactile 

stimulation to specific body areas such as the neck. Similarly, other systems use controlled 

air vortexes to generate tactile sensations on the face [27]. While effective, these technologies 

pose implementation challenges, and their performance is easily influenced by environmental 

conditions. 

Other designs such as Aerial delivers vortices capable of generating forces up to 9.8 µN and 

reach users up to 1.2 meters away. However, their travel speed introduces a latency of a few 

seconds before the user perceives the effect. This design demonstrated an 84% accuracy in 

delivering targeted tactile feedback to a user at a distance, showcasing the potential for remote 

haptic interaction using air actuator systems. 

2.2.1.8  Chemical 

Chemical haptics is an emerging field within haptic technology that enables sensory 

experiences beyond conventional vibrotactile or mechanical methods. This approach 

stimulates nociceptors to simulate temperature variations, using substances like peppermint 

oil for cooling and low doses of capsaicin for warmth. For instance, the Douleur haptic device 

[28] combines capsaicin with a micro-needling process to induce pain and improve dermal 

absorption. Additionally, a system by Lu et al. [29] utilises up to four chemical agents to 

enhance virtual reality realism. Brooks et al.[30] further investigate chemical haptics' ability 

to generate temperature illusions by activating trigeminal nerve receptors on the face. The 

potential of chemical haptics to create precise and varied tactile sensations highlights its 

promise as an innovative area within haptic technology. 

2.2.2  Kinesthetic Feedback Technologies 

As we explore kinesthetic feedback technologies, it is important to acknowledge the wide 

range of actuators used in this field. Unlike the previous section, which examined individual 

actuators, taking a broader perspective. It highlights how actuators function within 

kinesthetic systems to generate feedback across different modalities. Instead of classifying 
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actuators by their properties, the focus here is on their roles in delivering kinesthetic feedback. 

Various kinesthetic devices are discussed, each illustrating distinct feedback methods. This 

overview underscores the multitude different ways in which stimuli are conveyed to users, 

forming a foundation for later discussions on measurement techniques. 

This examination of kinesthetic devices follows the classification system proposed by 

Adilkhanov et al. [31], with particular attention to wearability. Two primary categories of 

haptic devices are analysed: handheld kinesthetic devices and exogloves, selected for their 

relevance in portable and handheld applications.  

2.2.2.1  Hand-held kinesthetic devices 

Hand-held kinesthetic devices are designed to be held and manipulated by the user, as shown 

in Figure 6, enabling interaction with haptic content through the device itself. These devices 

fall into two main subtypes based on the nature of their actuation: direct and indirect. 

2.2.2.1.1  Hand-held Devices - Direct Actuation 

The first category examined comprises hand-held devices that exert force directly upon the 

user's skin, such as on the hand or fingers (Figure 7). An exemplary model of direct actuation 

is the Claw [32], which provides both kinesthetic and tactile feedback to the user's index 

finger. This device employs an actuated lever to support pinching motions between the thumb 

Figure 6. Various modalities of handheld kinesthetic haptic devices. Direct actuation: (a) Torc [32], (b) Claw [33]. Indirect actuation, 
where force is applied as torque through a handle or grip: (c) Thor’s hammer [34], (d) Itorqu [35] and (e) AirRacket [36]. 

Figure 7. Examples of handheld devices that deliver direct actuation: (a) CapstanCrunch [37], (b) NormalTouch [38], (c) Bstick [39], 
(d)Haptivec [40], )e) Pupop [41] and (f) pneu-multi-tools [42].  
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and index finger whilst delivering feedback responsive to trigger actions. Additionally, Claw 

integrates a voice coil actuator at the lever's extremity in contact with the index fingertip, 

providing tactile feedback that enhances interaction with virtual surfaces. 

A similar approach is presented in CapstanCrunch [33], which uses a lever mechanism to 

simulate pinching actions and material stiffness. Unlike Claw, CapstanCrunch incorporates a 

capstan system between the motor and lever, amplifying the force from a lower-power motor 

and allowing for adjustable resistance. This design demonstrates the range of methods for 

achieving similar kinesthetic feedback in hand-held devices that use different actuators. In 

both cases, the devices can be characterised by the force exerted on the fingertip or by their 

torque generation capabilities. 

Benko et al. [34] introduced an alternative hybrid approach that integrates tactile and 

kinesthetic feedback to represent virtual shapes. They developed two devices: NormalTouch, 

which employs a tiltable platform to simulate the normal surface of a virtual object for 

kinesthetic feedback, and TextureTouch, which features a matrix of actuated pins to recreate 

the texture of a virtual object. In NormalTouch, the platform adjusts its angle of contact with 

the fingertip, suggesting that its characterisation could be simplified to a single-axis force 

when the platform moves in one direction. 

Bstick [35] is a kinesthetic device that engages both fingers and the hand, featuring five linear 

actuators capable of exerting forces up to 22 N on the contact plates. Designed with a 

cylindrical form, Bstick employs a multipoint actuation strategy, positioning four micro linear 

actuators to correspond with each finger grasping the handle. This configuration enables 

movement forward or backward, effectively altering the device's diameter. PaCaPa [36] is 

another device designed to apply forces directly to the user's hand or fingers while being held. 

It uses a servo motor to pivot a "wing" through a hinge mechanism, adjusting palm pressure 

across a 0-90° hinge angle range, thereby providing a uniaxial force. 

Haptivec [37] uses a distinct method to impart impulse forces onto the user's hand with 

compact linear actuators, such as small solenoids, that exert pressure at the user's palm. This 

approach offers directional haptic pressure vectors to the user's fingers and hand during 

interaction with virtual environments. The device's round hand-held controller contains 

solenoid actuators arranged in eight principal directions, providing directional pressure 

feedback in an x-y coordinate plane. For devices like Bstick, characterisation clearly involves 
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measuring the linear force exerted by each actuator. However, with designs such as PaCaPa, 

the process of measuring this linear force and identifying the specific point of measurement is 

less straightforward. 

Inflatable props offer a novel alternative to traditional mechanical kinesthetic devices, utilising 

shape-changing properties to simulate interactions with virtual objects. Popop [38] design 

employs a range of basic inflatable shapes that expand under controlled pressure when users 

interact with virtual objects. By combining these basic forms, more complex structures 

become possible. An advancement in interactivity is demonstrated by the Pneu-multi-

tools[39], which incorporates folding hinges integrated with several basic shapes. This design 

enables the creation of rudimentary mechanisms that mimic real-world tools, such as pliers, 

offering passive stand-ins for these implements. While such designs can replicate stiffness 

sensations based on system pressure, quantifying this stiffness remains challenging. The 

perceived stiffness varies with the hand area contacting the device, and differences in 

individual users' grips significantly affect the force they experience. This variability presents 

a considerable challenge, common across the other designs discussed, in characterizing users' 

subjective force experiences during device interaction. 

2.2.2.1.2  Indirect Actuation 

Indirect actuation techniques use technologies like air turbines, moving components, or 

energy-storing elements such as elastics to provide kinesthetic feedback. These methods 

position the actuator at a distance from the user's hand, typically connected by a handle. The 

haptic feedback manifests as torque experienced upon the device's actuation. 

Dynamic Passive Haptic Feedback (DPHF) is a design approach that leverages an object's 

natural dynamics to generate counterforce against user movements. Several designs 

incorporate weight-shifting or shape-altering mechanisms to modify controller attributes 

Figure 8.  Examples of Dynamic Passive Haptic Feedback (DPHF): (a) Shifty[46], (b) Drag:on [47], (c) Transcalibur[48], (d) 
ElastOscillation[49] and (e) ElaStick[50]. 
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(Figure 8). For instance, Shifty [40] adjusts the controller’s centre of mass to modify its 

moment of inertia, altering the perceived weight and resistance to movement, enhancing the 

sensation of mass distribution. Meanwhile, Drag:on [41] utilises foldable fans to generate 

passive haptic feedback via air resistance, creating either resistive force or rotational effects 

based on fan positioning. Similarly, Transcalibur [42] builds upon Shifty’s approach by 

integrating a pivot mechanism that enables both weights to rotate 90 degrees, altering mass 

distribution. While these techniques offer the advantage of low energy consumption, their 

effectiveness is restricted to moments of motion. This poses a challenge for characterisation, 

as assessing these controllers requires active analysis of their performance during user 

interaction.  

An alternative approach to passive haptic feedback mechanisms involves designs that 

incorporate elastic components for actuation. One such design is ElastOscillation [43], which 

features a mass suspended between two elastic actuators. A DC motor shifts this mass across 

a plane, modifying the tension in the elastic elements and, consequently, influencing the mass's 

movement. This setup can replicate the sensation of swirling motion within a container. 

Similarly, ElaStick [44] adjusts the firmness of an elastic component affixed to a VR controller 

to produce haptic feedback. This device employs four motors to either tighten the elastic body 

into various configurations or release it abruptly, providing the user with the tactile sensation 

of interacting with virtual objects of varying physical properties. 

Aerodynamic haptic devices, as illustrated in Figure 9, utilise components such as propellers, 

turbines, or fans to generate force feedback. Thor's Hammer [45], for example, is a handheld 

virtual reality controller that houses six propellers within a cube, capable of producing up to 

4N of three-dimensional force. WindCage [46] builds upon this concept, optimising it for 

serious gaming by extending the design into a pole equipped with two actuators, each 

generating up to 1.8N of force.  Leviopole [47] follows a similar design approach, incorporating 

a pole with actuators at each end and eight propellers arranged in a quadcopter configuration. 

Figure 9. Examples of aerodynamic haptic devices: (a) WindCage[51], (b) Leviopole[52], (c) Wind-blaster[53] , (d) Aero-plane[54] and  (e) 
JetController[55].   
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This setup allows for effects such as simulating super-leaping [48], where the device generates 

an upward pull when the user jumps in a virtual environment, modifying their perception of 

jump height. WindBlaster [49] takes a different approach by employing wrist-mounted 

turbines instead of propellers, providing adjustable orientation and rotational speed. This 

flexibility enables the device to produce unidirectional force or rotational feedback with up to 

1.5N of force. 

AeroPlane [50] similarly uses dual high-velocity turbines on a handheld device, enabling uni-

axial force or rotational feedback through variable turbine speeds, capable of delivering up to 

7N of force per turbine. JetController [51] utilises compressed air, incorporating multiple 

nozzles on a handheld controller to provide up to 6N of linear kinesthetic feedback. By 

controlling air release via electro-valves across the nozzles, the device can generate three-

dimensional forces by combining the output from multiple nozzles. 

These untethered designs allow force generation without physical tethering. However, they 

present challenges by factors such as vibrations, noise, and wind produced during actuation 

[45]. Typically, these devices provide linear kinesthetic feedback along a single axis, though 

some designs support multi-axial or more complex feedback by integrating multiple actuators 

or dynamically adjusting their orientation. 

The final mechanism under discussion employs the flywheel approach, as shown in Figure 10. 

This system is particularly effective for untethered haptic controllers, offering the advantage 

of generating feedback without physical attachments. The flywheel operates by dynamically 

adjusting its spinning mass, producing a gyroscopic force perpendicular to both its tilt and 

rotational axis. This requires a sophisticated gimbal system to precisely control the flywheel’s 

orientation relative to its actuation shaft, to ensure accurate and responsive kinesthetic 

feedback. 

Figure 10.  Examples of flywheel torque haptic devices: (a) Golf-club type controller[57], (b) Itorqu[37], (c) GyroVR[58] and (d) 
TorqueScreen[59]. 
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Early flywheel-based prototypes appeared in the 2000s [52], [53], [54], [55], contributing to 

research on directional cues for navigating virtual three-dimensional environments [52]. Later 

designs focused on enhancing virtual reality (VR) interactions, such as the Golf Club Device 

[56] and handheld systems like iTorqu [57], [58]. However, these devices encountered washout 

time issues, where the flywheel needed to return to its original angular state before generating 

new feedback. This reset process produced an opposing torque, which could disrupt the 

intended haptic experience. To mitigate this, researchers introduced scissored-pair flywheels, 

where two counter-rotating flywheels cancel out unwanted reaction torques [59], [60], [61], 

[62]. Flywheel-based devices generate momentum stimuli across three axes, requiring 

force/torque (F/T) sensors capable of simultaneously measuring force and angular momentum 

along all three dimensions for accurate characterisation. 

This review outlines the diverse techniques employed by kinesthetic haptic devices to deliver 

force and torque. These approaches range from directly applying force to the user's hand 

through lever-based mechanisms, as seen in devices like Claw and Capstan Crunch, to the 

dynamic reorientation of flywheels in systems such as the Golf Club Device and iTorqu. 

Despite their differences, these mechanisms can be categorised into broader groups for a more 

structured understanding.  

2.2.2.2  Exogloves & Exoskeleton 

As we conclude the exploration of kinesthetic haptic devices, we turn to Exohaptic Devices, 

which include both exogloves and exoskeletons (Figure 11). These devices provide kinesthetic 

feedback while allowing users to maintain hand mobility for interaction with their 

environment. Exohaptic devices utilise different actuation methods, categorised here into 

active mechanisms, locking mechanisms, and alternative actuation techniques. 

Exogloves and exoskeletons with active mechanisms use motors or other force-generating 

components to provide kinesthetic feedback, often modulating resistive forces to simulate 

properties like stiffness. Locking mechanisms, in contrast, restrict movement by limiting the 

user’s range of motion. Additionally, the literature presents alternative actuation methods, 

such as particle jamming, Bowden cables, pneumatic systems, twisted string actuation (TSA), 

and pneumatic gel muscles (PGM). Each of these methods exhibits unique actuation 

properties that influence the overall haptic experience and will be discussed separately to 

highlight their distinctive characteristics. Exoskeleton systems, including both exogloves and 
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full-body exoskeletons, offer the advantage of hands-free operation. However, as body-

grounded haptic devices, they introduce force feedback not only at the intended stimulation 

point but also at the body attachment points, which may affect user perception and comfort. 

Commercially available glove-based haptic exoskeletons, such as Dexmo [63] and CyberGrasp 

[64], provide active and resistive kinesthetic feedback, enhancing user interaction within 

virtual environments. These devices are used across various fields, including rehabilitation, 

medical training, and telemanipulation. The CyberGrasp glove employs a Bowden cable 

system that functions as a series of tendon actuators along the back of the hand, this system 

simulates different textures and forces while tracking the user's hand movements and finger 

positions in real time for accurate virtual interaction feedback. In contrast, Dexmo is a 

mechanical device that utilises link structures to deliver kinesthetic feedback. Its initial design 

[63] featured a braking mechanism that provided resistive force only during virtual object 

interactions. Later commercial versions [64] have expanded its capabilities, aligning them 

more closely with those of CyberGrasp. 

An alternative mechanical approach to haptic actuation is hydraulic actuation, as 

demonstrated in the Hand of Hope [65] project. This wearable haptic glove was specifically 

developed for hand movement rehabilitation, employing a linkage-based system powered by 

linear actuators to facilitate controlled finger movements. The design integrates a slim, flexible 

artificial muscle, a compact hydraulic module for actuation, and a micro pressure sensor that 

Figure 11. Examples of exoglove devices categorized by function. Active force exogloves (red): (a) CyberGrasp [69], (b) 
[25]. Braking-based exogloves (green): (c) Wolverine [70], (d) DextrES [71]. Alternative methods (blue), such as 
pneumatic actuation, offer kinesthetic feedback with limited control: (e) ExoTen-Glove (TSA) [72], (f) ω-jet [73]  
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accurately measures internal hydraulic pressure without interference or distortion. By 

modulating hydraulic pressure, the system provides both active and passive feedback, 

adapting to the user’s specific rehabilitation needs. Exogloves that deliver both active (force-

generating) and resistive (force-restricting) kinesthetic feedback require a characterisation 

process that accounts for both modalities. When evaluating such actuators with a single-axis 

force sensor, it is crucial that the sensor can measure both compressive (push) and tensile 

(pull) forces to ensure a comprehensive and accurate assessment of the device’s performance. 

Incorporating active kinesthetic feedback into exogloves presents significant challenges, 

particularly due to the need for multiple actuators, five per hand when actuating each finger 

individually. These actuators must be lightweight enough to be worn comfortably while 

generating sufficient force for effective feedback. Striking this balance is crucial, as the 

actuators must replicate the natural capabilities of the human hand, which can exert forces 

of up to 60N [1]. Ensuring accuracy in both design and functionality is essential for delivering 

realistic and effective haptic feedback. 

A more straightforward approach in exogloves focuses solely on delivering resistive force. This 

concept is exemplified by the ExoTen-Glove [66], which employs a Twisted String Actuation 

(TSA) system to restrict movement in the user's fingers. The system integrates a DC motor 

and encoder to regulate the movement of twisted strings, while a force sensor monitors user 

input, providing responsive feedback in a closed-loop system. The TSA system allows for 

variable braking force control by adjusting string tension, enhancing force output from 

otherwise low-power DC motors. Wolverine [67] utilises a latching mechanism that restricts 

finger movement along a sliding rod. This mechanism increases braking force as the user's 

hand closes, using a mechanical latch to enable the use of lightweight motors. Another 

lightweight latching design achieving high braking forces is Dextres [68], a haptic glove that 

employs electrostatic braking for feedback during grasping activities in virtual reality 

environments. The mechanism functions by engaging or releasing jointless flexible metallic 

links attached to the fingers, leveraging electrostatic braking to constrain movement. 

Alternative designs in exogloves and exoskeletons use elastic actuators to reduce reliance on 

electromechanical components. One such design, ElasticVR [69], features an elastic link 

between the user’s palm and forearm. This link can be actuated by a motor to change the 

length of the elastic actuator or to release it suddenly, generating resistive forces of up to 
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14N. Other passive approaches, such as Elastic-arm [70] and Elasticcon [71], provide 

egocentric haptic feedback by docking the hand to the shoulder with an elastic link used for 

complementing other interaction techniques. The elasticity of these components allows for a 

diverse range of feedback. The force-displacement characteristics of the elastic link can be 

assessed by measuring the force required to stretch or compress the link to a specified 

displacement. This measurement determines the kinesthetic feedback that the device provides 

at any given position. 

Overall, the exoglove devices discussed primarily use single-axis actuators, providing 

kinesthetic feedback in a single direction. Thorough dynamic characterisation is essential, for 

devices employing Dynamic Passive Haptic Feedback (DPHF), as these generate feedback 

only in response to user movement. By contrast, systems such as flywheels and actuators with 

more complex force outputs require momentum measurements across multiple axes, requiring  

force/torque (F/T) sensors. Despite varying complexity in haptic device designs, in many 

instances the characterisation process can be simplified to measuring a single actuator along 

one axis.  

2.3   Haptic Controllers Characterisation 

 

After reviewing an extensive array of actuators and kinesthetic approaches, this thesis now 

examines how these devices are characterized, along with an evaluation of suggested methods 

for their characterisation. The core aim is to develop a robust foundation for a haptic 

characterisation framework that encompasses both tactile and kinesthetic technologies. This 

is essential because these two modalities often converge; for instance, certain actuators might 

inadvertently produce vibrations while providing kinesthetic feedback. On this section both 

modalities will be cover, beginning with a detailed review of literature related to vibrotactile 

actuators, including aspects such as coupling methods, sensor technologies, and data 

processing techniques. The examination will then shift to kinesthetic devices, exploring their 

implementation and testing throughout the research process, including the selection of 

transducers, amplifiers, analog-to-digital converters (ADCs), signal conditioning, data 

analysis, and evaluation methods. 

This detailed review aims to support the future enhancement of frameworks for more reliable, 

accurate, and effective characterisation of haptic controllers. It is worth noting that the setup 
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procedures for characterizing haptic controllers are often insufficiently detailed in the 

literature, with only a small portion of studies providing extensive overviews of the process. 

This review will focus on papers that include visual representations and images of the 

characterisation setup, offering key insights into sensor placement and implementation 

strategies that are not readily apparent from textual descriptions. 

2.3.1  Tactile Feedback Characterisation 

 

As with kinesthetic feedback, there is no fixed standard process in the literature for defining 

vibrotactile characterisation. Reliable modelling requires measuring amplitude, frequency, and 

acceleration of mechanical vibrations. This review identified two main techniques for 

measuring vibrations: accelerometers and non-contact vibrometers. Due to cost-effectiveness, 

accessibility, and common use in haptic research, accelerometers are the most frequently used 

method for measuring vibrations (Table 3). Accelerometers enable direct measurement of 

mechanical vibrations by attaching the sensor to the vibrating surface. Non-contact 

vibrometers, such as laser Doppler vibrometers, measure vibrations without physical contact 

by detecting changes in the object's surface position or displacement. However, these devices 

are specialised, costly, and less accessible. The subsequent sections will detail the 

characterisation process based on research papers, examining accelerometer selection and 

characteristics, followed by coupling, data acquisition, and processing strategies.  

Table 3. Summary of accelerometers used on previous work to measure vibrations of vibrotactile actuators. Cost might vary depending on 
the package of the chip. *1 prices based on https://www.lcsc.com/ as 01/23 

https://www.lcsc.com/
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2.3.1.1  Accelerometers 

Commercial accelerometers, or Inertial Motion Units (IMUs), employ microelectromechanical 

systems (MEMS) technology, integrating electrical and mechanical components on a single 

chip to detect acceleration. The prevalent method in these devices involves measuring 

capacitance changes caused by an internal mass movement, which converts into an electrical 

signal. When characterising haptic devices and selecting an accelerometer, several sensor 

properties must be considered: 

• Measuring Range: The accelerometer's measuring range is critical for 

characterising devices that produce large magnitude vibrations, as it determines 

the maximum acceleration the sensor can capture. 

• Frequency Range: This parameter determines the vibration frequencies an 

accelerometer can detect. For devices generating vibrations across a broad 

spectrum, choosing a sensor that covers these frequencies is essential. As noted 

in Section 2.2.1, human vibration perception is limited to frequencies below 1 

kHz, so a sensor should at least cover this range. 

• Data Output: Commercial accelerometers provide either analog or digital output. 

Digital accelerometers have resolution limited by the Analog-to-Digital Converter 

(ADC), with data update rates dependent on the digital communication protocol 

and ADC capabilities. These aspects matter when integrating with 

microcontrollers or data acquisition systems (DAQs). 

• Sensitivity: Sensitivity is the minimum detectable change in acceleration, 

enabling capture of haptic stimuli nuances, particularly in devices with small 

actuators. In analog accelerometers, sensitivity is typically measured as output 

voltage per unit of acceleration (mV/g), affecting measurement precision. 

• Dimensions: The accelerometer's physical size and properties are vital, especially 

for space-constrained applications. The sensor's dimensions and weight can 

influence the haptic device's performance; heavier accelerometers might 

mechanically dampen the actuator. Selecting an appropriately sized and weighted 

accelerometer ensures accurate, reliable measurements without compromising 

actuator functionality. 



 

 

54 

 

2.3.1.1.1  Characterisation Using Accelerometers: 
Mounting and Coupling 

The initial step in measuring vibrations within a haptic interface involves mounting or 

coupling the accelerometer to the haptic device. Bukkapatnam et al. [72] investigated various 

methods for characterising voice coil actuators using accelerometers, aiming to develop an 

affordable and portable vibrotactile toolkit for digital musical instruments. The same principle 

of operation also applies to the study of vibrotactile interfaces as explored by Fortin et al. 

[73]. The authors conducted various tests, including magnitude-frequency response and total 

harmonic distortion, under different conditions such as freely suspended, placed on a sandbag, 

or attached to a rigid surface (Figure 12). These tests assessed how different loading conditions 

influence actuator performance. 

A lightweight accelerometer (0.2 g) was attached directly to the actuator, aligned with its 

main motion axis. Data was captured using a PCB Piezotronics 352C23 ICP accelerometer 

and processed through a National Instruments NI USB-4431 DAQ system, with signals 

analysed in MATLAB. The analysis revealed that loading conditions altered the actuator's 

magnitude-frequency characteristics and introduced damping effects. The total harmonic 

distortion (THD) levels varied significantly under different loading conditions, sometimes 

Figure 12. Haptuator mk-II's magnitude-frequency response under different mechanical loadings: (a) freely suspended, (b) sandbag 
placement, and (c) stone base attachment. 
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exceeding 100%, indicating increased non-

linear behaviour. This presents a challenges 

for vibrotactile interfaces designed to deliver 

purely sinusoidal stimuli, particularly in 

psychophysical experiments requiring 

precision. Such non-linearities can distort 

intended stimuli, affecting experimental 

result reliability and user experience quality 

in scenarios requiring high-fidelity sensory 

feedback. 

The study offers a detailed evaluation of measuring vibrations in haptic actuators, covering 

loading condition effects, and coupling and equalisation methods on voice coil actuators' 

frequency response. While actuator orientation during testing is not directly examined, it is 

recognised as a factor influencing both actuator performance and haptic perception. Although 

the research uses sophisticated hardware for data capture, the availability of cost-effective 

alternatives is also noted. 

The coupling of the vibrator affects not only its performance but also the perception of 

vibration magnitude as shown by Papetti et al. [6]. Touch-Box (Figure 13) investigates the 

dynamics between user-applied force and effects on perceived vibrotactile feedback, offering 

insights for hapticians studying human sensitivity to vibrations under varying pressure levels. 

The Touch-Box setup includes a CZL635 load cell for measuring force, a Tactile Labs 

Haptuator Mark II voice coil actuator to generate tactile feedback, and a Wilcoxon 736T 

piezoelectric accelerometer for vibration measurement. An Arduino UNO controls the setup, 

with an RME Fireface 800 audio interface capturing vibratory signals. Users interacted with 

the vibration plate; by analysing the relationship between vibration amplitude and finger-

applied force, researchers found that perceived vibration intensity increases with applied force. 

This finding highlights the influence of actuator coupling in haptic device characterisation, 

significantly impacting the user's tactile experience. 

Gaudeni et al. [74] demonstrated how to account for coupling effects during actuator 

characterisation by adding a 100g weight to simulate the force experienced when a haptic 

interface is used. This method established the relationship between input haptic signal and 

Figure 13. Touch-Box device designed to measure normal forces 
applied to its top panel, enabling precise analysis of vibrotactile 
feedback delivery. 
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output response for a haptic ring prototype. An Inertial Measurement Unit (IMU) sensor 

(LSM6DS3 from STMicroelectronics) was positioned under the weight and attached to the 

actuator's moving platform (Figure 14). The accelerometer's output was captured using a 

Teensy 3.2 Development Board and analysed to assess average peak acceleration induced by 

different input signals. 

In the study, the authors presented displacement amplitude in millimetres rather than 

traditional units such as "g" or acceleration. They actuated the voice coil with sinusoidal 

signals and calculated displacement amplitude using the formula where acceleration amplitude 

is divided by the square of the product of 2π and the frequency (f) of the sinusoidal signal. 

This method emphasises the need to consider load and coupling variations when evaluating 

an actuator's displacement. Such factors can notably affect the frequency at which peak 

displacement occurs, underlining their relevance in accurate measurement of actuator 

capabilities. Accelerometers typically report in G-forces or acceleration, directly indicating 

vibration intensity across multiple axes. Alternative measurements, such as displacement in 

millimetres, are sometimes used, but decibels might offer a more suitable representation due 

to the logarithmic nature of vibration intensity perception, especially when comparing relative 

intensities. 

Figure 15. Experimental device featuring an accelerometer mounted on a stylus (left). User holding the prototype during the user study 
(right). 

Figure 14. Haptic ring and its characterization [82]. (a) Vibrotactile device worn on the proximal phalanx of the index finger. (b) 3D-
printed housing with an opening for the actuator's moving platform, ensuring direct skin contact and secured with Velcro straps. (c) 
Experimental setup measuring actuator displacement under load using an accelerometer. (d) Displacement amplitude of the loaded 
actuator as a function of driving frequency and input voltage, peaking around 160-190 Hz. 
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Alternatively, the characterisation process can incorporate the user as part of the evaluation, 

where a study with multiple participants interacting with the device captures live performance 

data as shown by Gourishetti et al. [75]. Their work investigated the use of low-cost DC 

motors for creating high-fidelity vibrations on rigid tools such as a stylus.  

To evaluate the rotating motor actuator (RMA) performance, a comparative study used a 

reference actuator (Haptuator Mark II) and an RMA as shown in Figure 15. Participants 

adjusted a slider to match the vibration magnitude of the test actuator to that of the reference 

actuator. During practice sessions, the experimenter verified that participants could perceive 

the vibration magnitude. The acceleration generated by the actuators was measured using a 

STMicroelectronics LIS344ALH MEMS-based accelerometer rigidly attached to a stylus. For 

accurate measurements, acceleration data was digitally high-pass filtered at 10 Hz using a 

second-order Butterworth filter to remove gravity and low-frequency user-induced motion 

influences. A National Instruments DAQ (USB-9925) captured the data, generated command 

signals to power the prototype through two current amplifiers, and measured accelerometer 

data. 

Expanding upon practical evaluation methods for vibrotactile devices, "Vitaki: A Vibrotactile 

Prototyping Toolkit for Virtual Reality and Video Games" [76] presents an authoring tool 

designed for characterising Eccentric Rotating Mass (ERM) actuators. This toolkit enables 

exploration of various feedback techniques, including overdrive and active braking (Figure 

16), to enhance vibrotactile feedback effectiveness. 

The methodology employed by the researchers involves using a Samsung L760 disk-type 

actuator paired with an ADLX335 analog accelerometer to measure performance. 

Measurements captured via an oscilloscope provide detailed data on the actuator's 

Figure 16.  Vitaki vibrotactile actuator response: standard operation (left) compared to overdrive and braking techniques (right). 
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performance metrics like start and stop times, frequency, and amplitude for each pulse. This 

data is essential for optimising the actuator's parameters, particularly when implementing 

voltage adjustments for effective overshoot during startup and efficient active braking. This 

approach identified the most efficient voltage for overshoot startup and active braking 

techniques used to drive the ERM, demonstrating significant reductions in startup time and 

braking to less than 20ms, compared to 100ms without active braking. 

The author also explains how to calculate the theoretical output force of an ERM actuator, 

which can be compared with accelerometer data to gauge actuator efficiency. This is possible 

when the actuator properties are available; otherwise, determining the eccentric weight mass 

requires destructive, irreversible disassembly of the actuator. 
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The simplicity of Vitaki's approach (directly reading the analog output from the 

accelerometer using a digital oscilloscope) demonstrates an accessible method for measuring 

vibrations. This technique requires minimal technical skills, making it valuable for quickly 

assessing actuator behaviour and adjusting parameters for optimal performance in real-time. 

The method used to process multi-axial data significantly impacts the accuracy of its 

representation. Currently, there is no established standard for processing such data. Landin 

et al. [77] investigated various techniques for converting 3-axis accelerometer readings into a 

single time-varying signal, aiming to preserve the original vibrations' relevant characteristics. 

The authors examined several methods, including single-axis projection (SA321), sum of 

components (SoC321), vector magnitude (Mag321), and principal component analysis 

(PCA321). SA321 uses only one axis of the 3D signal, discarding potentially valuable 

information. SoC321 adds the three components together, which can cause destructive 

interference due to correlations between axes. Mag321 calculates the 3D acceleration vector's 
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magnitude, but introduces non-linear redistribution of spectral content. PCA321 projects the 

3D signal onto its principal variation axis, but may not capture all relevant information. 

To address these limitations, Landin et al. proposed using a Discrete Fourier Transform 

(DFT321) as an alternative approach. The DFT321 method provides an orthogonal basis for 

component summation, effectively preserving the signal's spectral integrity while minimising 

destructive interference. The authors compared the DFT321 method with other techniques 

using two metrics: spectral match (M sm) and temporal match (M tm). 

 The results showed that the DFT321 method provided a better fit to the input signal 

compared to other approaches. For stationary texture vibrations, it achieved a perfect spectral 

match and a high temporal match, outperforming other transformations (Figure 17). This 

highlights the DFT321 approach's effectiveness in reducing 3D vibrations' dimensionality 

while preserving their perceptually relevant characteristics.  

While accelerometers have proven versatile and effective for characterising vibrotactile 

feedback in haptic interfaces, they have several limitations. The requirement for direct contact 

with the vibrating surface can be impractical and may alter the actuator's output. External 

factors such as temperature fluctuations and electromagnetic interference can affect 

measurement accuracy. For high-frequency or subtle vibrations, non-contact methods like 

Laser Doppler Vibrometry offer an alternative approach, which will be examined in the 

following section. 

2.3.1.2  Laser Vibrometers 

A Laser Doppler Vibrometer (LDV) is a non-contact measurement technique used to measure 

the vibration, velocity, or displacement of a target surface. The process involves directing a 

Figure 17. Comparison of four transformations (SA321, SoC321, Mag321, DFT321) applied to a three-dimensional texture vibration 
signal. Left: one-dimensional signals in the time domain. Right: smoothed energy spectral density (ESD) of transformed signals 
(colored) and the original 3D signal (black). The DFT321 method achieves the best spectral (Msm_{sm}sm = 1.00) and temporal match 
(Mtm_{tm}tm = 0.64), outperforming the others. 
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laser beam onto the target surface and analysing the frequency shift in the reflected beam 

caused by the vibrating target. From this shift, vibration velocity or displacement can be 

calculated. LDV has been used to measure haptic interface vibrations, as it is accurate, non-

interfering, and capable of measuring displacements as small as 100 microns. Several studies 

have reported using LDV to validate haptic interface performance and provide more precise 

vibration assessment. For example, Preechayasomboon et al. [78] used LDV to characterise 

the Chasm (Figure 18, a & b), demonstrating LDV application in this context. The authors 

employed a Polytec PSV-500 LDV to measure surface displacement and compared the results 

with readings from a built-in encoder. LDVs are particularly suited for situations requiring a 

contactless approach, as they avoid the dampening effect caused by attaching an 

accelerometer. This non-intrusive method enables precise vibration measurement on surfaces, 

such as assessing mid-air haptics stimuli [79] (Figure 18 d) or in cases where contact sensor 

placement would distort readings [80] (Figure 18 d). 

Currently, only a limited number of LDV manufacturers exist, with products primarily aimed 

at precision industries. This introduces a key limitation: high initial cost. Although companies 

like Polytec offer rental options, the expense remains substantial compared to accelerometers. 

Additional considerations include the need for both sensor and target to remain static during 

measurements, as readings are sensitive to the distance between them. Unstable mounting 

can introduce significant noise. For example, when measuring a participant's hand, movement 

must be constrained, as shown in Figure 18 c, which was part of the user study conducted by 

Dandu et al. [80]. 

Haptic feedback often combines vibrotactile and kinesthetic elements. This interaction plays 

a critical role in the overall perception and effectiveness of the feedback. For instance, the 

Touchbox [6] study showed that force exerted during a vibrotactile stimulus directly 

influences perceived intensity. In other cases, vibrations are unwanted byproducts of high-

Figure 18. Laser Doppler vibrometry (LDV) applications for haptic measurements: (a) CHASM device for vibrotactile feedback, (b) testbed 
for characterizing CHASM vibrations, (c) LDV setup measuring palm vibrations induced by haptic actuators [82] and (d) LDV analysis of 
mid-air haptic stimuli for remote tactile feedback [81]. 
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speed actuators, and characterisation helps identify side effects and thresholds. As the focus 

shifts from vibrotactile to kinesthetic feedback characterisation, understanding measurement 

approaches will enhance comprehension of the complex dynamics between force and vibration 

in haptic interactions. 

2.3.2  Kinesthetic Characterisation 

 

This section describes the process for characterizing kinesthetic controllers. This 

characterisation depends on the specific device design, as these controllers feature various 

physical attributes and operational modalities highlighted in the previous literature review. 

For example, a haptic exoskeleton for the hand differs in design parameters such as size and 

torque generation from a handheld controller, requiring different sensors and measurement 

approaches. The section begins with a detailed review of previous characterisation setups 

organised by sensor type, providing an overview of methods to measure and quantify 

kinesthetic feedback. The discussion then examines the variables commonly used to define a 

kinesthetic controller's properties, identifying a subset of variables descriptive of the main 

device characteristics based on previous literature. 

2.3.2.1  Characterisation Setups 

Characterisation setups from past studies are discussed based on the sensor's complexity and 

the number of measurement axes. This systematic approach helps improve understanding of 

various experimental configurations. The section concludes by synthesizing common features 

among the setups, highlighting key insights and trends from the literature.  

Figure 19. Force-sensing and haptic feedback device. (a) Standard force-sensing resistor (FSR). (b) The "Touch-and-Fold" prototype, a 
compact fingertip-mounted haptic device. (c) Internal components of "Touch-and-Fold," including the force sensor, Linear Resonant 
Actuator (LRA), and mechanical transmission system.  
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2.3.2.1.1  FSR Force Sensing Resistors  

Force Sensing Resistors (FSRs) provide an affordable method for measuring single-axis force. 

These variable resistors comprise two conductive layers separated by an air gap, with 

resistance changing proportionally to applied pressure. Their compact size (as thin as 0.1 mm) 

and adaptability suit haptic characterisation setups requiring limited space and non-intrusive 

placement between object surfaces and user contact points, as demonstrated by Touch&Fold 

[81] (Figure 19).  

Touch&Fold is a nail-mounted foldable haptic device for mixed reality (MR) environments, 

using the sensor for closed-loop control. The design provides tactile feedback by pressing 

against the user's fingertip when a virtual object is touched. The control loop incorporates a 

Force Sensing Resistor (FSR 400, Interlink Electronics) and a photo interrupter (SG-105F, 

Kodenshi) as limit switches. Here, the force sensor serves as a closed-loop feedback signal, 

enabling precise tuning of finger pad pressure and measuring normal force on the sensor's 

surface. 

FSRs offer several advantages for force measurement in haptic feedback systems, including 

cost-effectiveness, compact size, and ease of use. Their high sensitivity enables accurate 

measurement of small resistance changes. However, FSRs exhibit limitations that may affect 

accurate force measurement, which must be considered. Some of these limitations include: 

• Linearity: FSRs exhibit non-linear resistance output, affecting calibration ease 

and increasing output scaling uncertainty. However, using a trans-impedance 

amplifier can improve the sensor's output linearity [82]. This can be further 

enhanced through polynomial equation calibration [83], [84].  

• Drift stability: Output changes over time when under strain lead to stability 

issues. Researchers have examined this phenomenon [85], [86] and some have 

attempted to model the creep effect as a solution. However, it remains unclear if 

this approach can be generalised to all signals [86]. 

• Hysteresis: Output variability during load application and removal can reduce 

force measurement accuracy. Complex mathematical models incorporating 

moving integrals can counteract hysteresis effects [84], [87]. 

• Homogeneity: The method of applying force on the sensor surface significantly 

affects output readings, making sensor surface characterisation challenging. To 
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address this, researchers have used durable coating shells [83] to cover the sensing 

area, applying uniform actuation and improving accuracy. 

• Repeatability: This refers to response uniformity when tested under identical 

conditions multiple times. Resistive pressure sensors often present repeatability 

challenges [88], [89]. 

The literature review reveals that FlexiForce A201/A401 [90] and Interlink Electronics FSR 

40X [91] are the two most commonly used force sensors in previous literature. Numerous 

studies have aimed at improving force measurement accuracy for both sensors and addressing 

the limitations noted above [82], [83], [88], [92], [93]. Hollinger et al. presented a comprehensive 

comparison of drift and hysteresis values for these sensors [94], with response differences 

attributed to their manufacturing processes, providing a starting point for FSR selection. The 

FlexiForce uses a Traditional Sandwich Element (TSE) design, while Interlink sensors employ 

Non-Aligned Electrode Elements to avoid lumped capacitance [95], which can cause force 

measurement inaccuracies. 

Paredes-Madrid et al. [95] proposed a technique for improving FSR force sensing reliability 

by driving the FSR with an oscillating frequency matching the sensor's capacitance and 

resistance. This approach significantly improves force measurement accuracy and reduces 

hysteresis and drift by factors of 3 and 9, respectively. However, this technique applies only 

to FlexiForce designs, as it relies on opposite signs of capacitance and resistance to correct 

drift characteristics. 

Despite FSR limitations, their compact size and affordability have made them popular for 

force sensing in the haptics community. These sensors have measured force on soft actuators  

[96], [97], [98] and sensed interaction between actuators and user skin [81], [97], [99], [100], 

[101], [102]. However, the literature shows limited references to the characterisation process 

or compensation for sensor limitations, suggesting these limitations are either overlooked or 

measurements are taken as guidance. 

The techniques presented by Paredes-Madrid et al. [95] to improve FSR performance require 

advance electronic knowledge, potentially limiting adoption within the haptic community. 

This may explain why some researchers choose more reliable sensors and techniques, such as 

load cells or force gauges, when precise force measurements are critical to their research. 
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2.3.2.1.2  Force Gauges 

Force gauges are instruments designed to measure and quantify force or weight. Their design 

typically relies on strain gauge technology, which converts sensor deformation upon force 

application into a quantifiable electrical signal. Simple, durable, and portable, these devices 

provide real-time force measurement in an easy-to-use standalone solution. Lower-cost models 

may lack the ability to store data or high sampling rates, potentially making them unsuitable. 

In contrast, high-end force gauges, frequently used in research, feature RS232 communication 

and computer interfaces. 

A practical application was demonstrated in Haptic Links [103], where researchers presented 

a haptic device capable of rendering variable stiffness between two virtual reality controllers 

coupled using a mechanical link (Figure 20). They used a force gauge to compare three 

prototypes: Chain, Layer-Hinge, and Ratchet-Hinge. By securing one end of the haptic device 

to the lathe spindle and the other to the force gauge fixed to the carriage, researchers could 

precisely move the carriage while taking sensor readings, effectively evaluating each design 

and allowing for comparable results between the various Haptic Links designs. Though the 

specific force gauge model is not mentioned in the paper, visual inspection suggests it was 

similar to a Salter Brecknell ES-22 ElectroSamson [104]. 

The size of force gauges can be a disadvantage when characterizing haptic devices. However, 

in quasi-static or static characterisation setups where the haptic device is mounted on a table 

or measuring jig, sensor size may not be significant, as it can be incorporated into the setup 

design. This is evident in the characterisation of CapstanCrunch [33], , a palm-grounded 

haptic controller using a friction-based capstan mechanism known as the Twisted String 

Actuator (TSA). Controlled by a small internal motor, the TSA provides haptic feedback for  

Figure 20. HapticLinks prototype for measuring displacement and applied force: (a) layer hinge design, (b) prototype mounted on a lathe 
with a force gauge, and (c) torque–angle curves illustrating mechanical response characteristics. 
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virtual reality environments. For CapstanCrunch, force measurements were acquired using a 

force gauge (Figure 21 - right), recording the applied force at 10 kHz sampling rate, while a 

computer-controlled geared stepper motor moved the finger rest towards the thumb position. 

The authors also used a high-speed camera to measure the haptic device's actuation latency. 

Beyond reporting force dynamic range, the authors used the force gauge to calculate the 

device's stiffness capabilities. Stiffness quantifies the resistance force encountered during 

interaction and is characterised by the relationship between applied force and resulting 

actuator displacement. For haptic controllers designed to simulate object properties, stiffness 

measurement is essential as it enables meaningful comparison between similar systems. For 

instance, CLAW [32],  can deliver a stiffness of 5.73 N/mm, while CapstanCrunch delivers a 

maximum stiffness of 5.88 N/mm. Load cells are also less affected by temperature changes 

compared to other sensors such as FSR and can be designed to be very small, making them 

suitable for use in small-scale haptic devices. 

2.3.2.1.3  Load Cell  

A load cell is a sensor that measures force or weight acting upon it, calculating these 

measurements from the deformation of its solid body (flexure, Figure 22 - left). Typically, 

Figure 21. CapstanCrunch prototype for direct actuation haptic feedback. (Left) Assembled device. (Right) Characterization 
setup for performance measurements. 

Figure 22.  Generic force sensor design: (a) cross-section of a load cell with flexure, strain gauge placement, and mounting point, (b) 
detailed strain gauge construction with a resistive path on polymer film, and (c) Wheatstone bridge circuit configuration for  stressed and 
unstressed strain gauges. 
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load cells utilise strain gauges mounted to a flexure made of aluminium or steel. When a force 

is applied at the measuring end, it deforms the strain gauges bonded to the flexure's body. 

This deformation alters the electrical resistance of the strain gauges' resistive path ((Figure 

22 – middle).   

These changes in resistance are then translated into an electrical signal with the aid of a 

Wheatstone bridge circuit (Figure 22 – right). The bridge operates on the principle that when 

the ratio of resistances is equal, the output voltage remains at zero. However, when 

deformation alters the resistance of the strain gauges, the bridge becomes unbalanced, creating 

a voltage difference at the output. This change in output voltage is directly proportional to 

the resistance variation, allowing precise measurement of force or deformation. 

The resulting signal, typically in the millivolt range, is then amplified and digitised to 

calculate the magnitude of the applied force. The Wheatstone bridge circuit enables the 

indirect measurement of current changes by precisely monitoring resistance changes. This 

approach is especially useful when dealing with small resistance changes, which produce 

correspondingly small current changes that would be difficult to measure directly. 

Load cells are available in several configurations (Figure 23), including beam type or 

cantilever designs, widely used for accurate measurement of both small and large objects. 

Button/cylinder types suit limited space applications, measuring compression forces and inline 

force measurements along a single axis. The S-beam variant is engineered for inline tension 

or compression measurements, making it appropriate for characterisations where force must 

be measured in direct alignment with the actuator. Force/Torque (F/T) sensors integrate a 

more sophisticated arrangement of strain gauges, enabling this specialised load cell to measure 

both forces and torques in three dimensions. These sensors are particularly suitable for 

handheld kinesthetic haptic devices where user-experienced stimuli can be directly measured 

Figure 23. Various types of load cells: (a) beam load cell, typically used for precision weighing; (b) bottom load cell, designed for 
compression force measurements; (c) S-type load cell for both tension and compression; (d) 3-axis load cell for multi-directional force 
measurement; and (e) force-and-torque load cell measuring both rotational and linear loads. 
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at the handle; however, their complex mechanical structure significantly increases both cost 

and implementation complexity. 

2.3.2.1.4  Beam Load Cell 

Beam load cells feature a simple rectangular body design that measures force applied at one 

end relative to the grounded opposite end. Their manufacturing simplicity makes them the 

most affordable load cell option, with hobbyist versions available for under £10, including 

ADC HX711 amplifier shields compatible with microcontroller boards. Arduino libraries 

provide calibration and data capture solutions, making beam load cells accessible and versatile 

for force measurement applications. This section examines previous literature on various 

characterisation modalities based on haptic device force output complexity. 

One Axis Linear Force 

HairTouch [105], is a haptic handheld device that uses two brushes/pins to interact with 

user’s thumb (Figure 24). By adjusting the length and bending direction of brush hairs 

mounted on the pins, the controller modulates hair elasticity and tip direction, hence 

rendering various stiffness and roughness levels at each pin.  To measure the resistive force 

of the hairs on the brush and quantify the haptic feedback, the authors mounted a beam load 

cell (TAL220) to an extruded aluminium frame, opposite to a single mounted brush pin which 

pushes linearly onto the load cell. The signal output from the beam load cell was amplified 

with an HX711 amplifier, and a microcontroller was used to read the digital value. The 

resistive force and hair-pressed distance relationship was measured at different hair lengths 

by repeatedly moving the actuator with the pin to various distances from the force sensor. In 

this characterisation setup, the actuator moves in a single axis orthogonal to the measuring 

surface from the beam load cell, simplifying the device characterisation process and providing 

consistent measurements for the various brush hair lengths. 

Figure 24.  Evaluation of the HairTouch prototype: (a) the prototype in use, (b) testbed setup for device characterization, and (c) plot 
illustrating the force versus hair-pressed distance relationship. 
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One Axis Impact, elastic actuators 

The TAL220 load cell has also been used to measure impact forces on a single axis. ImpactVest 

[106] (Figure 25) demonstrates a haptic vest that renders impacts across a user's chest using 

elastic actuators to generate the impact. The vest features nine impactors in a 3×3 matrix, 

generating interactions using stored energy from elastic actuators. To characterise the 

actuator, the authors mounted it onto an aluminium frame and captured the impact generated 

by releasing the elastic band, causing a rubber ball to collide with the beam cell. The readings 

were collected for approximately three seconds, measuring the impact force. Although HX711 

amplifiers are commonly used in haptic characterisation, their maximum sampling rate is 

limited to 80 SPS (samples per second), with a default configuration of only 10 SPS. This 

limitation makes them potentially unsuitable for applications requiring higher sampling rates, 

such as impact force measurements. Several other haptic characterisation setups for elastic 

actuators have been presented in studies[69], [107], [108], [109], providing additional visual 

details and methodological descriptions. 

Force Sensing for Wind Actuators 

In addition to elastic interfaces, wind actuators such as propellers or turbines have been used 

as approaches for generating untethered pulling or pushing forces in haptic applications. 

Figure 25. ImpactVest haptic prototype: (a) worn by a user, (b) detail of device mechanics, (c) characterization setup, and (d) measured  
impact force over time, demonstrating performance during testing. 

Figure 26. PropelWalker haptic device: (a) prototype worn, (b) characterization setup for the single ducted fan, and (c) graph illustrating 
the relationship between the fan’s PWM cycle and output force  
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PropelWalker [110], Figure 26, exemplifies this approach with a calf-worn haptic device 

employing ducted fans to simulate buoyancy and resistance forces associated with different 

fluids and materials in virtual environments. Although the design features four ducted fans 

(two per calf), the authors' characterisation setup isolated a single ducted fan to measure 

generated forces per actuator. The setup resembles a weight scale, with the ducted fan 

mounted atop and applying even force to the load cell positioned on the base frame platform. 

Using a CZL601 load cell capable of measuring forces up to 40 kg, the system connected to 

an HX711 amplifier with data transmitted to an Arduino UNO microcontroller and displayed 

on an LCD1602 screen. The authors controlled the haptic device's force generation using Pulse 

Width Modulation (PWM) through an experimental C# program that sent the 

microcontroller input signals with 0% to 100% duty cycle in 5% increments to the electronic 

speed controller (ESC) which controlled the turbine, a process similar to a ramp response 

analysis. The force output was stabilized for 5 seconds, and 21 measurements were recorded 

from the sensor as the PWM was incremented and decremented. This setup was also employed 

to measure the acceleration and deceleration time, or step response, of the device. 

Sensing Integration for Close Loop Control 

Impedance haptic interfaces require closed-loop control, where the force applied by the user 

is constantly monitored. This principle of operation was demonstrated by CLAW [32] Figure 

27, which utilises a beam load cell as part of the device structure. By incorporating a load 

cell into the index finger exoskeleton actuation mechanism, CLAW measures the force exerted 

by the user's index finger, enabling haptic feedback for various virtual reality (VR) 

manipulation tasks, such as grasping, touching and triggering. As an admittance display, the 

controller senses force as input and renders position as output. It employs a 333 Hz PD control 

loop for force estimation using a beam load cell with a 0-5 kg range. The amplifier, an HX711 

Figure 27. CLAW device: (a) in use, illustrating how it is held, (b) detail highlighting the integration of a beam load cell for real -time 
control, and (c) force versus angle measurements. 
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ADC communicating with a Teensy 3.2 microcontroller, provides a 24-bit signal with high 

resolution (theoretical resolution step of 0.000023 N). To address the 80 SPS limitation of the 

HX711, the authors implemented a slope extrapolator to calculate force value changes at a 

higher sampling rate (333Hz). Their characterisation reported outputs in both force (N) and 

stiffness (N/mm), with the prototype generating up to 30 N of grasping force and stiffness up 

to 10 N/degree (5.73 N/mm). 

Characterizing Oscillation with Single Axis Sensors 

Other ways to use beam load cells include characterizing oscillation kinesthetic interfaces, a 

common feature of devices that use elastic actuators. OsciHead [111] is an example of such a 

system Other ways to use beam load cells include characterising oscillation kinesthetic 

interfaces, a common feature of devices using elastic actuators. OsciHead [111] exemplifies 

such a system (Figure 28) featuring elastic actuators mounted on either side of a head-

mounted display (HMD). This design simulates both inertia and impact feedback by adjusting 

elastic band tension and release. The authors employed a characterisation setup to investigate 

relationships between extension distance for energy storageimpact.    the characterisation 

setup utilised two TAL220 beam load cells mounted in parallel on an extruded aluminium 

frame. The researchers positioned these load cells at the same distance from each other as in 

the actual oscillator design, ensuring the actuation forces aligned properly with the sensors. 

Using HX711 ADC amplifiers, they measured the forces generated by the OsciHead oscillator 

proxy and analyzed the stored force magnitude. This analysis produced two distinct linear 

regression lines - one representing inertia and another for impact. As the direction of the force 

is the same on both load cells the readings from both sensors can be combined to calculate 

the total force that a user would experience during actual use of the device. 

 

Figure 28. OsciHead device: (a) Upward force application along Z-axis with vertically oriented actuators; (b) Rotational torque generation 
through asymmetric actuation along positive and negative Z-axes; (c) Characterization setup using two beam load cells to measure force 
output; (d) Force-extension distance linear regression showing relationship between elastic band extension and measured force . 
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Measuring Force on 3 Axis  

Measuring the force generated by multi-axis kinesthetic haptic devices presents greater 

challenges, particularly for handheld devices where actuators positioned at a distance from 

the hand cause users to perceive torque rather than direct force. However, when a device 

employs multiple actuators aligned along perpendicular axes, each providing forces normal to 

their alignment axis, multiple load cells can effectively measure each axis in a quasi-static 

setup. Thor's Hammer [45] demonstrates this approach as a handheld haptic device using 

propeller propulsion to generate ungrounded, 3-DOF kinesthetic feedback. The device 

incorporates six motors with propellers generating strong air thrusts, capable of applying up 

to 4 N of force in arbitrary directions. For evaluation, researchers constructed an aluminium 

extrusion measurement frame equipped with six calibrated CZL635 load cells, each measuring 

up to 5 kg of force. The prototype was suspended within this frame using steel wires that 

aligned each motor to a corresponding load cell Figure 30. These load cells connected to 

HX711 amplifiers, with data collected via an Arduino Uno sampling at 80 SPS and 

transmitting to a PC. Since Thor's Hammer generates arbitrary forces in any direction, the 

authors utilised their characterisation setup to assess output accuracy when combining various 

force vectors by converting force readings from multiple axes into force vectors with direction 

and magnitude for analysis. 

Although the characterisation approach in this study effectively analyses actuator 

performance and interaction, it does not directly measure the torque felt by users, as it fails 

to account for frame rigidity or force transfer to the handle. More accurate torque 

measurements would require a force/torque sensor mounted on the handle, but these sensors 

typically cost ~100× more than the presented setup and may be inaccessible to many 

researchers. Additionally, given Thor's Hammer's high-speed propellers, integrating an 

Figure 29. CMG Haptic Backpack: (a) User wearing the scissored-pair CMG prototype in backpack configuration; (b) Schematic diagram 
of torque measurement setup showing metal plate anchored by ball joint and attached to load cells; (c) Testing setup with lab eled 
components including load cells, controller, and data logging laptop; (d) Graphs showing measured torques at various flywheel velocities, 
with sagittal torques outpacing transverse ones due to the device's gimbal motions. 
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accelerometer into the characterisation setup would be beneficial, as device-generated 

vibrations can significantly affect the perceived haptic experience. The authors acknowledge 

these limitations and indicate that future studies will aim to incorporate such sensors to 

improve characterisation accuracy and reliability. 

Measuring Torque 

Characterising controllers that generate forces in multiple directions by combining actuator 

forces presents challenges when using single beam load cells, especially with complex actuators 

like flywheels that produce intricate force/torque outputs. Flywheels and gyroscopes represent 

some of the most complex force actuators in kinesthetic haptic devices. While force/torque 

sensors capable of measuring forces and torques along three axes (providing 6 metrics over 

time) are the most common characterisation method, beam load cells can be suitable in 

specific scenarios. Chiu et al. [59] demonstrated this on the characterisation of a wearable 

scissored-pair control moment gyroscope (SP-CMG) for human balance assistance. Their 

device applies torque to the human trunk's sagittal plane via a backpack to aid postural 

balance restoration. The SP-CMG's design isolates output torque to a single axis, eliminating 

off-axis torque effects typical in flywheel operation, thus allowing measurement with a single-

axis beam load cell (Figure 29). To measure the generated torque, the authors mounted the 

device on a plate with a ball joint at one end and two load cells on opposite sides of the other 

end. This configuration allowed the device to pivot over the ball joint while the load cells 

measured the output torque. Using this setup, the researchers assessed the device's 

performance by measuring output torque at various flywheel RPMs. 

Figure 30. Thor's Hammer device: (a) Device held by a user; (b) Device mechanics with labeled components; (c) Characterization setup 
with load cells and mounting frame; (d) Scatter plot comparing intended versus measured force on the X -Z plane; circles represent target 
force vectors, with red vectors indicating deviation from expected values.  
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2.3.2.1.5  Button & S-Type Load Cells 

Beam load cells are widely used, but their cantilever design may not be suitable for certain 

characterisations, such as when measuring in-line forces (e.g., along a wire). In such cases, 

alternative designs like button or S-type load cells may be more appropriate, as they are 

specifically designed to fit in line with tension or compression forces while offering similar 

advantages. However, these alternative designs typically involve more complex manufacturing 

processes, resulting in higher costs compared to beam load cells. 

Ye et al. presented Pull-Ups [112], a ceiling suspension kit using pneumatic artificial muscle 

groups to enable users to move up to 15 cm by pulling them while they hold the mechanism 

(Figure 31). In their study, the researchers employed two load sensors (ZLBM-102) to measure 

real-time user-exerted force. These load cells were installed between the pneumatic artificial 

muscle group's up-hook and ceiling hook to measure force in each hand and total force. The 

authors used this data for closed-loop operation and initial calibration, mapping the 

relationship between force and displacement generated by the pneumatic muscle under various 

loads. While the authors did not detail the analog-to-digital converter (ADC), they included 

an image showing a microcontroller and an amplifier with two HX711 modules. 

S-Type Load Cells 

Button and S-type load cells offer a compact form factor, making them well-suited for 

integration into haptic designs. For example, the Futek LSB200 has dimensions of 17.5x19 

mm. Chiaradia et al. [113] presented a cable-driven soft wrist exosuit designed for flexion 

assistance and utilised the Futek to characterize its operation (Figure 32). The force sensor 

is installed along the cable actuator, measuring cable tension to estimate the weight of the 

load lifted by the actuator. 

Figure 31. Pull-Ups Kinesthetic Feedback System: (a) User performing pull-ups assisted by a suspension kit with integrated pneumatic 
actuators; (b) Close-up of a load cell in line with a pneumatic muscle; (c) Characterization of the device by loading weights; (d) Graphs 
showing displacement and actuation time across different loads, used for system calibration and feedback control.  
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To conduct a preliminary evaluation of their proposed glove design, the authors compared 

the stretching of a conventional fabric glove with their reinforced design, analysing glove 

stretching against cable tension (measured in Newtons). The authors used the sensor to 

quantify torque around the wrist joint midpoint between the forearm, where the actuator is 

mounted, and the glove/hand, where the cable is anchored. The exosuit is controlled by an 

admittance controller, which requires real-time force sensing to calculate output torque. 

Forces measured by the load cell are transformed into joint torque estimates via the force 

Jacobian matrix, providing the necessary feedback for the admittance control strategy. Signals 

from the motor encoder angle, IMU flexion angle and speed, as well as load cell force, are low-

pass filtered at a frequency of 10 Hz to eliminate high-frequency noise or vibrations that could 

compromise force measurement accuracy. 

Figure 33.  Shape Memory Alloys actuator characterization: (a) SMA actuator designed using the ANISMA toolkit applied to skin; (b) 
Testing setup with SMAs anchored to load cell for force measurement; (c) Graph showing time-dependent pull force of SMAs at various 
actuation currents, demonstrating response characteristics and actuation speed.  

Figure 32. Components of the Wrist Soft Exosuit: (a) Glove with attached 3D-printed flexible structure and Inertial Measurement Unit 
(IMU); (b) User wearing the complete exosuit; (c) Side view showing the wrist configuration; (d) Actuation mechanism with remote motor 
and pulley system; (e) Close-up of the force sensor used to detect interaction forces; (f) Forearm strap components including Bowden cable, 
electronic cable, and sensor acquisition board. 
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Messerschmidt et al. presented an alternative use case for a Futek LSB250, employing the 

load cell to characterise a wearable Shape Memory Alloys (SMAs) pull mechanism designed 

in their prototyping toolkit ANISMA [114]. The authors used the sensor to record force 

measurements with varying actuation current values to determine SMA actuation speed for 

their proposed designs. These tests were conducted using 30 coils, starting from the maximum 

recommended elongation distance (Figure 33), with the pulling force digitised via an NI DAQ 

USB-6218 interface. The SMAs were securely connected to the load cell on one end and a 

solid mount on the other. Using this setup, the authors conducted over 40 test measurements 

with different SMA sizes to compare their properties. 

Both previous publications demonstrate use cases for S-type load cells with active actuators. 

However, passive actuators may require a different approach where a mechanism consistently 

increases pulling force. These setups, known as pull tests, are computer-controlled and include 

a load cell and grips to securely hold the tested component. The load cell measures the force 

applied as the component is pulled or compressed. Dextres [68] exemplifies this approach, an 

exoglove utilising an electrostatic clutch that generates holding forces up to 20 N on each 

finger by modulating electrostatic attraction between flexible elastic metal strips. The authors 

employed an Instron 3344L pull tester with a 50 N S-type load cell (Instron 2519) to measure 

the braking force of the electrostatic (ES) brake (Figure 34). As a passive brake, the actuator 

allowed the pull tester to create displacement at constant speed along the brake axis, 

measuring braking force over a 10 mm displacement range. This method enabled force 

measurement at various voltages (a variable controlling friction force) facilitating precise 

characterisation applicable to haptic devices with passive actuators. 

Figure 34. DextrES Haptic Glove characterization: (a) Glove prototype utilizing electrostatic brakes for kinesthetic feedback and 
piezoelectric elements for tactile sensation; (b) Pulling tester with force sensor for characterizing actuator performance, with graphs 
showing dynamic friction forces recorded at varying voltages; (c) Bar chart showing friction force correlation with applied vo ltage, 
demonstrating the proportional relationship between voltage and braking force.  
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Button and S-shaped load cells offer advantages when measuring forces aligned with 

actuators, as shown in [112], [113]. These sensors can be extremely compact, making them 

ideal for integration. However, they typically cost more than beam cells. For single-axis 

characterisation, as with ANISMA or Dextres, a beam load cell with comparable accuracy 

can serve as a cost-effective alternative without compromising characterisation quality. 

All sensor types presented so far measure force along only a single axis, limiting their ability 

to accurately capture forces applied at angles or in multiple directions simultaneously. When 

the force perceived by users contains multiple axial components, more complex designs such 

as 3-axis load cells or force/torque (F/T) sensors are recommended to provide a more complete 

picture of the haptic experience. 

2.3.2.1.6  3-Axis Load Cell Sensors 

3-axis load cells can measure forces on x, y, and z components simultaneously. This sensor 

type has been utilised to characterise haptic actuators like Aero-plane [50], a handheld device 

using wind turbines to simulate centre of mass shifting in two degrees-of-freedom (Figure 35). 

By modulating the speed of two jet propellers, the device generates dynamic force feedback, 

creating the illusion of a weighted object moving on a virtual plane.  

To characterise the turbine actuator, the authors mounted it on an aluminium frame similar 

to the previously discussed Thor's hammer cage. A VARIENSE-FSE103 force sensor with a 

250 Hz sampling rate was attached to the cage bottom and connected to the actuator via a 

steel wire to capture propeller-exerted force. To accurately recreate the upward force 

generated by the haptic controller, the actuator was characterised using an upward force 

mounted to mimic the real use case. 

Figure 35. Aero-plane Haptic Device characterization: (a) Aero-plane controller held at its centre-of-mass, with air jets producing a 
downward force; (b) Measurement setup with the propeller actuator mounted on an aluminum frame and force sensor attached at t he 
bottom; (c) Close-up of the 3D printed air duct and force sensor configuration; (d) Step response graph showing force measurements with 
raw and filtered data, demonstrating the device's dynamic force feedback capabilities. 
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The motor speed was controlled using an Electronic Speed Controller (ESC) with a minimum 

speed rating of 1.25 ms pulse and a maximum pulse width of 2 ms, covering a range from 0-

100% speed (ramp analysis). To understand the relationship between motor speed and 

resulting force, the authors collected data at 28 actuation speed steps. Despite using a 3-axis 

load cell, they characterised operation using readings from a single axis. This study 

demonstrates how characterisation can be used to conduct step response analysis for 

evaluating actuator performance metrics, including rise time, settling time, and 

maximum/minimum settling force. These metrics were calculated using MATLAB's stepinfo 

function with the captured data. To reduce noise and improve data quality, a low-pass filter 

with a half-power frequency of 5 Hz (Butterworth zero phase filtering) was applied prior to 

processing. 

Although the use of 3-axis load cells in characterisation applications is limited, alternative 

force sensing approaches have been presented that could be applied to future characterisation 

frameworks. One notable example is the "SCALE: Enhancing Force-based Interaction by 

Processing Load Data from Load Sensitive Modules" [115] (Figure 36). In this publication, 

the authors present a framework incorporating load-sensitive modules (equipped with a 3 axis 

load cell) for force-based interaction, which can recognise a wide range of touch interactions 

based on force direction. 

In the SCALE study, a 3-axis load cell (FNZ100N from Forsentek.inc) with a load capacity 

of 10 kg and three ADC HX711 operating at 80 Hz, one per axis, was employed. This setup 

enabled the measurement of multi-point touch and real-time computation of force directions. 

The authors provided details on various force-measuring implementations, including 2D touch 

detection, 3D touch detection and touch point classification. The load cell used in SCALE is 

Figure 36. SCALE Force Interaction Framework: (a) 3-axis load cell integrated with peripheral circuits for force measurement; (b) 
Schematic representation of touch interaction, illustrating the dynamic nature of human contact and the intersection points u sed to 
determine touch location; (c) Augmented workbench setup showcasing real-time object status tracking through touch interactions. 
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made of a single aluminium body, but its design emulates a combination of three beam load 

cells oriented along different directions to measure forces in three distinct axes. This feature 

will be further discusses in Section 5.5.2 , where this design serves as a principle for the 

proposed 3-axis design manufactured using rapid prototyping tools. However, these load cells 

are not suitable for measuring torques as the design is not optimised for such operation. When 

torque measurement is required, researchers use force/torque sensors, which are introduced 

in the next section. 

2.3.2.1.7  F/T Load Cells 

Torque sensors play a key role in characterising haptic devices that generate output torques 

with complex dynamics or require measurements at a distance from the actuator for more 

realistic assessment. These industrial sensors typically form part of a software suite that 

includes calibration, compensation for crosstalk, and a dedicated data acquisition system, 

ensuring reliable and accurate data capture. 

Single axis 

The most straightforward approach to using an F/T sensor is to characterise an actuator on 

a single axis. Sasaki et al. [48] demonstrate this approach in their characterisation of the 

"Virtual Super-Leaping" system (Figure 37), an interaction technique combining visual and 

haptic feedback to simulate extreme jumping. The haptic device consists of a pole with 

propeller units generating kinesthetic feedback. To characterise it, the device was mounted 

on an extruded aluminium frame, positioned 400mm above the ground to minimise ground 

effect. A 6-axis force sensor (Leptrino FFS055YA501U6) was attached to the frame's centre 

to measure the device's output force. Sensor readings were monitored through USB  

 

Figure 37. Virtual Super-Leaping Haptic Feedback System: (a) User engaged in a VR environment with the haptic device designed to 
simulate extreme jumping; (b) Testbed setup for characterization with labeled 6-axis force sensor and sound level meter; (c) Close-up of 
the measurement fixture showing coordinate axes and reference measurements; (d) Graph depicting the device's force response over time 
for different input pulse widths, illustrating the system's step response and latency characteristics.  
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communication, while system noise was measured using a sound level meter (FUSO SD-

7000A) placed at ground level. The authors reported the device's capability to deliver 11.7N 

of force and 86.7dB of audio noise with an input of 1500ms (50% propeller speed) and 27.8N 

of force and 95.3dB of audio noise with an input of 2.0ms (100% speed). 

Although a beam or button load cell could potentially measure the force output of a device 

like Virtual Super-Leaping, using a Force/Torque (F/T) sensor offers advantages beyond 

simple force measurement. The F/T sensor enables identification of unbalanced actuation 

between both sides of the device or undesired torques produced by manufacturing 

imperfections, although the authors did not specify this in their publication. 

Measuring of Pneumatic System Applied Force 

F/T sensors often have a small footprint, making them ideal for integration into designs or 

testbeds, as demonstrated in the characterisation of "Cutting the Cord" [116] (Figure 38), a 

pneumatic device employing the user's motion to pump fluid in a closed pneumatic circuit. 

The authors used the F/T sensor to measure single-axis force and evaluated performance by 

inflating a fabric pneumatic actuator coupled with the sensor mounted on a linear bearing 

system. An ATI Nano 25 F/T sensor, mounted behind the stationary end plate, measured 

the forces applied by the device. The characterisation setup ran on a desktop computer with 

control and sensors managed through a National Instruments (NI) DAQ RIO. Additionally, 

the authors measured system pressure by inserting a T-coupling with a pressure sensor. This 

data determined the relationship between parallel plate displacement and actuator volume, 

as well as measuring the device's refill time. 

 

Figure 38. Pneumatic haptic system: (a) Main components including accumulator, valve, and user coupling device that functions without 
an external pressure source by adjusting stiffness through valve operation; (b) Characterization setup with labeled components including 
motor, actuator, force sensor, valve, linear bearing, lead screw, pressure sensors, and capacitor, designed to measure pressu re changes 
and output force. 
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Compression haptic interfaces for the wrist or forearm, such as PneuSleeve [117], Bellowband 

[118], and Tasbi [119], (Figure 39) were characterised using a similar approach. These devices 

provide haptic feedback through mechanical compression of the wrist or forearm. In all these 

cases, researchers used an F/T sensor to measure single-axis force across a radial solid and 

analyse the relationship between the actuation mechanism and the output compression force. 

These setups commonly employed the popular ATI Nano 17 F/T sensor from ATI Industrial 

Automation, which has a diameter of 17mm, making it well-suited for integration into small 

haptic devices. 

F/T Measuring of Gyroscope devices 

F/T sensors excel in addressing the complexities of multi-axis torque/force actuators, such as 

flywheels, which produce intricate output torque. Flywheel haptic devices have been prevalent 

in the haptic community as they provide torque without grounding elements. Multiple 

prototypes have explored this effect over the years [55], [59], [120], [121], [122].  

Figure 39. Wearable haptic devices and characterization methods: (a) Column showing PneuSleeve device worn on forearm with labeled 
components, its actuation mechanism with lead screw and linear part, and the complete prototype; (b) Column displaying Bellowband 
wrist-worn device, its force measurement setup, and internal component view with embedded sensor; (c) Column presenting Tasbi wrist -
worn research prototype, its force characterization setup using ATI Nano 17 sensor, and the device components.  

. 
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Recent publications have characterised these controllers using F/T sensors. For example, 

Nakamura et al. [56] developed a golf club-type device with a variable-angle flywheel, offering 

ungrounded kinesthetic feedback to modify the user's posture during a golf swing (Figure 41). 

The authors used a 6-axis force sensor (WEF-6 A 200-4 RCD, WACOH-TECH Inc., Japan) 

to assess the haptic device's performance at a 240 Hz frequency under five different driving 

conditions. Comparisons between theoretical output and real-time measurements highlighted 

discrepancies, prompting the authors to provide hypotheses explaining these differences. This 

demonstrates the value of F/T sensors in identifying areas for design improvement in haptic 

controllers. Gyroscope haptic controllers featuring multiple rotating gimbals and flywheel 

actuators produce intuitive output torques. In such cases, accurate characterisation becomes 

essential for verifying operation. For example, iTorqU 2.1 [57] presented a haptic controller 

with a single flywheel actuated by two gimbals, enabling the flywheel to pivot over two axes 

simultaneously. An ATI Mini40 F/T sensor assessed the device's performance at the handle 

position as a ground point (Figure 40). This configuration measured the Fx, Fy, Fz, Mx, My, 

and Mz that the user would perceive. The authors' comprehensive analysis and mathematical 

modelling allowed comparison with sensor readings and verification of the haptic modelling 

and performance. 

Figure 40. iTorqU haptic controller evaluation: (a) iTorqU controller operated by a user; (b) Characterization setup with the 
controller mounted on an ATI Mini40 sensor, clamped to a work surface; (c) Response comparison graph highlighting the correlation 
between predicted and measured torque values along the Z-axis over a specific actuation period. 

Figure 41. Haptic golf club feedback device: (a) Proposed device in use, showcasing the direction of generated torque and the measurement 
point on a golf club; (b) Characterization setup with the device mounted on a six-axis force sensor with labeled axis of measurement; (c) 
Graph presenting a comparison between expected theoretical values and measured torque values across different motor speeds (1 00-140 
rpm). 
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F/T sensors offer distinct advantages, including industrial-grade quality, high accuracy, and 

multi-axis force and torque measurements. However, their cost can restrict accessibility for 

labs with limited funding or independent researchers. F/T sensor design remains an active 

research area, with numerous open-source publications aiming to provide low-cost alternatives 

to this technology.  

2.3.2.1.8  Open Source & Rapid Prototyping F/T 
sensors 

Extensive research has focused on designing alternative force sensors using various 

technologies, including traditional strain gauge designs [86], [123], [124], piezoelectric sensors 

[125], [126], [127], capacitance sensors [128], [129], [130], and optical sensors [131], [132], [133]. 

This analysis concentrates on alternative and open-source designs applicable to kinesthetic 

haptic device characterisation. 

Solutions employing rapid fabrication techniques like 3D printing and laser cutting have also 

emerged. Kesner et al. [134] provided design guidelines for 3D-printed force sensors, 

highlighting challenges such as high hysteresis observed with soft thermopastics. Hendrik et 

al. [133] demonstrated low-cost, multi-axis force sensors produced below $40 by using optical 

sensors instead of strain gauges to address plastic flexure deficiencies. The inherent elasticity 

in 3D printed components makes strain gauge technologies less effective in combination with 

these materials, as these require linear deformation and suit only small changes. Consequently, 

3D printed force sensor designs typically employ optical sensors [135], [136], [137] to measure 

deformation, better compensating for high hysteresis and slow response time. 

Figure 42. Mantis haptic device: (a) User interaction with a multi-armed Mantis haptic device in VR environment; (b) Detailed view of the 
Mantis components including labeled force sensor, controller, and brushless motors; (c) Close-up of the custom-built acrylic force sensor. 
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A custom-built F/T sensor was designed and integrated into Mantis design [138] (Figure 42), 

a haptic device requiring accurate force and torque measurements for its admittance control 

system (close loop). This sensor was manufactured using common makerspace tools such as 

laser cutters, with overall cost below £50, excluding amplifiers. Inspired by commercial load 

cells, the design features a 3-axis force sensor constructed from laser-cut acrylic. Each sensor 

arm incorporates four strain gauges arranged in a Wheatstone bridge configuration connected 

to a differential amplifier, enabling determination of forces in XYZ directions. The prototype 

used 8mm laser-cut acrylic with rapid-set epoxy to mount strain gauges. Temperature drift 

was mitigated through a 3D printed shroud regulating airflow. The signal was amplified and 

digitalised using a MCP6N16 instrumentation amplifier's and a 16-bit differential ADC 

channel on an ARM Cortex M4 microcontroller. Once calibrated, the sensor measures a 

maximum range of ±3kg at a 10kHz sampling rate. 

The approach taken by Mantis [138] offers an accessible entry-level method for designing 

custom in-built force sensors, as acrylic can be easily shaped using laser cutters. However, 

acrylic sheets have a tensile strength of 10-12 ksi, significantly lower than aluminium's 45 ksi. 

While acrylic outperforms 3D printed sensors, it retains some limitations common to plastic 

materials. This approach requires precise strain gauge mounting techniques, as minor 

misalignments in orientation or coupling between gauge and flexure surface can significantly 

impact sensor accuracy, linearity and overall performance, factors requiring careful 

consideration during implementation. 

An alternative approach uses the Alps Alpine HSFPAR Force Sensors Family which can 

measures forces up to 8N with a compact 2×1.6mm form factor, providing cost-effective small-

Figure 43. Multi-axis force sensor assembly: (a) Dimensions of the Alps Alpine HSFPAR003A force sensor (2.0mm × 1.6mm); (b) 
PCB with four HSFPAR003A load cells mounted, necessary for multi-axis force measurement; (c) Exploded schematic view detailing 
the sensor components including jaw attachment, sensing plate, load cell arrays, wire clamp, and strain relief bracket; (d) Assembled 
prototype showing the complete sensing device. 
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scale sensing solutions. Chua et al. [139] utilised these sensors in their 3-degree-of-freedom 

force sensor for Robot-assisted Minimally Invasive Surgery (RMIS), available as open-source 

and adaptable for applications beyond RMIS. Their design incorporates eight miniature 

button load cells mounted on a sandwich PCB, combining commercial load cells with PCB 

fabrication to create a multi-axis F/T sensor (Figure 43). Each sensor has a range of ±5 N 

axially and ±3 N laterally, with average root mean square errors below 0.15 N in all directions. 

Its compact design (9.5×8.5×23.8mm, 3.33 g) suits integration in RMIS, robotic joints or 

haptic devices. 

The force sensor employs two standard 2-layer FR4 PCBs, each containing four 

HSFPAR003A button load cells, with a high-stiffness 303 stainless steel sensing plate between 

them. Each load cell measures compression forces up to 8 N using a piezoresistive full 

Wheatstone bridge, ensuring good temperature stability. Bridge outputs are amplified using 

AD623 instrumentation amplifiers with a gain of 21. 

Having reviewed previous work on actuator types, their hardware characterisation, and 

commonly employed sensors, section 2.3.3 will shift focus to the data, what to measure. 

Previous literature reveals characterisation often concentrates on measuring actuator output 

during operation, providing insight into range, capabilities and performance. The upcoming 

section analyses this data, exploring variables that most effectively describe operational 

aspects of haptic controllers. 

2.3.3   Haptic controller metrics 

 

This section of the literature review examines variables describing kinesthetic haptic device 

properties and predominant analysis approaches. We have surveyed publications on haptic 

devices and works specifically addressing characterisation and metrics for haptic technologies 

[3] [4]  [1], [2], [5], [21], [140], [141], [142]. Initially, this section provides an overview of physical 

properties and features measurable without force sensors. While this data enables basic device 

comparisons and provides informative insights, it offers limited context regarding actual 

haptic controller performance (Figure 44). 
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To address this limitation, two common analytical approaches applicable to kinesthetic 

devices are explored. First, quasi-static assessment focuses on test bench performance 

measurements, analysing the haptic controller's response as a ramp signal incrementally 

increases controller output. This approach reveals critical actuator performance parameters, 

including maximum and minimum force capabilities. Similarly, step response analysis 

investigates the haptic controller's behaviour under sudden input changes, providing essential 

insights into dynamic behaviour and responsiveness. 

 

2.3.3.1  Physical Properties 

The most readily accessible properties describing the features of a kinesthetic haptic controller 

are based on its fundamental operation and physical properties. The list below includes 

variables commonly cited in previous research: 

• Workspace: This refers to the physical space within which the device operates, 

enabling interactions with virtual or remote environments. The workspace is 

reported in meters as a measure of the dimensions of the workspace (X * Y * Z). 

Fully untethered handheld devices benefit from not being constrain to a 

workspace. 

• Degrees of Freedom (DOFs): The DOFs indicate the device's haptic output 

directional capabilities. This affects the range of motion and flexibility, allowing 

complex interactions across multiple planes. 

Figure 44.  Table from Wireality [147] comparing key features (e.g., actuator type and feedback mechanism) across various haptic 
devices. While it omits detailed dynamic performance metrics (such as those revealed by step-response testing) it provides a 
straightforward overview of each device’s primary attributes. 
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• Electrical properties: Power consumption and voltage are crucial features, often 

detailed alongside power supply types when the device is battery-powered (e.g., 

12.6V LiPo 3S battery).  

• Dimensions: Expressed as (X * Y * Z) in meters. An outside bounding box can 

be used to determine the total dimensions.  

• Weight: Measured in grams, the weight affects portability and ease of use. Lighter 

devices are preferable for wearable applications to minimise user fatigue and allow 

longer interaction periods. 

• Operational noise: The noise level generated during operation can affect the 

device's perception. Noise levels are typically measured using a sound level meter, 

especially important for devices like propeller-actuated controllers known for 

higher noise outputs, it is typically reported as an absolute level in decibels. [45], 

[50] 

• Vibration: Critical for haptic devices, especially those using high-speed actuators 

like turbines or flywheels. System vibrations can be measured using an 

accelerometer mounted on the end effector. While many kinesthetic devices are 

early prototypes or conceptual, refining the design and manufacturing processes 

can mitigate vibrations and noise. 

These properties provide the foundation for describing physical attributes of haptic 

controllers. The following section explores advanced analysis techniques requiring force 

sensors and test beds, including ramp analysis and step response. These approaches build 

upon previously presented characterisations, offering deeper insights into haptic device 

performance and behaviour. 

2.3.3.2  Ramp Analysis  

Ramp analysis is a widely implemented technique to evaluate haptic devices. In this approach, 

the haptic controller is mounted on a frame or testbed and connected to a force sensor. A 

ramp input signal, which can be voltage, current, pressure, or time pulses (ESC), is gradually 

increased from minimum to maximum actuation (Figure 45 while the corresponding output 

force is measured. For optimal results, tests should be conducted both incrementally and 

decrementally. 
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From this analysis, several variables and metrics can be derived that describe the device 

performance characteristics. The input/output trajectory, commonly referred to as the 

calibration curve, delineates the relationship between input signal and output force (e.g., 

kPa/N, V/N, A/N). This relationship defines metrics including: 

• Maximum Force/Torque: Incremental ramp testing identifies the relationship 

between force and actuation percentage, enabling model creation for calculating 

haptic controller output. This approach provides a safe method for testing 

maximum force output, as potential damage or overheating can be detected 

before maximum actuation power. 

• Minimum Force/Torque (static friction breakaway): Most mechanical and 

electromechanical devices exhibit a minimum threshold before movement occurs, 

appearing as an output force control with a zero offset. In the case of Aero-plane 

[50] the motors are controlled using an ESC with a typical PWM range of 1ms 

to 2ms. However, in their control system, they use a range of 1.25ms to 2ms, as 

the rotor response was significantly slower when operating below 1.25ms. 

• Hysteresis: This parameter quantifies the difference between device response to 

increasing versus decreasing input. Measured by loading and unloading the device 

under identical conditions, hysteresis represents the maximum deviation between 

increasing and decreasing output curves. The units correspond to the haptic 

device's output values, typically force units (Newtons) when output is expressed 

in force. The formula for calculating hysteresis error is: 

Figure 45.  Ramp analysis plot showing the relationship between actuator input and output force, 
highlighting hysteresis patterns (blue and red paths) with annotated characteristics including output force 
resolution, static friction breakaway point, and actuation steps in 10% increments. 
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 max dec incmax( )h v v= −    

Here, decv  represents haptic output during the decreasing phase of the input 

signal, while incv  denotes the output during the increasing phase. The term maxh  

captures the largest difference between phases, providing a measure of the 

hysteresis error.  

• Sensitivity: This parameter represents output force or torque change per unit 

input change. For Aero-plane [50], this denotes output Newtons per 0.1ms 

increment. During ramp response testing, sensitivity is calculated by dividing 

output force change by input signal change. Common units include N/V, 

representing force change (Newtons) per voltage change (volts), varying with the 

control system employed.  

• Output Force Resolution: The smallest detectable change in output force or 

torque. Resolution accuracy depends on both D/A resolution and force resolution, 

determined by incrementing input in small steps while recording output force. 

• Dynamic Range: The ratio between maximum and minimum producible values, 

often expressed in decibels (dB), a logarithmic scale for large ratio comparisons. 

The calculation formula is: 

 10

Maximum Force
Dynamic Range (dB) 20 log

Minimum Force

 
=   

 
  

• Stiffness: Defined as the resistance to deformation, stiffness is quantified by the 

ratio of the change in force to the change in displacement (ΔF/Δx). It is determined 

by applying a range of input forces to the device and measuring the corresponding 

displacements, either in linear units (e.g., millimetres) or angular units (e.g., 

degrees) using a goniometer. Stiffness is a critical parameter for haptic feedback 

because it enables the simulation of contact with solid virtual objects by 

accurately reproducing the sensation of a rigid surface. This property not only 

underpins the realistic feel of virtual materials but also contributes to maintaining 

a stable grip on remote objects. Stiffness is typically reported in units of N/mm 

or N/deg, and from a psychophysical perspective, objects with a stiffness above 

25 N/mm [143] are perceived as rigid. 
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In the Aero-plane paper referenced throughout this section, ramp analysis characterised static 

performance metrics, identifying potential issues in device performance and stability while 

evaluating the controller's response to constant inputs and actuator output linearity. This 

approach also established maximum peak force capabilities before conducting step/impulse 

analysis, procedures that impose greater stress on the controller with potential for permanent 

damage. 

Following static analysis completion, step response analysis provides deeper insights into 

haptic controller operation and revealed additional properties. The Aero-plane authors 

employed this approach to develop a transfer function model of the actuator, a mathematical 

representation describing the dynamic input-output relationship. Step response analysis 

provides the controller's dynamic behaviour and stability when rendering sudden output 

changes. The resulting transfer function enabled designers to predict actuator responses to 

arbitrary input signals, an essential capability for developing stable, responsive control 

systems for haptic devices. 

2.3.3.3  Step Response Analysis 

Step response analysis identifies several key performance metrics, including Peak Force, Max 

Continuous Force, Rise Time, Settling Time and Output Error. These variables summarise 

the controller's capabilities, allowing evaluation of speed, stability, responsiveness and 

accuracy. This analysis assesses as well as device performance its adaptation to rapidly 

changing input conditions. 

The step response analysis examines system behaviour over time when subjected to a sudden 

input change, typically characterised by transition from one constant state to another, often 

Figure 46. Aero-plane characterization graphs: (a) Output force and noise level vs. pulse width driving the propeller as it increases from 
1.2ms to 2.0ms, showing minimum, maximum, steady-state forces and decibel readings; (b) Raw sensor measurement and filtered sensor 
measurement of the jet propeller's step response over time, with filtered curve removing high-frequency noise and showing 0.6265s 
response time. 
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the maximum operational signal. For devices using ESC to control actuators, this input 

change equates to a time pulse from 0 to 2ms, the maximum actuation pulse for an ESC. The 

primary aspect that step response analysis reveals is system stability. Specifically, it assesses 

the maximum stable actuation input where the device achieves and maintains its target 

position (e.g., moving from point A to point B) without overshooting or oscillating into 

instability. This behaviour is essential for kinesthetic haptic devices, as it establishes the 

precise relationship between input signal (voltage, current or pneumatic pressure) and output 

force or torque required for accurate performance. This analytical approach, standard in 

industrial settings, appears in various works discussed previously, such as Thor's Hammer 

and JetPropeller, providing valuable insights into dynamic response characteristics and 

control loop effectiveness of haptic feedback systems. 

Step response offers a straightforward yet effective method for evaluating haptic controller 

performance, identifying the following metrics: 

• Peak Force: The maximum force output in response to maximum step input 

signal. This quantifies the device's absolute force capacity and stability 

thresholds. Ideally, a mechanical device delivers peak force in minimal time 

without overshooting (which can lead to instability). 

• Max Continuous Force: Once peak force is reached and the device settles after 

acceleration/rise time. This represents sustainable output force over prolonged 

periods with constant input signal, without overheating or internal damage. 

Figure 47. Step response analysis plot showing key performance metrics: input signal (blue) and output force (red) over time, 
with labeled measurements including rise time, settling time, fall time, peak force, maximum force, and steady -state error 
(magnified in inset). The plot illustrates standard haptic device dynamic behavior characteristics with 10% and 90-105% 
threshold markers. 
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• Rise Time: The time required for an actuator to reach desired output within a 

certain range, typically 10% to 90% of continuous force output. This indicates 

response speed to input signal, essentially the actuator's response latency and 

time. 

• Settling Time: An indication of response speed after input change and 

stabilisation. Shorter settling time indicates faster, more stable device response, 

sometimes termed acceleration or deceleration time. 

• Output Error: Also known as steady-state error, this measures the difference 

between desired and actual output values when a haptic device reaches steady-

state. Many actuators exhibit fluctuation error, particularly in handheld devices 

where actuator orientation directly affects performance. This appears in Aero-

plane's step response plot (Figure 46), showing average actuator force fluctuation 

around 0.8837 N. 

Once collected, step response data can be analysed using software such as MATLAB, which 

offers built-in tools for system identification. MATLAB automatically identifies parameters 

like damping ratio and natural frequency by fitting mathematical models to response data, 

helping derive transfer functions that describe dynamic behaviour. The software calculates 

performance metrics including rise time, settling time, overshoot and steady-state error, 

characterising system responsiveness and stability. Ideally a haptic device will exhibit fast 

rise and settling times, minimal overshoot and negligible steady-state demonstrating stability 

and responsiveness to input signals. 

2.3.3.4  Selected variables  

Previous works by Samur et al. [1] and Kern et al. [140] offer comprehensive metrics describing 

kinesthetic haptic device operation and properties (full table in Appendix 15 ). These metrics 

typically encompass three main analyses: frequency response, step response and ramp 

response. However, in the kinesthetic device publications reviewed for this work, the more 

commonly reported analyses include physical device properties followed by step and ramp 

analysis [32], [45], [51], [103]. This highlights the emphasis in current research on analyses 

that have gained wider adoption within the community. 

Based on the literature, the most common analyses performed by researchers were identified  
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Analysis Variable Metrics Relevance 

Physical Properties Workspace XYZ mm 
Determines the physical range in which the device 
can operate 

 Degrees of Freedom 
2x rot., 1x 
transl. 

Identifies the independent directions in which the 
device can move or rotate 

 Electrical Properties Voltage, Power 
Defines the electrical requirements for the device to 
function properly 

 Device Dimensions XYZ mm 
Specifies the physical size of the device, important 
for compatibility with use cases 

 Weight grams 
Indicates the heaviness of the device which can 
impact user comfort and device portability 

 Operational Noise decibels 
Provides an idea of the acoustic disturbance caused 
by the device during operation 

 Vibrations m/s² 
Measures the mechanical vibrations generated by the 
device, which can affect user experience 

Ramp Analysis Max Force/Torque Newtons 
Determines the maximum force or torque that the 
device can exert 

 Min Force/Torque Newtons 
Specifies the smallest detectable force or torque that 
the device can exert 

 Hysteresis Newtons 
Describes the lag in response exhibited by the device 
when subjected to changing inputs 

 Sensitivity Newtons/Volt 
Measures the change in force output per unit change 
in input signal 

 
Output Force 
Resolution 

Newtons 
Identifies the smallest detectable change in force 
output by the device 

 Dynamic Range dB 
Captures the range of force output the device can 
provide, from the minimum to maximum force 

 Stiffness Newtons/mm 
Quantifies the resistance of the device to deformation 
in response to an applied force 

Step Response 
Analysis 

Peak Force 
(overshoot) 

Newtons 
Records the maximum force output by the device in 
response to a sudden change in input 

 Continuous Force Newtons 
Measures the force that the device can maintain 
continuously over a prolonged period 

 Rise time Seconds 
Notes the time it takes for the device to reach the 
desired output from an initial state 

 Settling Time Seconds 
Measures the time the device takes to stabilize after 
a change in input 

 Output Error % 
Provides an estimation of the error between the 
desired and actual output of the device 

Table 4. Comprehensive haptic device characterization metrics table showing three analysis categories (Physical Properties, Ramp 
Analysis, and Step Response Analysis) with associated variables, units of measurement, and relevance to device performance.  

and synthesised into a more accessible metric set. This approach maintains the robustness of 

previous methodologies while reducing data capture complexity. 

The proposed table comprises three primary components, each addressing different aspects of 

controller performance. 'Physical Properties' evaluates tangible and electrical device 

characteristics. 'Ramp Analysis' assesses controller performance under incrementally 
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increasing input conditions. 'Step Response Analysis' examines controller response to sudden 

input changes. These methods are summarised in Table 4. This framework aims for efficient 

categorisation through a comprehensive yet simplified evaluation approach. The streamlined 

measurement process for ramp and step response analyses enhances practicality and 

applicability. Section 3.5  will expand on this approach, outlining a minimalist yet effective 

setup for conducting these analyses with reproducibility and affordability at its core, providing 

clear guidelines for more consistent and accessible haptic device characterisation. 

2.3.4  Summary/Learning from Previous 
Literature  

 

To conclude the literature review, this section presents key findings from previous work on 

haptic devices and their characterisation setups. Although numerous approaches generate 

kinesthetic feedback (including propellers, turbines, elastic elements, pneumatics and 

hydraulics) most employ electric motors as core actuators. The following Chapter 3, which 

focuses on the characterisation framework, will build upon the points presented in this 

summary of previous literature. 

Characterisation Setup Build Materials 

When it comes to the design of the testbed, previous work has used specialised beds or 

mechanisms like lathes or pulling testers, but the majority use custom-built testbeds designed 

and built using aluminium extrusions. These profiles provide numerous advantages, including 

cost-effectiveness, ready availability, and a high degree of customisation. They facilitate the 

assembly of various accessories and joints, allowing for versatile configurations tailored to 

specific experimental needs. Additionally, aluminium extrusions can be purchased in specific 

lengths, reducing assembly complexity and ultimately saving time. 

Torque Vs Force Vs Stiffness 

The decision to measure torque or force is particularly relevant for kinesthetic handheld 

controllers like Thor’s Hammer[45] or Aero-plane [50], which generate force but deliver torque 

as the actuator sits at a distance from the user's hand on a handle. While torque measurement 

provides a more realistic assessment of user experience, it requires industrial-grade equipment 
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such as F/T sensors, resources not always accessible to researchers. Consequently, many opt 

for single load cells or multiple load cell combinations to measure actuator force, a more 

accessible technique. 

The choice between torque or force measurement depends on the intended measurement 

objective. By employing a force/torque (F/T) sensor, researchers can evaluate both the user's 

perceived torques and the device's capabilities. However, the studies reviewed primarily focus 

on measuring force to assess device capabilities. Although measuring force alone cannot 

provide a comprehensive understanding of the user's haptic experience, it offers a foundation 

for describing device properties. This approach has a significant limitation: reporting torque 

measurements at the handle position inherently accounts for the distance from actuator to 

hand, allowing direct comparability between devices, while reporting actuator force only allow 

for actuator comparison. Even when actuator-to-hand distance is included (which is not 

always reported), this approach does not facilitate straightforward performance comparison 

between devices. 

Drawbacks Of Measuring a Simplified Actuator 

When characterising haptic controllers, if a controller employs multiple actuators, 

characterisation should include an equivalent number of actuators. In “Propel Walker” [110],  

the authors presents a system where a single ducted fan generates the output force, yet the 

actual device incorporates two actuators. Turbines and propellers do not generate twice the 

thrust by doubling actuator numbers. Therefore, the final output perceived by users remains 

undetermined. Accounting for actuator number and arrangement when designing force 

measurement setups is essential to accurately represent device capabilities. 

What Sensor do I use?  

Sensor selection for haptic device characterisation depends on the controller's output force 

magnitude, torque requirements, and number of actuated axes. While research labs with 

specialised equipment often use F/T sensors or industrial S-type sensors, beam load cells offer 

viable, low-cost alternatives with sufficient accuracy for many applications. Load cells provide 

advantages in accuracy and load range handling, though they require additional electronic 

components for amplification and data logging. Force gauges, built on load cell technology, 

offer ease of use and portability but have limitations in size and electronic integration for 
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closed-loop systems. Chapters 4 and 5 will detail these considerations further. Among reviewed 

papers, single-axis characterisation emerges as the most common approach for actuator 

assessment. The sensor should capture data in a setup that recreates the device's expected 

operation. For handheld devices delivering torque, an F/T sensor provides the ideal setup, 

while for devices providing direct skin actuation perceived along a single axis, beam load cells 

may be suitable. 

Role of Automation During Characterisation Processes 

The automation of actuator control during analyses such as ramp or step response is rarely 

explicitly stated in research papers. Automating haptic controller actuation during 

characterisation offers several advantages over manual methods. It ensures consistency in the 

measurement data, enables testing of the controller's lifespan [35], and reduces researchers' 

workload. The framework presented in Section 3.9 considers actuation and measurement as 

part of the same process, so analyses can be performed automatically to gather multiple 

samples for the same test to guarantee operational consistency. 

Amplifier Sampling Rate & Resolution 

A very popular choice for a load cell amplifier is the HX711, with 24-bit resolution. It is 

theoretically capable of providing a resolution of up to 5.85 N  when using the full resolution 

range over 10kg. However, the load cell's actual resolution is significantly lower than 24 bits 

due to its operation, noise, and other errors [144]. Furthermore, the amplifier is limited to a 

maximum sampling rate of 80 SPS. The ideal sampling rate remains an open question in the 

literature, with earlier research recommending a refresh rate of 320 Hz for tactile sensation 

and 30 Hz for proprioception [145], while more recent studies suggest rates of 1000 Hz [146], 

[147], [148]. However, Scandola et al. (2011) challenged the "1 kHz rule" [149], [150], finding 

no effect of refresh rates on their experiment, and concluding that force perception can be 

studied using low-frequency rates of 250Hz. Based on these studies, a higher refresh rate than 

80 Hz is recommended to accurately capture kinesthetic feedback. A refresh rate of at least 

250 Hz would be more suitable than the 80 Hz provided by the HX711 amplifier, based on 

findings from Scandola et al [150].  

What Range Should the Characterisation Testbed Be Capable to Measure? 
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When developing a new haptic prototype, determining the magnitude of the target output 

torque or force range is one of the first steps. Ensuring the characterisation setup has 

bandwidth matching the controller's range enhances force resolution and measurement 

accuracy. 

In order to provide some context to the ranges that can be expected, a survey of Haptipedia 

[4], including over 100 haptic devices, indicates that more than 80% are rated for peak force 

or torque under 100 N or 4 Nm. Additionally, Samur et al. [1] (p.49) present human sensory 

thresholds suggesting maximum force expected at the finger/wrist is approximately 50/60 N 

and 100 N at the elbow and shoulder. These are peak forces, and lower values are 

recommended to avoid injuries and fatigue. Previous literature can provide insights into 

torque or force ranges typically generated by similar devices, helping establish appropriate 

initial thresholds before a prototype is ready and guide characterisation setup design. 

Signal Filtering. 

Signal filtering removes unwanted signals or noise from data. For sensors used on kinesthetic 

feedback devices like load cells, low-pass filters eliminate high-frequency noise caused by 

electrical interference, vibration, or other sources. These filters allow low-frequency signals to 

pass while attenuating higher frequencies. When capturing movement or force readings, data 

is often filtered using a low-pass filter with cut-off frequency between 2 and 10 Hz [50], [53], 

[113], [151], [152], [153], [154]. This frequency range is not arbitrary but based on the fact 

that most human movements are performed at low frequency. Previous research suggests 

skilled actions such as typing or playing instruments are performed at 4-8 Hz and rarely above 

10 Hz [155], [156]. Similarly, human body capabilities limit force frequency range to 2-6 Hz 

[155], [156], [157]. Therefore, for most kinesthetic haptic devices characterisation, filtering 

data with a 10 Hz cutoff frequency maintains signal integrity and remove undesired electrical 

noise or vibrations. 

Previous Force Sensors Used. 

A review of load cell types in previous research guided the initial selection process during 

framework development, later expanded through broader literature review. The analysis 

revealed that many publications omit specific sensor details. Of the 276 papers on kinesthetic 

haptic devices examined, only 60 provided specific sensor information. This is cover in 
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Appendix – Commercial Load Cells Comparison Table, categorised by type, publication 

reference and cost. Cost comparison demonstrates that single beam load cells average 

approximately £10, compared to entry prices of £3500 for F/T sensors (excluding amplifier 

costs). 

The literature review provides valuable insights into haptic device design, actuation 

modalities and characterisation approaches. These findings informed the development of the 

proposed characterisation framework, FARE-KE, which are presented in the following 

chapter.  



 

 

98 

 

3  FARE-KE Framework for 
Affordable, Reliable Kinesthetic 
Evaluation 

 

The FARE-KE (Framework for Affordable, Reliable Kinesthetic Evaluation) streamlines the 

characterisation process for kinesthetic haptic devices through an integrated hardware and 

software toolkit. It establishes an initial standardisation framework while offering ready-to-

implement, cost-effective, and replicable solutions for researchers during prototyping stages. 

Developed through extensive research and hands-on experience, FARE-KE addresses key 

challenges in haptics performance metrics identified by Samur et al. [1]: 

• Equipment Limitations: Many researchers lack access to advanced 

characterisation equipment, limiting their ability to document device 

performance comprehensively. 

• Complex Systems: The characterisation process presents entry barriers for those 

without mechanical engineering backgrounds, necessitating a more 

straightforward analytical approach. 

• Variable Measurements: Multiple characterisation techniques and measurement 

variables create inconsistency across the field, requiring standardised metrics to 

represent kinesthetic controller performance effectively (Appendix – 

Measurement Variables). 

FARE-KE offers a comprehensive solution spanning literature review to hardware design and 

validation: 

• Literature Integration: The framework examines both kinesthetic and vibrotactile 

haptic devices, presenting techniques from vibrotactile characterisation 

applicable to kinesthetic evaluation. This cross-domain approach enhances 

researchers' understanding of the characterisation process. 
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• Support Resources: Technical guidelines, hardware specifications, software 

documentation, and tutorials guide users through data sampling, hardware 

assembly, and characterisation procedures. 

• Data Acquisition System: Research-informed sampling approaches ensure 

appropriate rates and bandwidth for haptic evaluation. The framework includes 

a 12-channel DAQ board capable of sampling three analog signals at 

approximately 10 kSPS or twelve signals at around 2.9 kSPS. 

• Hardware Innovation: The framework emphasises cost-effective, replicable 

solutions through: 

o Validation of affordable beam load cell sensors 

o Design of custom 3-axis load cells using single-axis components 

o Development of 6-axis sensors measuring force and torque on x, y, and z axes 

using rapid prototyping technologies 

This educational approach enables iterative design and refinement through direct performance 

feedback, particularly valuable during initial prototyping stages. The framework's 

comprehensive scope spans three chapters, addressing methodology, data acquisition system 

design, and hardware validation respectively. 
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Figure 48. FARE-KE framework standardization flowchart illustrating the decision tree for haptic device characterization, from sampling 
frequency selection through sensor type determination, measurement approach, and analysis methods, with references to relevant appendices. 
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3.1  FARE-KE Framework Overview 

FARE-KE establishes a structured approach to haptic device characterisation as illustrated 

in Figure 48. The framework addresses the identified gap between rapid prototyping 

technologies and traditional evaluation methods, providing consistent tools and procedures 

for performance assessment. The framework guides researchers through a logical progression 

from device classification to comprehensive performance analysis: 

1. Initial Considerations and Classification (Section 3.2)  

The characterisation process begins with identifying the haptic device's actuation modality 

from five categories:  

• Direct single-axis force  

• Single-axis impact force  

• In-line forces  

• Rotational joint torque  

• Multi-axis force/torque  

This classification influences subsequent decisions on testbed design, sensor selection, and 

evaluation methodologies. 

2. Testbed Design and Construction (Section 3.3) 

Effective testbed design ensures measurements reflect actual device operation. The framework 

outlines principles for testbed construction using accessible materials like aluminium 

extrusions, prioritising: 

• Structural rigidity to minimise unwanted vibrations 

• Relevance of alignment between actuators and sensors 

• Accommodation for various mounting configurations 

• Scalability to different device dimensions 

High-level design principles are supplemented by modality-specific implementation details in 

Chapter 5, where Sections 5.1.2, 5.2.2, and 5.3.1 provide detailed testbed configurations 

tailored to different kinesthetic feedback categories. 

3. Load Cell Selection and Configuration (Sections 3.4-3.5) 

Load cell selection depends on multiple factors: 
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• Device Complexity Section 3.4): The framework correlates haptic modality with 

required sensor configurations, from single-axis beam load cells to complex multi-axis 

arrangements. 

• Force Range and Capacity (Section 3.5): Guidelines for selecting appropriate force 

ranges based on expected device output and human sensory thresholds, ensuring 

optimal resolution while providing adequate safety margins. 

4. Data Acquisition System (Section 3.6) 

Three scalable approaches to data acquisition accommodate different expertise levels: 

• Commercial Amplifier Breakout Boards: Simple, accessible solutions for basic 

applications 

• Instrumentation Amplifiers with Microcontroller ADCs: Intermediate solutions with 

enhanced flexibility 

• Custom-Designed Data Acquisition System: Advanced solution providing optimal 

performance across multiple channels 

Section 3.6 introduces these approaches, while Chapter 4 provides comprehensive details on 

the custom DAQ system's design, implementation, and performance characteristics. Appendix 

17 offers additional technical specifications, whilst Appendix 14 presents alternative 

amplification options for specific applications. 

5. Signal Processing and Communication (Section 3.7) 

Guidelines for effective signal processing and data logging using: 

• Integration with appropriate microcontrollers 

• Communication protocols for real-time data transfer 

• Firmware implementation guidelines 

These concepts are expanded in Section 4.2, which details specific implementation approaches 

for the custom DAQ system. The framework includes comprehensive software libraries, 

documented in Appendix 25 and available through GitHub repositories, covering ADC 

configuration, calibration, crosstalk compensation, and data logging across different load cell 

configurations. 

6. Calibration Procedures (Section 3.8) 

Calibration approaches for different load cell configurations: 
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• • Single-axis load cells: Simple scaling or regression-based approaches 

• • Multi-axis configurations: Matrix-based methods addressing crosstalk effects 

• • Force/torque plates: Complex calibration addressing interactions across 12 

channels 

Detailed implementation instructions for these calibration procedures appear in Appendices 

18, 20, 21, and 23, complemented by software tools that automate calibration calculations. 

Section 5.5 provides additional context on calibration approaches for multi-axis designs. 

7. Characterisation Analysis (Section 3.9) 

Standardised analysis techniques for consistent device evaluation: 

• • Physical property assessment: Dimensions, weight, degrees of freedom 

• • Ramp response analysis: Maximum/minimum force, hysteresis, sensitivity 

• • Step response analysis: Rise time, settling time, continuous force capabilities 

supported by implementation code in Appendix 24 

Comprehensive Validation Approach 

FARE-KE extends beyond theoretical methodology to provide thorough validation of its 

components. Chapter 5 presents detailed validation across different kinesthetic modalities: 

• Direct single-axis force (Section 5.1): Validation of affordable beam load cells 

• Single-axis impact (Section 5.2): Assessment of rapid transient force measurement 

• In-line forces (Section 5.3): Validation of tension/compression measurement 

• Rotational joint torque (Section 5.4): Verification of torque measurement techniques 

• Multi-axis force/torque (Section 5.5): Validation of custom-built multi-axis 

configurations 

By following this structured approach, researchers can systematically implement effective 

device characterisation while maintaining consistent evaluation standards. The framework's 

modular structure enables adaptation to different expertise levels and research contexts. 
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3.2  Initial Considerations 

To standardise the characterisation process for a range of devices, FARE-KE categorises 

devices by their actuation modality. The first step is to identify the force feedback modality 

of the haptic device, determining the testbed design, load cell type, and key experimental 

parameters. By considering the specific kinesthetic feedback delivery method, researchers can 

ensure load cell suitability and replicate the haptic controller's normal operating conditions, 

including orientation and degrees of freedom. FARE-KE summarises the actuation methods 

into five groups: 

• Direct Single-Axis Force: Devices that apply force directly to the user's body, 

such as those providing continuous or instantaneous push or pull sensations, can 

be characterised using single-axis force sensors like beam load cells. These sensors 

are ideal for measuring linear forces with a well-defined vector component. 

• Single-Axis Impact Force: Haptic devices that generate sudden bursts of energy, 

such as those using elastic bands or pneumatic actuation, require load cells with 

high sampling rates to accurately capture rapid force changes. Single-axis beam 

load cells are suitable, though they need amplifiers with high sampling rates and 

fast response times for measuring impact forces. 

• Inline Force: Exoskeletons and devices that transmit force through cables or 

linkages can benefit from inline force sensors, such as S-type or button load cells. 

These load cells can measure both tension and compression forces and can be 

easily integrated into the device's mechanical structure. 

• Rotational Joint Torque: Devices that generate torque through motors, gears, or 

other rotational mechanisms can be characterised using beam load cells when 

torque operates along a single plane by measuring force at a known distance from 

the rotation axis. The choice between a dedicated torque sensor and a force sensor 

depends on the specific device design and desired accuracy. 

• Force/Torque: Haptic devices generating forces and torques in multiple axes 

require multi-axis force/torque sensors. Six-axis load cells can measure forces and 

torques in three orthogonal axes, providing comprehensive device output 

characterisation. The FARE-KE framework offers a cost-effective solution by 

utilising an array of single-axis load cells to create a custom 6-axis force/torque 

sensor. 
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A more detailed analysis of these characterisation groups will be presented in Chapter 5 , 

FARE-KE Sensor/Hardware Validation, introducing examples demonstrating approaches for 

different haptic modalities. 

3.3  Testbed Designs 

When designing a testbed for haptic device characterisation, understanding how the force is 

deliver to the user is crucial, guiding the alignment, placement, and load cell design to 

integrate with the actuator. For straightforward scenarios involving direct single-axis forces 

or impacts, a single-axis load cell typically suffices. The cell should be mounted in a position 

or orientation that accurately reflects the actuator's operation. The testbed must emulate the 

device's operational context (how it will be held or mounted by the user) and accommodate 

the same quantity and configuration of actuators as the final prototype to ensure 

representative data capture.  

Extruded aluminium is frequently employed in testbed construction due to its versatility, 

standardisation, and wide availability of attachments and coupling systems. This allows for 

a flexible setup that can be easily adjusted to meet specific requirements. The 40x40 mm 

aluminium extrusions are sturdy enough to prevent bending or deformation under the weight 

or forces applied by most handheld kinesthetic haptic devices. 

Figure 49 Examples of testbed configurations for haptic device characterization: (a-c) Technical diagrams showing proposed measurement 
setups, and (d-f) corresponding device implementations for PacaPa rotational joint [45], FacePush head-mounted system [163], and 
OsciHead oscillating mechanism [119]. 
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Figure 49 shows various examples of alternative testbed design for measuring actuation 

representative of haptic device force generation. The Pacapa [36] testbed setup showcases 

torque measurement via the lever arm of the device actuator. In the FacePush [158] 

configuration, motors pulling straps generate push forces on a mannequin head equipped with 

single beam load cells on each side, directly measuring design capabilities. Oscihead [111] 

setup demonstrates rotating torque measurement from oscillating masses using single beam 

load cells, taking into account the actuator length from the anchor point. 

3.4  Load Cell Count and Type 

The selection and number of load cells are determined by the haptic device's modality. For 

devices exerting single-axis forces, load cells measuring linear forces (Figure 50 a) provide a 

suitable solution. This type is most prevalent due to its mechanical simplicity and availability 

of low-cost models under $10.  

Multi axis force outputs necessitate multi-axis load cells. Three-axis load cells (Figure 50 c) 

capture multidimensional force vectors, while 6-axis load cells (Figure 50 e) are typically 

employed for multi-axial torque. Although 3-axis load cells are uncommon in haptic device 

characterisation literature, 6-axis load cells are preferred for handheld devices where the 

actuator is distant from the user's grip point, hence capture the final use perceive actuation. 

Given the high cost and limited availability of commercial multi-axis load cells, the proposed 

framework introduces sensor designs leveraging low-cost beam load cells. Figure 50 d 

illustrates a conventional 3-axis load cell design, mechanically consisting of an equivalent to 

three single beam load cells aligned along orthogonal axes. Utilising 3D printing technology, 

we designed a comparable design (Figure 51 b) where three single load cells are mounted in 

a specific configuration to mimic the industrial design. Chapter 5 provides detailed validation 

and calibration overview, with Appendix 18: FARE-KE 3-Axis Single Point Calibration 

providing a guide for 3-axis load cell calibration. 

Figure 50. Load cell designs for haptic device characterization: (a) Beam load cell; (b) Button load cell; (c) S-type load cell; (d) 3-axis load 
cell; (e) 6-axis force/torque load cell. 
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Although 3-axis load cells are not widely used in kinesthetic haptic device characterisation, 

they provide a foundational approach for 6-axis force-torque sensor design. By assembling 

four 3-axis load cells between two solid plates, researchers can create a 6-axis force-torque 

measurement plate. This arrangement allows summation of data from twelve channels (three 

per load cell) to calculate force and torque relative to the plate's centre. The configuration 

enables development of affordable 6-axis measurement plates, facilitating precise monitoring 

of haptic device force output and torque generation. Section 5.5 will examine the design and 

validation of this 6-axis load cell, with comprehensive validation, calibration, and assembly 

instructions provided in Appendix 23: FARE-KE 6-Axis Load Cell Multipoint Calibration. 

3.5  Considering Range and Capacity 

Before selecting a load cell, it is crucial to determine the required range or capacity. Industrial 

load cells are typically classified in newtons, while low-cost variants are often rated in 

kilograms. At this stage, researchers can estimate the expected output by calculating the 

actuator end effector mass or actuator speed, using this value as an initial reference point. 

The literature review provides a contextual foundation for setting realistic force or torque 

targets, most haptic devices operate within peak forces under 100 N or torques of 4 Nm 

(Figure 52).However for sensors, it is crucial to select a device with a range close to the 

maximum expected output to maintain high resolution and measurement accuracy.  

For impact force measurements, selecting a load cell with high resonant frequency is critical 

to capture rapid force variations and accommodate the expected force range. Manufacturer-

specified overload values provide essential protection against unanticipated high-force events. 

Figure 51. Multi-axis force sensing configurations: (a) Assembly of single-axis load cells arranged to form a 3-axis load cell setup; (b) 3-
axis load cell complete with housing; (c) 6-axis force-torque plate constructed using four 3-axis load cells mounted between acrylic plates.  
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By employing four 3-axis load cells (each constructed from three independent single-axis Beam 

load cells, the force) torque plate integrates 12 individual sensing channels. For any given 

force direction, only the channels aligned with that axis contribute to the measurement. In 

each 3-axis unit, the capacity on each axis is limited by the rating of the individual beam 

load cell used. However, when arranged in a force-torque plate, the load is distributed among 

the four load cells, effectively increasing the overall load capacity for that direction and 

enhancing the system’s resistance to bending moments. 

3.6  DAQ Selection 

To measure the forces exerted on the force sensor, the resultant signals must be amplified and 

digitalised. Load cell technology relies on a Wheatstone bridge, which outputs small voltage 

changes in response to strain gauge deformation. An amplifier is necessary to upscale these 

voltages to a measurable level within the ADC range.  

Figure 52. Haptipedia data visualization showing the relationship between workspace size and maximum force/torque capabilities 
of haptic devices: (left) translational force peak vs. translational workspace size; (right) rotational torque peak vs. rotat ional 
workspace size, with both graphs using logarithmic scales to display the wide range of device capabilities. 
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This section explores three practical signal amplification and conversion approaches, arranged 

by increasing implementation complexity: 

1. Commercially Available Amplifier Breakout Boards: The simplest method 

involves selecting a readily available amplifier. Two amplifier breakout boards 

were evaluated during system development: 

• HX711: A commonly used amplifier in haptic device characterisation 

(Figure 53a). These amplifiers are widely accessible through online stores. 

The extensive availability of online examples and Arduino libraries 

makes it an entry-level choice for load cell amplification. However, its 

maximum sampling rate is limited to 80 SPS. 

• MCP3564 Breakout: Available on Tindie  (Figure 53b), this 24-bit sigma-

delta ADC supports up to four differential channels for measuring load 

cell output changes. The ADC can sample the load cell at rates up to 

12.8 kSPS with its internal oscillator, and up to 153.6 kSPS with an 

external clock.  

2. Using Instrument Amplifiers: These differential amplifiers (Figure 52c) are 

optimised to amplify low-level signals while rejecting noise and interference. Used 

in combination with the microcontroller's integrated Analog-to-Digital Converter 

(ADC), the amplified analog signal is converted to a digital format for processing. 

This setup (Figure 54) offers two primary advantages: 

• Gain Control: The amplification system's gain can be fine-tuned using a 

variable resistor. This adjustability enables calibrating signal 

amplification to utilise the ADC's full range. Practically, one can connect 

a load cell, apply the maximum expected load, and adjust the circuit's 

Figure 53. Load cell amplification and data acquisition options: (a) HX711 breakout board; (b) MCP3564 breakout board; (c) INA125 
instrument amplifier; (d) FARE-KE proposed custom DAQ board featuring multiple channels for multi-axis force measurement. 

https://www.tindie.com/products/jspark311/mcp3564-breakout/
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gain to span the entire ADC range. This approach optimally matches 

the load cell's measurement range to the ADC, achieving the highest 

possible resolution for the specific load cell. 

• Sampling Flexibility: As an analog component, the instrument amplifier 

does not impose sampling rate limitations. The load cell's sampling rate 

is determined by the microcontroller's onboard ADC, potentially offering 

faster rates compared to digital amplifiers like the HX711. 

While using instrumentation amplifiers with a microcontroller's ADC offers 

benefits, this approach has some limitations: 

• Limited ADC Channels: The number of load cells that can be read 

simultaneously is limited by the number of ADC channels the 

microcontroller has. This can be restrictive when multiple load cells 

monitoring is required. 

• Cost per Channel: Each instrumentation amplifier typically costs 

between £5 and £10. When your system necessitates multiple channels, 

the overall cost increases, which will increase the overall cost. 

• Resolution Constraints: Typical microcontroller ADCs, such as those on 

Arduino boards, provide up to 12-bit resolution. This contrasts with 

specialised boards like the HX711 or MCP3564, which offer 24-bit 

Figure 54. Example wiring circuit diagram for an INA125 instrument amplifier connection to a 
load cell, showing power supply, reference voltage configuration, and signal conditioning 
components required for proper load cell interfacing. 
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resolution. Higher resolution captures more data. Lower resolution may 

yield less accurate readings, potentially compromising applications 

demanding high-fidelity measurements, although lower bits or resolution 

also suffer from significant higher signal to noise ratio. For a summary 

of previously tested instrumentation amplifiers and a detailed 

comparison of their characteristics, refer to Appendix 14. 

3.  Custom-Built Data Acquisition System: The framework introduces a custom-

built Data Acquisition System (DAQ) (Figure 55) designed using the MCP3564 

ADC chip. This chip has the capability to sample up to four differential channels 

(equating to four load cells) with technical capabilities of over 150 kSPS. Since 

the proposed force/torque plate design requires readings from up to 12 channels, 

a custom board that implements three MCP3564 was designed. 

Chapter 5 will cover performance testing and validation of this board in detail. The validation 

process includes tests for linearity, noise, crosstalk, and temperature stability, ensuring that 

the DAQ meets the requirements for accurate and reliable data acquisition in haptic device 

characterisation. 

Although the MCP3564 includes built-in amplification, the board design incorporates an extra 

amplifying stage using op-amps configured similar to an instrument amplifier, with a single 

resistor controlling amplification gain. The current design uses fixed-value resistors to set gain 

levels, with future versions aiming to incorporate trimmer potentiometers for adjustable gain 

to fully utilise the amplifier's range. In the proposed design, a 2 kΩ resistor produces a gain 

Figure 55. DAQ board prototype implementation: (left) Complete PCB layout, (right) Close-up of a single channel 
highlighting the gain amplification resistor used to control signal sensitivity. 
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of ×101, with gain being inversely proportional to the resistor value. The PCB accepts 5 to 

12 volts via a barrel jack and includes voltage regulation and protection circuitry to ensure 

stable operation across this range. 

3.7  Data Looging 

Force and torque values computed on the microcontroller must be transmitted to a computer 

for logging and analysis via USB serial port. During FARE-KE framework development, 

various data logging tools were evaluated, with TyCommander and Telemetry Viewer 

outperforming other solutions. 

TyTools comprises standalone utilities designed for communication with Teensy 

microcontrollers. TyCommander offers real-time data monitoring and message printing via 

serial communication, enabling users to transmit and receive data through the serial port and 

save the received data as CSV files. TyCommander demonstrated reliable performance, 

establishing it as a dependable option for the FARE-KE framework. Other serial 

communication software, such as PuTTY or Arduino Serial Monitor, failed to capture data 

reliably at high baud rates. 

Figure 56. TyCommander software interface for managing serial communication with the Teensy 3.2 
microcontroller used in the FARE-KE data acquisition system. 
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Telemetry Viewer extends functionality with advanced data visualisation and logging 

capabilities. This tool allows users to customise telemetry panels to monitor data streams 

from diverse sources, including multiple serial ports and Wi-Fi. It enables real-time data 

visualisation, customisation of the data view layout, and data export to CSV format for 

further analysis. By providing compatibility with these reliable tools, the FARE-KE 

framework streamlines the data logging process, making it more accessible to researchers and 

practitioners. 

3.8  Calibration Process 

Accurate calibration establishes a precise relationship between digital readings from the DAQ 

and forces being measured, ensuring collected data represents the physical phenomena under 

investigation. We have introduced three main systems of load cells that need calibration: 

Single-Axis Load Cell Calibration 

Single-axis load cells are well-documented sensors. A step-by-step calibration guide can be 

found in Appendix – FARE-KE Calibrating Single Axis Load Cell. Load cells exhibit high 

linearity, which simplifies the calibration process. Tests on three low-cost beam load cells 

confirmed their linear response with R² greater than 0.98. Due to their high linearity, 

calibration typically establishes a single scaling factor by applying a known weight and 

Figure 57.  Telemetry Viewer interface showing real-time multi-axis force and torque measurements with color-coded channels, displaying 
both raw data trends and processed values for comprehensive haptic device characterization. 
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recording the corresponding digital reading. This creates a mapping between digital values 

and applied force in grams or gram-force. Mathematically, the scaling factor can be calculated 

as follows: 

Known Weight
Scaling Factor

Digital Reading
=  

Once obtained, this scaling factor converts digital readings from the ADC into gram-force 

values. To convert gram-force (gf) to newtons (N), multiply the gram-force values by 

gravitational acceleration (approximately 9.81 m/s²), then divide by 1000 to convert grams 

to kilograms. 

3-axis Load Cell Calibration 

The calibration process for 3-axis load cells resembles single-axis calibration but includes 

orienting the assembled load cell along all three axes and suspending weights on each. 

Industrial 3-axis load cells constructed from a single body can achieve high accuracy using a 

single-point calibration matrix process. This process employs an inverse matrix to correct for 

crosstalk and manufacturing inaccuracies. By applying a known load to one axis and 

measuring outputs, calibration coefficients (including sensitivity and crosstalk) are determined 

and organised into a matrix. The inverse of this matrix transforms raw data into accurate 

force values, isolating crosstalk influence and enhancing precision for each axis. A detailed 

guide is available in Appendix – FARE-KE 3-Axis Single Point Calibration.   

The calibration matrix K  encapsulates the load cell's response to applied forces, accounting 

for both direct effects on each axis and indirect effects (crosstalk). To determine the actual 

forces F  from observed raw readings R , the inverse of the calibration matrix 1K−  is applied 

as follows: 

1F K R−=   

For custom-built 3-axis load cells incorporating 3D-printed components and single-axis load 

cell arrays, thorough performance and linearity evaluation is essential. Assembly quality and 

alignment precision variations can affect linearity and introduce crosstalk, compromising 

measurement accuracy. For those reasons to assess performance and account for potential 

nonlinearities and crosstalk, a multipoint calibration method is employed on the proposed 
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design. This method advances beyond single-point calibration by considering multiple loads, 

more effectively addressing nonlinear behaviour and inter-axis crosstalk. 

The multipoint calibration process involves applying a series of known weights along each 

axis and recording the corresponding digital readings. The process is outlined in Appendix – 

FARE-KE 3-Axis Multipoint Calibration Method. Least-squares regression optimises the 

calibration matrix by minimising discrepancies between observed outputs and the predicted 

model, incorporating all inter-axis interactions. This method's strength lies in its 

comprehensive accounting for crosstalk, resulting in a refined calibration matrix that yields 

precise force measurements from the multi-axis load cell. 

The objective is to identify the calibration matrix K  that minimises squared differences, 

ensuring load cell outputs R closely match theoretical predictions from F , after adjusting for 

crosstalk and interactions among the axes: 

2minK R KF−‖ ‖  

6-axis Force Torque Plate Calibration 

The calibration of a 6-axis load cell follows a similar approach to single axis or 3-axis load 

cell calibration. Known weights are suspended along each axis, and for torque measurements, 

a lever arm of a specific length is used with the suspended weights. The calibration procedure 

for 6-axis load cells is provided in Appendix – FARE-KE 6-Axis Load Cell Multipoint 

Calibration. 

Unlike previous calibrations where digital readings from load cells were mapped to a known 

weight, to obtain force and torque readings from the 6-axis force-torque plate, calibrated 

readings (in Newtons) from individual 3-axis load cells are utilised. The force-torque plate 

comprises four 3-axis load cells, yielding a total of 12 individual force readings. During the 6-

axis F/T plate calibration, these 12 readings are combined to calculate the forces and torques 

along the X, Y, and Z axes using the following equations: 
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Where: 

- ,i jF  represents the force reading along the i -axis from the 3-axis load cell j  (A, B, C, or 

D). 

- L  and W  are the length and width of the force-torque plate, respectively. 

These readings have been compensated for crosstalk within each 3-axis load cell by its own 

calibration matrix. However, due to imperfections in assembly, alignment, and construction 

of the force-torque plate, the combined readings may still exhibit crosstalk and inaccuracies. 

To compensate for these errors, a multipoint calibration approach using the least-squares 

method is employed. 

The multipoint calibration process for the 6-axis force-torque plate, involves suspending 

known forces and torques and recording the uncalibrated readings from the computation of 

the above equations. The least-squares method finds the calibration matrix K  that minimises 

the sum of squared differences between the observed force readings R  and the model's 

predictions based on the applied forces and torques F , similarly to the 3 axis calibration: 

2minK R KF−‖ ‖  

This approach accounts for crosstalk and interactions between individual 3-axis load cells 

within the force-torque plate, resulting in a refined calibration matrix that provides accurate 

force and torque measurements. The calibration matrix transforms the forces and torques 

computed from individual 3-axis load cells into the true forces and torques acting on the force-

torque plate. 
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3.9  Device Characterisation Process 

 

Variable Metrics Relevance 

Workspace XYZ mm Determines the physical range in which the device can operate 

Degrees of Freedom 2x rot., 1x transl. Identifies the independent directions in which the device can move or rotate  

Electrical Properties Voltage, Power Defines the electrical requirements for the device to function properly 

Device Dimensions XYZ mm Specifies the physical size of the device, important for compatibility with use cases 

Weight grams Indicates the heaviness of the device which can impact user comfort and device 
portability 

Operational Noise decibels Provides an idea of the acoustic disturbance caused by the device during operation 

Vibrations m/s² Measures the mechanical vibrations generated by the device, which can affect user 
experience 

Table 5. Metrics and variables for physical characterization of haptic devices. 

The characterisation process within the FARE-KE framework is based on the following 

elements: physical properties, ramp analysis, and step response analysis, which were 

introduced in Chapter 3. 

The first phase focuses on physical attributes of the device. Data acquisition for variables 

such as degrees of freedom, electrical properties, dimensions, and weight typically requires no 

specialised equipment. However, measuring operational noise and vibrations necessitates 

specific instruments. In the absence of specialised acoustic equipment, smartphone 

applications can serve as an interim solution for assessing noise, though with reduced 

precision. Given the proximity of users to haptic devices, it is recommended to measure noise 

levels at 50 cm from the device during activation. Vibrations can be measured using 

accelerometers to evaluate mechanical stability and unintended motions. 

Ramp and Step Response Analyses. 

The next phase involves conducting ramp and step response analyses. These provide insights 

into the device's performance under varying input conditions and its response to sudden 

changes. For both analyses, the haptic device or its actuators are attached to a testbed or 

measuring rig integrated with appropriate load cells. Measurements are recorded during 

activation to capture the dynamic response. 

To standardise and automate the process, a microcontroller handles data acquisition from 

load cells and actuator control. Various methods, including pulse-width modulation, digital 

signals, SPI, or serial communication, accomplish this. The microcontroller, interfacing with 
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the Analog-to-Digital Converter (ADC), also issues control commands to the haptic device, 

coordinating position, speed, or direction adjustments as necessary. 

Figure 58 illustrates a haptic device with a dedicated controller modulating the actuator's 

input. The actuator is positioned on a 6-axis force-torque plate, while the data acquisition 

microcontroller manages operation by transmitting control commands. These commands 

activate or deactivate the actuator for step response testing or adjust input parameters for 

ramp response analyses. 

Performing data capture and device control on the same microcontroller synchronises 

actuation signals with the measurement timeline and force-torque readings. This enables 

accurate assessment of additional properties such as latency during data analysis and provides 

deeper insights into the haptic device's performance characteristics. 

Data Analysis 

The referenced section provides a comprehensive guide on data processing techniques, tools, 

and metrics for evaluating device performance. 

The FARE-KE framework includes Python-based data processing tools and techniques that 

integrate with the data acquisition system. These tools include libraries for data importing, 

synchronisation, filtering, signal processing, and custom functions for calculating standardised 

Figure 58. Complete haptic system diagram showing the integration of components: Teensy microcontroller for data acquisition, custom 
multi-channel DAQ board, Arduino controller for actuator management, and 6-axis force-torque plate for measurement. The diagram 
illustrates signal paths and connections for comprehensive characterization, with the Arduino controlling compressed air flow to the 
pneumatic actuator while the force-torque plate measures the resulting mechanical response. This setup enables both step response testing 
and ramp response analyses through various control methods including Boolean states, PWM signals, and serial communication, ensuring 
precise manipulation of the haptic device's actuation parameters AirRacket [38].  
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metrics and generating plots. The Python scripts streamline the data analysis process and 

facilitate result interpretation.  

Ramp Analysis 

Variable Metrics Relevance 

Max Force/Torque Newtons Determines the maximum force or torque that the device can exert 

Min Force/Torque Newtons Specifies the smallest detectable force or torque that the device can exert  

Hysteresis Newtons Describes the lag in response exhibited by the device when subjected to changing 
inputs 

Sensitivity Newtons/Volt Measures the change in force output per unit change in input signal 

Output Force 
Resolution 

Newtons Identifies the smallest detectable change in force output by the device 

Dynamic Range dB Captures the range of force output the device can provide, from the minimum to 
maximum force 

Stiffness Newtons/mm Quantifies the resistance of the device to deformation in response to an applied force 

Table 6. Variables measured using the ramp response analysis, including seven key metrics for haptic device characterization. Each metric 
is presented with its appropriate measurement unit and relevance to device performance evaluation.  

Ramp analysis determines static characteristics like maximum and minimum force/torque 

and dynamic properties such as hysteresis and stiffness, offering a complete profile of the 

device's operational capabilities. This analysis predicts how the device will perform in real-

world applications, where inputs vary in magnitude and speed. To perform the ramp analysis 

using the FARE-KE framework, follow these steps: 

1. Set up the test environment: 

• Mount the haptic device securely on the testbed or measuring rig and couple it 

with the load cell(s). 

2. Configure the data acquisition system: 

• Connect the Teensy microcontroller to the haptic device and load cell(s). 

• Load the "rampResponseTelemetry.cpp" script onto the Teensy. 

• Adjust the script parameters according to your specific haptic device 

requirements, including: 

• Serial communication or PWM values 

• Minimum and maximum input signal values 

• The number of ramp cycles 

3. Run the ramp analysis: 

• Run the "rampResponseTelemetry.cpp" script on the Teensy. 

• The microcontroller will generate a gradually increasing and decreasing input 

signal based on the defined parameters. 

https://github.com/telenaco/FARE-KE/blob/main/CharacterizationScripts/RampResponse/rampResponseTelemetry.cpp
https://github.com/telenaco/FARE-KE/blob/main/CharacterizationScripts/RampResponse/rampResponseTelemetry.cpp
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• Simultaneously, it will acquire force/torque data from the load cell(s) at a 

sampling rate higher than 250 Hz to ensure accurate capture of kinesthetic 

feedback. 

4. Data collection and storage: 

• The collected data will be sent via serial communication to a connected 

computer. 

• The data format includes timestamp, force values (ForceX, ForceY, ForceZ), 
torque values (TorqueX, TorqueY, TorqueZ), and the input signal value 

(Actuation). 

• Save the received data as a CSV file for further analysis. 

5. Data analysis: 

• Use the provided rampResponseAnalysis.py Python script to process and 

analyse the collected data. 

• The script will calculate the following metrics: 

• Maximum force/torque 

• Minimum force/torque 

• Hysteresis 

• Sensitivity 

• Output force resolution 

• Dynamic range 

▪ The script accounts for actuator latency by applying a 25% threshold when 

calculating metrics such as hysteresis, sensitivity, and output force resolution. 

This procedure facilitates comprehensive ramp analysis through the FARE-KE framework. 

The scripts streamline the analysis process, enabling researchers to focus on result 

interpretation and understanding of device performance characteristics under varying load 

conditions. The rampResponseAnalysis.py script establishes a foundation for analysis that 

accommodates customisation based on specific requirements or additional metrics. The 

subsequent section addresses step response analysis, another essential method for 

characterising dynamic performance of haptic devices. 

 

 

 

 

 

https://github.com/telenaco/FARE-KE/blob/main/CharacterizationScripts/RampResponse/rampResponseAnalysis.py
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Step Response Analysis 

Variable Metrics Relevance 

Peak Force (overshoot) Newtons Records the maximum force output by the device in response to a 
sudden change in input 

Continuous Force Newtons Measures the force that the device can maintain continuously over a 
prolonged period 

Rise time Seconds Notes the time it takes for the device to reach the desired output from 
an initial state 

Settling Time Seconds Measures the time the device takes to stabilise after a change in input 

Output Error % Provides an estimation of the error between the desired and actual 
output of the device 

Table 7. Variables measured using the step response analysis, presenting five time-domain performance metrics for haptic device 
evaluation. Each variable is shown with its appropriate unit of measurement and functional relevance to device performance assessment. 

Step response analysis characterises the dynamic performance of haptic devices. This analysis 

focuses on the device's reaction to a sudden change in input, providing insights into response 

time and behaviour under peak load conditions. Key performance indicators such as rise time, 

overshoot, and settling time are documented during this analysis. To perform the step 

response analysis using the FARE-KE framework, follow these steps: 

1. Set up the test environment: 

▪ Ensure that the haptic device is securely mounted on the testbed or measuring 

rig and actuator is coupled to the load cell. 

2. Configure the data acquisition system: 

▪ Connect the Teensy microcontroller to the haptic device and load cell(s). 

▪ Load the "stepResponseTelemetry.cpp" script onto the Teensy. 

▪ Adjust the script parameters according to your specific haptic device, including: 

• Serial communication or PWM values 

• Input signal value for the step response (typically the maximum safe 

operating value) 

• The duration of the step response test 

3. Run the step response analysis: 

▪ Run the "stepResponseTelemetry.cpp" script on the Teensy by sending a 0 via 

serial command to the microcontroller. 

▪ The microcontroller will apply a sudden input signal change to the haptic 

device and maintain it for the specified duration. 

▪ Simultaneously, it will acquire force/torque data from the load cell(s) at a 

sampling rate higher than 250 Hz to ensure accurate capture of the device's 

dynamic response. 

4. Data collection and visualisation: 

• Data will be sent via serial communication to a connected computer. 

https://github.com/telenaco/FARE-KE/blob/main/CharacterizationScripts/StepResponse/stepResponseTelemetry.cpp
https://github.com/telenaco/FARE-KE/blob/main/CharacterizationScripts/StepResponse/stepResponseTelemetry.cpp
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• The data format includes timestamp, force values (ForceX, ForceY, ForceZ), 

torque values (TorqueX, TorqueY, TorqueZ), and the input signal value 

(Actuation). 

• TelemetryViewer will visualise the collected data in real-time. 

• Save the received data as a CSV file for further analysis. 

5. Data analysis: 

• Use the provided "stepResponseAnalysis.py" Python script to process and 

analyse the collected data. 

• The script will calculate the following metrics: 

• Peak force (overshoot) 

• Continuous force 

• Rise time 

• Settling time 

• Output error 

• The script will identify the step segments based on the changes in the input 

signal value and calculate the metrics for each step response. 

• It will also provide visualisations of the step response segments for a more 

intuitive understanding of the device's behaviour. 

6. Interpretation of results: 

• Interpret the results obtained from the "stepResponseAnalysis.py" script to 

understand your haptic device's dynamic characteristics. 

This procedure facilitates comprehensive step response analysis within the FARE-KE 

framework. The scripts automate data acquisition and analysis processes, enabling focused 

interpretation of results and deeper understanding of device dynamic performance 

characteristics. The stepResponseAnalysis.py script establishes a foundation for analysis that 

accommodates customisation based on specific requirements or additional metrics. Its modular 

structure facilitates extension and adaptation to diverse research applications. 

3.10  Conclusion 

The FARE-KE framework's standardised characterisation process, coupled with its data 

analysis tools and techniques, promotes transparency and collaboration within the haptic 

research community. This structured approach to device characterisation and performance 

evaluation enables researchers to compare different devices and replicate experiments more 

effectively. 

The scripts, code, and analysis techniques in the framework have been tested on a limited 

number of setups. They serve as a baseline from which researchers can adjust and modify to 

https://github.com/telenaco/FARE-KE/blob/main/CharacterizationScripts/StepResponse/StepResponseAnalysis.py
https://github.com/telenaco/FARE-KE/blob/main/CharacterizationScripts/StepResponse/StepResponseAnalysis.py


 

 

123 

 

meet the specific needs of their devices and experimental designs. The framework provides a 

template for a standardised characterisation process, adaptable to the distinct requirements 

of each haptic device. The subsequent section explores the technical details of the data 

acquisition system and its design, followed by an in-depth discussion of the load cells and 

testbeds used in the characterisation process. 
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4  FARE-KE Data Acquisition 
Board 

Taking into consideration insights from the literature review, a custom DAQ system was 

designed to capture data from load cell sensors. The system accommodates up to 12 load cells 

read simultaneously at up to 10ksps. Although primarily intended for load cell data capture, 

the DAQ (an instrument amplifier combined with an analog-to-digital converter (ADC))can 

capture other types of analog signals irrespective of sensor type. This section examines the 

DAQ design, highlighting its role in enabling high-fidelity haptic data acquisition aligned with 

the characterisation framework's demands. 

4.1  Proposed design 

Based on hands-on experience and testing, the DAQ system design in Figure 59,60 was 

developed.  Constraints and recommendations from the literature review informed this design 

as essential criteria. This methodology ensured the DAQ system met required ranges and 

frequencies for haptic applications and facilitated integration into existing workflows. The 

main design constraints are: 

Refresh Rate: A minimum rate of 250Hz is recommended for teleoperation and admittance 

devices [150]. For haptic controllers delivering impact forces, higher rates are preferable. The 

Figure 59.  The FARE-KE custom data acquisition (DAQ) board with 3 MCP3564 24-bit ADCs. 
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design targets a minimum data capture rate of 1kHz to facilitate digital oversampling 

techniques, enhancing resolution and data quality. 

Resolution: Higher ADC resolutions enable more precise data capture. While commercial 

boards like the HX711 offer 24-bit resolution, this design aims to deliver similar performance 

by incorporating high-resolution ADCs. The goal maintains medium to high resolution, 

utilising at least 16 out of 24 bits effectively, as noise often affects the lowest bits. 

Gain Flexibility: Adjusting gain to match expected force outputs optimises ADC utilisation 

across its full resolution. The design includes adjustable gain settings to maximise effective 

resolution and minimise quantisation errors. 

Accuracy and Consistency: Measurement accuracy depends on stability, noise rejection, and 

thermal offsets. These factors were considered to maintain the highest number of resolution 

bits and ensure consistency across varying ambient temperatures. 

Figure 60. Pi Pinout connection diagram for the FARE-KE DAQ board, showing the mapping between MCP3564 ADC 
channels, device ports (0A-2D), scale indices (0-11), and 3-axis load cell connections (X,Y,Z axes), with color-coded channel 
groupings to facilitate proper wiring and software configuration. 
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USB Power: The design operates on standard USB power, eliminating additional power 

supply components. It consumes less than 500mA, compatible with the maximum power 

output of a standard USB 2.0 port. 

Cost: The objective develops an affordable DAQ system priced below $150, enhancing 

accessibility. This cost excludes load cells, which vary based on specific requirements. 

Throughout this research, numerous instrumentation amplifiers were tested, starting on 

commercial options like the HX711. However, limited SPS lead to exploring analog options. 

Initial experiments utilised instrumentation amplifiers including the AD623, INA129, and 

AD8237. While effective for a limited number of channels, microcontroller built-in ADCs 

typically offer limited resolution (up to 16 bits) and ADC channels. Additionally, the cost of 

individual instrumentation amplifiers can significantly increase the overall board cost 

compared to alternative approaches. 

The following sections detail the principal components of the proposed Data Acquisition 

(DAQ) system (Figure 61), examining their roles and selection considerations. These 

components include voltage regulation, amplification, and analog-to-digital conversion. The 

sensing component will be expanded in consequent sections covering various types based on 

testbed requirements. 

Voltage Regulation 

Load cells operate using an excitation voltage that enables force measurement through 

changes in electrical resistance within strain gauges. If the excitation voltage contains noise, 

it directly affects signal readings. Therefore, the quality and stability of power supplies, 

particularly the excitation voltage provided to load cells, are critical. Despite noise rejection 

Figure 61. Simplified schematic of the FARE-KE DAQ system showing four main functional blocks: sensing, amplification/filtering, 
digitalisation, and voltage regulation with SPI connection to microcontroller.  
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capabilities of amplifiers or ADCs, noisy excitation voltage invariably distorts measured 

output signals. 

To mitigate this, the design incorporates multiple linear low-dropout regulators (LDOs) 

(Figure 62) and low-pass filters to provide stable, low-noise voltage. The initial power 

regulation stage utilises the MIC39100-5.0WS, an LDO delivering consistent 5V output from 

a 5-12VDC input. This design protects against input fluctuations and allows use of various 

unregulated voltage supplies up to 12V. 

The 5V output from the MIC39100-5.0WS distributes to two separate LDOs, supplying 

distinct power sources for digital and analog components on the same PCB. The MCP1825S-

330, known for low output voltage noise, generates a 3.3V output dedicated to the analog 

domain, powering components such as bridge excitation and amplification stages. Conversely, 

digital components receive power from the MCP1754TH-3302E, selected for higher output 

current capabilities and low dropout voltage, ensuring efficient power management. This 

supply voltage division serves several purposes: 

• Noise Isolation: Digital circuit noise, particularly from rapid switching operations like 

clocks, remains isolated from sensitive analog signals, such as those from load cells.  

• Voltage Stability: Analog components, critical for high-precision measurements, 

receive steady voltage, ensuring measurement integrity.  

• Interference Minimisation: Separate power domains reduce electromagnetic 

interference (EMI) risk from digital circuits affecting analog signals. 

Figure 62. Power system configuration for the FARE-KE DAQ board featuring separate LDO regulators 
for digital (3.3V_VDigital) and analog (3.3V_VAnalog) supplies. 
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Analog to Digital Conversion 

The proposed design incorporates 3 MCP3564 4-channel 24-bit analog-to-digital converter 

(ADC). This ADC sequentially reads up to four differential channels operating with an 

internal oscillator providing ~5MHz clock, enabling sampling rates up to ~12ksps on a single 

channel. This ADC can be used without other components to amplify and digitise the signal 

(Figure 63). 

Sampling rates can increase to 153.6 kSPS with an external 20MHz clock. The MCP3564 

offers flexible oversampling ratios (OSRs) ranging from 32 to 98304, enhancing signal-to-noise 

ratio (SNR) and effective number of bits (ENOB) which reduces advance filtering 

requirements. Data communication occurs via SPI interface, handling digital readings post-

filtering and conversion, alleviating microcontroller processing load. Additional advantages 

include resilience to low temperature drift with theoretical specifications below 1μV/°C for 

offset and gain, minimising measurement errors from environmental fluctuations. This ADC 

also features programmable gain from ×0.33 to ×64, simplifying the circuit by potentially 

eliminating external instrumentation amplifiers and allowing system adjustment to load cell 

range and measuring range, optimising system sensitivity. 

Amplification 

While the MCP3564's integrated programmable gain amplifier offers initial signal 

amplification capabilities, incorporating a discrete op-amp-based amplification stage (Figure 

64) provides advantages for precision load cell measurements. This additional stage offers 

more refined gain control than the fixed steps available in the MCP3564's internal amplifier, 

Figure 63.  Basic circuit design between load cell and MCP3564 ADC showing basic component 
for digitalisation of the signal.  
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allowing for optimal signal conditioning tailored to specific load cell characteristics. The 

following section details this amplification approach and its benefits for high-precision force 

measurement. The proposed design utilises a buffer instrumentation amplifier configuration 

(Figure 64Error! Reference source not found.)  using MCP6V97 op-amps. The amplification 

stage optimises the necessary gain while minimising noise. Increasing the value of the gain 

resistor in an instrumentation amplifier will decrease the overall gain because the gain is 

inversely proportional to the value of the gain resistor. This relationship is described by the 

formula: 

2
1

gain

R
Gain

R
= +  

where R  is the value of the resistors in the input buffer and gainR  is the resistor connected 

between the output of the two input buffer amplifiers. The MCP6V97 features low-offset 

voltage that make it well-suited for use with load cell sensors: 

High Input Impedance: The MCP6V97's high input impedance minimises current draw from 

the strain gauge-based load cell sensor, preventing self-heating effects that could impact the 

accuracy of the readings. High input impedance functions similarly to a measurement device 

that does not affect the circuit being measured. 

Low Output Impedance: Allows the amplifier to effectively drive the ADC input, ensuring 

that the amplified signal is delivered without significant loss or distortion. 

High Common-Mode Rejection Ratio (CMRR): This property helps the amplifier ignore noise 

that appears on both inputs (for example, noise due to temperature fluctuations), resulting 

Figure 64. Detailed view of the signal chain for one channel of the FARE-KE DAQ system with load cell in 
Wheatstone bridge configuration, differential amplification using precision op-amps with programmable gain 
resistors, and direct connection to the MCP356x 24-bit ADC with separate analog and digital grounds. 
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in more accurate readings. CMRR represents the ability to filter unwanted common signals 

whilst amplifying differential signals. 

Adjustable Gain: While the current design utilises a fixed gain, the MCP6V97 supports 

adjustable gain settings to accommodate different sensor types and measurement ranges. 

This adaptability allows for optimisation with various load cell sensitivities. 

Precision Specifications: With a maximum offset of only 25 μV and a noise level as low as 

0.24 μV, the MCP6V97 provides clean signal amplification. Its power supply rejection ratio 

(PSRR) of 110 dB means that even fluctuations in the power supply are ignored, ensuring 

that the minute voltage changes from load cells are amplified. 

Incorporating a programmable-gain amplifier improves the ADC's functionality. This setup 

accommodates various load cells with different sensitivities, ensuring that the ADC is not 

saturated and can utilise its entire range. Unlike the internal amplifier in the MCP3564, 

which has a fixed programmable gain, adjusting the gain resistor on the MCP6V97 enables 

fine-tuning of the gain. 

4.2  Reading Data from the DAQ - Microcontroller  

The DAQ operates as a two-part system: a data acquisition component covered in the 

previous section and the digital processing stage handled by the microcontroller. These parts 

communicate via SPI. After data is amplified and digitised by the MCP3564, it is transmitted 

to the microcontroller for processing. The microcontroller performs key operations: 

Data Synchronisation with ADCs: The microcontroller governs SPI, ensuring synchronised 

reading across multiple ADCs at consistent intervals. The microcontroller selects each ADC 

using chip select pins after an interrupt signals new values are ready. 

Filtering: Acquired data is typically filtered using a software 10Hz low-pass Butterworth filter. 

For fast transient signals like impacts, this filter should be removed to capture the complete 

representation when measuring impact feedback. 

Data Processing: After the ADC converts the load cell's signal to a digital value, the 

microcontroller applies calibration and compensation, computing the applied force magnitude. 
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Real-time Synchronisation with Haptic Device: For characterisation tests, it synchronises 

ADC readings with haptic actuator control, facilitating automated characterisation. 

4.2.1  Microcontroller Selection Criteria 

The requirements for processing load cell data at high speeds with multiple channels 

influenced the microcontroller selection. We focused on 32-bit MCUs capable of handling SPI 

communication with the MCP3564 at full speed while computing forces or torques in real-

time. This architecture provides several critical advantages: 

• High-Speed SPI Communication: The MCP3564 operates with SPI at 20 MHz. 

Older 8-bit microcontrollers like the Atmega328P support a maximum SPI speed 

of only 8 MHz, creating potential communication bottlenecks with the proposed 

ADCs design. 

• Real-time Processing Capability: Computing forces and torques from multiple 

load cells, particularly when implementing matrix operations for cross-talk 

compensation, benefits from faster processing capabilities that 32-bit architecture 

provides. 

• Efficient Data Transmission: Modern 32-bit boards deliver significantly faster 

serial communication between the microcontroller and computer, essential when 

streaming data from multiple channels simultaneously. 

We selected the Teensy 4.0 for its optimal balance of performance and affordability. With a 

600 MHz clock speed (compared to 40-80 MHz on typical 32-bit boards like the ESP32), it 

provides ample processing power at approximately £25 (versus higher-end options like the 

Arduino Portenta at £100). Its native USB speeds of up to 480 Mbps enable efficient data 

transfer, and it offers sufficient memory for complex calculations and data buffering. The 

Teensy 4.0's processing capabilities make it particularly suitable for the matrix manipulations 

required to convert raw data from multiple load cell channels into real-time force/torque 

metrics. When selecting alternative boards, verifying supported USB and SPI speeds remains 

essential to guarantee adequate performance. Suitable alternatives include the ESP32, 

Arduino Due, or Adafruit Feather M0. The main PCB design incorporates only the amplifying 

and digitisation stages, with a pinout output to connect to the MCU. This design choice 

future-proofs the system, as development boards frequently reach end-of-life and cease 

production. 



 

 

132 

 

4.2.2  Library Implementation 

To simplify interaction with the DAQ system, an Arduino library with three abstraction levels 

was developed: 

• MCP356x Scale: The lowest abstraction level, delivering basic load cell 

functionalities including weight measurement in grams-force and taring. 

• MCP356x 3-axis: An intermediate level that merges channel readings to output 

three-dimensional force calculations with calibration and cross-torque 

compensation techniques. 

• MCP356x 6-axis: The highest abstraction level, processing data from all 12 

channels to calculate forces and torques across x, y, and z axes. 

The library incorporates functions for data filtering, oversampling, and signal processing 

techniques. For 3-axis load cell configurations, three sequential channels are combined to 

represent a single 3-axis load cell reading. These associations are predefined in the firmware, 

available in a GitHub repository along with comprehensive documentation and example 

sketches. 

4.3  Performance Metrics 

Benchmarking the DAQ's capabilities was part of the design process. This section outlines 

metrics significant to the performance and configuration profiles of the DAQ, considering the 

impact of the MCP3564's configuration settings. The Oversampling Rate (OSR) mitigates 

noise while influencing resolution and sample acquisition rate. This examination of the 

system's operational dynamics offers insights into its performance capabilities. During testing, 

the board was powered via the jack port with 5V, resulting in an average current consumption 

of 26mA when no load cells were connected. Each connected load cell adds approximately 

4.2mA to the circuit's load, totalling around 76.4mA when all 12 channels are scanned 

simultaneously. This power consumption makes the design suitable for USB power supply, as 

it consumes less than the average 500mA provided by a standard computer USB port. 

Oversampling Rate 

Increasing the OSR improves signal quality, as evidenced by the reduction in standard 

deviation, from 2.99 gf with 32 samples averaged to 1.41 gf with 4096 samples. However, an 

OSR of 4096 limits the capture rate to 220 samples per second. To maintain a 1 kSPS sampling  
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Table 8. The MCP3564 can internally provide an OSR from 32 to 98304. A higher OSR increases the number of samples taken and averaged 
for each output data point, filtering out noise but also reducing the data rate. To evaluate the OSR's impact on DAQ performa nce, digital 
raw readings were collected from the ADC connected to a beam load cell at various OSR settings down to 220 SPS.  

rate, a maximum OSR of 256 is recommended. Figure 65 illustrates the OSR effects, 

displaying signals using raw digital readings. The signals are layered corresponding to OSR 

levels, from lowest to highest. As load cells have an inherent offset from zero, the data was 

adjusted around the 0-axis based on the mean value of the dataset. The signal with the lowest 

OSR (32) appears longest on the graph, while the highest OSR (4096) appears shortest. Visual 

inspection shows higher OSR values yield more consistent readings close to the expected zero 

value. 

Signal-to-Noise Ratio (SNR) analysis was performed using the OSR test data, comparing 

signal quality relative to noise level. The SNR results align with the standard deviation 

findings, showing improvement from 24.34 dB at an OSR of 32 to 25.68 dB at an OSR of 

4096. However, this improvement is marginal considering the load cell's calibrated reading 

OSR Setting Sampling 
kSPS 

Mean ADC 
Reading 

Standard 
Deviation 

SNR (dB) SD (gf) 95% CI (gf) 

32 11.59 -81082.92 4921.15 24.34 2.99 ±5.98 

64 5.79 -65060.29 4247.45 23.70 2.59 ±5.17 

128 2.90 -53700.42 3714.84 23.20 2.26 ±4.53 

256 1.45 -46071.12 3211.98 23.13 1.96 ±3.91 

512 0.72 -44473.23 2864.04 23.82 1.74 ±3.49 

1024 0.54 -44384.22 2707.46 24.29 1.65 ±3.30 

2048 0.36 -44451.76 2489.31 25.04 1.52 ±3.03 

4096 0.22 -44584.01 2318.21 25.68 1.41 ±2.82 

Figure 65. Visual comparison of ADC signal noise for different oversampling ratio (OSR) settings of the MCP3564 DAQ board, showing 
eight colour-coded noise bands with corresponding SNR values (24.34 to 25.68 dB), demonstrating how higher OSR values reduce noise 
bandwidth but maintain similar peak-to-peak amplitude. 
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range of ±5000 gf. While signal quality improves with increased oversampling, the practical 

significance might be limited, especially for applications where the force range spans the full 

load cell capacity (±5000 gf). This underscores the importance of researchers evaluating trade-

offs to determine appropriate force range, load cell, and oversampling rate for their specific 

application requirements. 

Sampling data for multiple channel 

Table 9. Sampling rate comparison at different oversampling ratio (OSR) settings for the FARE-KE DAQ board, showing exponential 
decrease from 11.59 kSPS to 0.22 kSPS for single-channel operation and from 2.8975 kSPS to 0.055 kSPS when using four channels 
simultaneously. 

As sampling rate decreases with OSR increase, the number of channels sampled also affects 

the sampling capabilities proportionally. The MCP3564's ability to capture a single signal at 

up to 11.59 kSPS using the internal clock was validated. When configured in scan mode to 

read multiple channels, the ADC cycles through the specified channels, sampling each in turn. 

The effective data rate (EDR) divides by the number of channels read. To explore 

multichannel reading limitations, sample numbers were recorded over approximately 100 

seconds while sampling all differential channels. To maintain a 1 kSPS rate while scanning 

four differential channels, the maximum OSR setting should be 64. For slower transient forces 

where a 250 SPS rate per channel suffices, an OSR of up to 256 can be used. However, as the 

board includes multiple ADCs, it can scan data from three individual channels at 11.56 kSPS 

with an OSR of 256 readings. 

Force Reading 

To illustrate performance differences between a low sampling rate and a high-speed ADC, the 

HX711 and MCP3564 were compared using identical beam load cells (model TAL220, 10kg). 

Each load cell connected to a different ADC, with readings taken simultaneously via interrupt 

triggers. Both load cells were mechanically coupled to a stepper motor with a lever, applying 

OSR Setting Single Channel (kSPS) Four Channels (kSPS) 

32 11.59 2.8975 

64 5.79 1.4475 

128 2.90 0.725 

256 1.45 0.3625 

512 0.72 0.18 

1024 0.54 0.135 

2048 0.36 0.09 

4096 0.22 0.055 
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force evenly during actuation. A total of 20 actuations were performed to average the readings 

from both load cells 

The average force measurement lasted approximately 600 ms. During this time, the MCP3564 

captured an average of ~3,300 distinct data points, with each reading taking about 90 

microseconds. In contrast, the HX711 required 13 milliseconds to process each data point, as 

shown in Figure 66, where the raw data exhibits a stepwise pattern. On average, the MCP3564 

took over 120 samples per reading of the HX711. Both load cells' data underwent a 10Hz low-

pass Butterworth filter to reduce noise. However, filtering introduced two disadvantages: it 

smoothed out data, potentially removing significant signal variations, and added latency 

between raw and filtered data. In visual comparison, raw data from the MCP3564 led the 

HX711 by ~20ms. When considering filtered data, the time lag between signals from both 

ADCs extended to approximately 33.6ms. 

Fast response in data capture is required for accurately quantifying system latency,  since the 

human body can discern force impulses that are separated by as little as 5 ms [1] the system 

should ideally account for that as baseline. While the sampling rate is not so critical in force 

Signal Type Average Lag Delay (ms) 

MCP_no_filter - 

mcp_filtered_data 8.9 

HX_no_filter 20.64 

HX_with_filter 42.50 

Table 10. Lag delay comparison between MCP3564 and HX711 ADCs, showing MCP3564 filtered data with only 8.9 ms delay compared to 
20.64 ms for unfiltered HX711 and 42.50 ms for filtered HX711, all measured relative to unfiltered MCP3564 signal used as ref erence 
baseline.  

 

Figure 66. Comparison of MCP3564 and HX711 ADC performance: (a) characterization testbed with beam load cell connected to both 
data acquisition systems and solenoid actuator, and (b) response curves showing lower latency (8.93 ms) for MCP3564 compared to 
HX711 (20.69 ms raw, 43.38 ms filtered) during impact force measurement. 
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measurement, it becomes even more critical when dealing with fast transient impact stimuli, 

where the force duration may be only a few milliseconds. 

Impact Reading 

Sampling rate is critical for kinesthetic devices delivering fast transient stimuli, such as 

actuators with elastic mechanisms. If the stimulus exceeds the ADC's capture rate, the 

recorded data may deviate from the original event. For this test, the testbed was modified to 

include a stepper motor raising a M12 threaded bar 160mm above the load cells before 

releasing it to impact the coupling mechanism. 

In these tests, the same filter as in previous experiments was used to illustrate filtering 

implications on fast transient signals. The readings and filtered data are shown in Figure 67. 

Here, the MCP_no_filter signal (in blue) captures a short, sharp transient peak at the moment 

the M12 metal rod impacts, as all system parts are rigid. The peak, lasting about 1 

millisecond, depicts the initial collision, followed by signal flattening for approximately 50 

milliseconds until the load cell stabilises, then returns to zero at around 210 milliseconds. This 

plateau and subsequent decay represent the energy dissipation from the impact. 

The MCP_filtered_data and the HX711 present a different view of the impact. While they 

capture the general trend (rise and fall), the exact magnitude and timing of the peak are lost. 

Filters smooth out sharp transients to reduce noise, which resulted in the most important 

part of the signal being lost. This demonstrates that for fast transient events, filtering distorts  

Figure 67. Left: Experimental setup. Right: Graph showing unfiltered and filtered ADC data from MCP3564 and HX711 during the test, 
illustrating the sharp transient peak captured by MCP_no_filter and the smoothed responses due to filtering similar to that of the 
HX711. 
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Signal Type Average Total Impulse (Ns) Average Force (in Newtons) 

MCP_no_filter ~0.39 ~1.56 

mcp_filtered_data ~0.39 ~1.56 

HX_no_filter ~0.345 ~1.38 

HX_with_filter ~0.335 ~1.34 

Table 11. Comparison of impulse and force measurements between MCP3564 and HX711 ADCs, showing MCP3564 capturing higher values 
(0.39 Ns impulse, 1.56 N peak force) compared to HX711 (0.345-0.335 Ns impulse, 1.38-1.34 N peak force), with filtering having minimal 
effect on MCP3564 measurements but slightly reducing HX711 values.  

data by removing critical information. The MCP_no_filter offers the most accurate depiction 

of the impact event, capturing the rapid transient peak and subsequent mechanical 

oscillations. 

To contextualise this, the area under the curve for the four signals was analised. The 

MCP_no_filter and MCP_filtered_data show nearly identical Average Total Impulse and 

Average Force values. The MCP signal retains the integral properties of the original event, 

despite peak smoothing. The HX711 (both filtered and unfiltered) displays a reduction in 

both impulse and average force compared to the MCP signals. 

While the MCP signals provide closely aligned readings, the HX711 demonstrates a deviation 

and poor representation in magnitude and timing. The decision to use filtered versus unfiltered 

data should be guided by specific application needs and the importance of capturing fast 

transient peaks versus achieving a smoother signal. 

Excitation Voltage Noise 

When capturing data from load cells, maintaining consistent and stable excitation voltage 

directly influences noise and quality of the output amplified signal. To assess the MCP3564 

circuit performance, the excitation voltage from the board design was compared with that 

generated by a HX711 prototyping board. For this comparison, data from both ADC chips' 

AVCC pins were captured using a digital oscilloscope. 

 

Parameter HX711 ADC (V) MCP3564 ADC (V) 

Mean voltage 4.2913 3.2840 

Standard deviation 0.0140 0.0133 

Range (Max - Min) 0.3119 0.2533 

Table 12. Excitation voltage stability comparison between HX711 and MCP3564 ADCs, showing slightly better performance from MCP3564 
with lower standard deviation (0.0133 V vs 0.0140 V) and smaller voltage range (0.2533 V vs 0.3119 V), despite different mean  voltage 
levels (3.2840 V vs 4.2913 V). 
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The first difference is that the HX711 operates at 5V, whereas the MCP3564 uses 3.3V. 

Typically, higher excitation voltages ranging from 10 to 15V are preferable for load cells. 

Higher voltages reduce current through the strain gauges, minimising self-heating and 

diminishing noise impact on the output signal. 

Our tests revealed that both ADC circuits exhibit similar interference levels in the frequency 

domain, with both designs demonstrating comparable performance. However, the MCP3564 

showed a slightly smaller standard deviation, likely due to its operation within a lower voltage 

range. Both PCBs employ similar LDO technology and hardware filtering techniques, which 

points to an opportunity for further improvements in future PCB iterations to decrease noise 

on the DC excitation voltage. Based on the excitation voltage noise and the MCP3564 

operating range, this noise could potentially affect the Effective Number of Bits (ENOB) of 

the force signal, reducing its resolution by approximately 7 bits. 

Conclusion 

The Data Acquisition System (DAQ) consumes less than 200 mA while sampling 12 channels, 

making it suitable for USB power. With no external oscillator clock, the ADC captures data 

at 11.59 kSPS on a single channel per ADC with an oversampling ratio (OSR) of 32. When 

multiple ADCs read 12 channels simultaneously, this configuration limits the sampling rate 

and OSR to 64, achieving ~1.45 kSPS. Future development plans include incorporating an  

Figure 68 Voltage readings over time for the HX711 (blue) and MCP3564 (green) ADC boards.  
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OSR Single Channel (Internal 
Clock at ~5Mhz) 

Four Channels (Internal 
Clock at ~5Mhz) 

Expected rate for Four Channels using 
External Clock at 20Mhz 

32 11.59 2.8975 38.4 

64 5.79 1.4475 19.2 

128 2.90 0.725 9.6 

256 1.45 0.3625 4.8 

512 0.72 0.18 2.4 

1024 0.54 0.135 1.8 

2048 0.36 0.09 1.2 

4096 0.22 0.055 0.6 

Table 13. Projected sampling rate comparison for the FARE-KE DAQ board across different configurations, showing current rates with 
internal 5 MHz clock for single channel (11.59 to 0.22 kSPS) and four channels (2.8975 to 0.055 kSPS), alongside theoretical rates using 
20 MHz external clock which would yield four-channel throughput from 38.4 to 0.6 kSPS. 

external oscillator to increase ADC speed and sampling rate, potentially allowing 2048 OSR 

across 12 channels while maintaining sampling above 1 kSPS. 

Increasing OSR reduces signal noise but lowers sampling rate. This trade-off becomes critical 

when assessing fast transient responses, where lower OSR better captures rapid signal 

dynamics. The impact of noise relates to the force magnitude being measured. A load cell 

with ±5000 grams-force (gf) range showed noise standard deviation (SD) of 2.9 gf. For devices 

without sudden forces, high OSR of 2048 while scanning 12 channels may provide sufficient 

speed to capture necessary details, achieving performance comparable to the HX711 ADC. 

This research provides guidelines to help researchers choose optimal settings for specific 

applications, balancing noise reduction and sampling speed based on their experimental 

requirements. 

Although the excitation voltage circuit performs similarly to the HX711, future PCB 

iterations will explore increasing excitation voltage or adding filtering layers to minimise noise 

on analog excitation voltage, improving resolution bit count. 

Further design revisions will consider integrating a precision trimmer potentiometer instead 

of fixed-value resistors to fine-tune amplifier circuitry gain. This adjustment would match 

amplification to the load cell's range with expected applied force, optimising the ADC's 24-

bit resolution use and reducing noise impact on lower bits. Enhancing the ADC's signal-to-

noise ratio remains a focus on the future development of the DAQ system. 
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5  FARE-KE Sensor/Hardware 
Validation  
This chapter examines the various load cells employed in the characterisation process, focusing 

on their selection, validation, calibration, and application. Load cell selection directly 

correlates with the type of kinesthetic haptic feedback a device produces, as established in 

the literature review. The following sections categorise load cells based on the specific force 

types they measure, progressing from simple to complex measurements. 

The simplest form is direct single-axis force, where devices apply force directly to the user's 

body with a well-defined vector component. These forces are measured using beam load cells, 

which offer versatility and cost-effectiveness for numerous applications. This category includes 

both continuous and momentary force applications. 

Single-axis impact represents the second category, involving devices that generate sudden 

energy bursts through quick release mechanisms (e.g., elastic bands or pneumatic actuation). 

These rapid force changes require sensors with high sampling capabilities to accurately 

capture the force profile. 

In-line forces, commonly found in exoskeletons employing wire and capstan mechanisms, 

require precise measurement using S-type and button load cells. These sensors can measure 

both tensile and compressive forces, offering mounting fixtures at both ends for inline 

configurations. 

Moving beyond single-axis forces, rotational joint torque occurs in devices incorporating 

rotational components, typically identified by joints, levers, or mechanical transmission 

methods. Systems actuated across a single Cartesian plane can be effectively characterised 

using strategically placed single beam load cells. 

Finally, for devices exerting multi-axis forces or complex torques, decomposing these to 

characterise individual actuators becomes essential. Force-torque sensors simultaneously 

measuring linear forces and rotational torques across three axes provide the most 

comprehensive measurement approach. This includes devices like high-speed flywheels 

generating both linear forces and torques. Since multi-axis force-torque sensors are not widely 
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available at budget prices, this chapter presents an alternative approach to building a 6-axis 

F/T sensor. 

Multiple factors contribute to device characterisation beyond sensor measurements, including 

ergonomics (device handling, hand plasticity, and skin mechanics) and other elements shaping 

haptic perception. While acknowledging these factors' importance for complete 

characterisation, the current approach focuses on creating a universally accessible 

methodology that aligns with existing practices while addressing known challenges. The 

validation methodology progresses systematically through each category, beginning with the 

simplest single-axis measurements and culminating in complex multi-axis force-torque sensing. 

For each category, the chapter presents sensor validation procedures, practical setup 

considerations, and application examples from current haptic research. 

5.1  Direct Single-Axis Force 

In direct single-axis setups, the haptic device applies a direct push or pull force on the load 

cell, mimicking the kinesthetic feedback experienced by the user (Figure 69). PropelWalker 

[110], a wearable device with ducted fans attached to the user's calf, exemplifies this by 

simulating push and pull forces during walking in a VR environment. The ω-jet design utilises 

pneumatic nozzles on an exoglove to generate forces on the fingers.  

Single-axis force characterisation represents the most direct kinesthetic modality. The beam 

load cell is fixed on one end, while the actuator is attached to apply force to the other end. 

Prior to examining the characterisation process in detail, this section validates three low-cost 

load cells that could characterise such devices. Budget beam load cells appear frequently in 

previous literature, but limited information exists regarding their accuracy or performance. 

Therefore, the initial step in the framework assesses the appropriateness of budget beam load 

cells for the intended application. 

Figure 69.  Examples of haptic devices suitable for single-axis load cell characterization: (a) tactile feedback glove with bend sensors 
embedded in tubes on fingers for directional forces, and (b) walking-based haptic feedback device (PropelWalker) showing direction of drag 
force applied to user's leg during locomotion. 
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5.1.1  Sensor Validation 

To evaluate the performance of low-cost load cells and their suitability for measuring haptic 

device properties, three commonly used load cells identified from prior research were analysed: 

Degraw 5kg, TAL220, and CZL635. A comprehensive validation of these low-cost beam load 

cells was conducted under the following conditions:  

1. Linearity and Deviation: This property ensures the load cell's output is directly 

proportional to the applied force. Non-linearity introduces additional complexity to 

calibration and could lead to errors, particularly in precision applications. 

2. Repeatability: Ensuring the load cell consistently provides the same reading over time is 

essential for reliability. If readings under identical conditions vary, the measurements are 

unreliable, and calibration must be performed regularly. 

3. Drift: Over extended durations, the load cell's output may change even if the applied load 

remains constant. Drift is particularly important in applications where loads are 

maintained for prolonged periods, as factors such as environmental temperature or current 

flowing along the strain gauge can significantly impact results. 

Testing Methodology: 

The same DAQ was used with the 3 load cell during testing, eliminating amplifier-induced 

variability. Calibrated laboratory weights were employed for testing and calibration, with 

beam load cells mounted horizontally and loaded by suspending weights from one end. When 

used in this orientation (e.g., in a weighing scale), the beam load cell measures force exerted 

due to gravity. This force can be converted to newtons by first dividing the mass in grams by 

Figure 70. Digital load cell calibration data showing linear relationship between known weight (in gram-force) and ADC digital 
values for three different load cells (blue, orange, green), with each demonstrating consistent response across both compression 
and tension forces between -3000 gf and +4000 gf. 
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1000 to obtain kilograms and then multiplying by the gravitational acceleration constant 

(9.81 m/s²), or it can be presented directly as gram-force. To account for power-up 

temperature fluctuations, the beam load cells were connected to the DAQ and stabilised for 

over 4 hours before data collection. System temperature was monitored throughout testing to 

assess potential effects on measurements. 

To calibrate and determine linearity and potential deviation, readings were recorded during 

a stepwise weight loading procedure. The process began with a 100g weight and incrementally 

increased to 150g, 600g, 900g, 2300g, and 4500g. Since beam load cells frequently measure 

both compressive and tensile forces, data collection included loading in both directions by 

rotating the load cell body 180 degrees. 

Slope (Sensitivity) & Intercept Analysis 

Load  Capacity (kg) Slope  Intercept  Operation Range (gf) Sensitivity (mgf) 

TAL220 10 1787.65 1306.72 +/- 4692.5 0.56 

Degraw 5 2517.44 2180.97 +/- 3332.2 0.4 

CZL635 5 3033.73 3678.78 +/- 2765.1 0.33 

Table 14. Performance characteristics of three beam load cells tested in the FARE-KE framework, comparing TAL220 (10 kg capacity), 
Degraw (5 kg), and CZL635 (5 kg) models with their respective sensitivities (1787.65, 2517.44, and 3033.73 counts/gf), operational ranges, 
and resolution (0.56, 0.4, and 0.33 mgf). 

Linear regression analysis of the three beam load cells revealed a significant linear response, 

with slope indicating the rate of change in digital reading per unit force change. The slope, 

determined by the load cell's mechanical properties, is steeper for load cells designed for 

smaller forces (Degraw or CZL635, rated for 5 kg) compared to those for higher capacities 

(TAL220, rated for 10 kg). The intercept represents digital output at zero force, corresponding 

to zero-load offset. The slope also determines sensitivity, defined as the minimum detectable 

weight increment based on digital resolution. 

Noise can corrupt the least significant data bits, as demonstrated in the oversampling rate 

testing, limiting practical resolution. The operational range, defined as maximum and 

minimum measurable weights without ADC saturation, is determined by the slope and fixed 

gain of ×101 (2 kΩ resistors) in the PCB design. Future designs incorporating a precision 

trimmer resistor will allow gain adjustment to match load cell capacity, enhancing system 

adaptability to various load cell specifications. In the current setup, load cells operate at 

approximately 50% of their rated capacity (e.g., CZL635, rated for 5 kg, limited to ±2765 g) 

to ensure measurements remain within the linear response range and prevent ADC saturation. 
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Zero offset Compensation 

Before calibrating the load cell, the zero offset must be considered (the digital reading when 

no load is applied). As shown in Figure 70, none of the three tested load cells intersect the 

digital 0 value. This common side effect in budget load cells arises from several factors: 

• Manufacturing Irregularities: Visual inspection of low-cost beam load cells reveals 

limited quality in mechanical machining, particularly in the middle hole of the 

beam cell body. 

• Strain Gauge Resistance Tolerance:  The output reading assumes all strain gauges 

forming the Wheatstone bridge have identical resistance and tolerance. Low-cost 

strain gauges may have lower quality than industrial-grade products, with higher 

tolerance percentages. 

• Strain Gauge Misalignment: alignment of all the strain gaugesensures that when 

the load cell deforms it affects all the strain gauges equally when loaded. 

Misalignment contributes to zero offset issues. 

This offset is intrinsic to the load cell orientation, and changing the up direction affects the 

readings (Table 15). To determine the best approach for addressing zero offset during 

calibration, all three beam load cells were tested to characterise their zero-offset properties. 

Weight TAL220  Degraw  CZL635 

0 (up) -897071 -622022 664264 

0 (down) -931854 -696378 715609 

Table 15. Zero-load offset values for three beam load cells (TAL220, Degraw, CZL635) in different orientations, showing significant 
differences between upward and downward mounting positions that must be accounted for during calibration. 

Given zero offset values for two orientations are upZ  and downZ , the mean zero offset Z  is computed as: 

2

up downZ Z
Z

+
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This mean zero offset is used to calculate the percentage offset relative to the ADC's total 

range ADCR , determined by its resolution. Assuming a 24-bit ADC, 242ADCR =  The 

percentage offset offsetP  is given by: 

100offset
ADC

Z
P

R

 
=  
 

 

This formula provides the relative percentage of zero offset compared to the total ADC range 

(Table 16). The observed percentage offsets for TAL220, Degraw, and CZL635 highlight the 

inherent variability and impact of manufacturing differences on budget load cell precision. 

Load Cell Average Reading Percentage Offset from Max  

TAL220 -914462.5 −10.90% 

Degraw -659200 −7.86% 

CZL635 689936.5 8.22% 

Table 16. Average zero-load offset values for three beam load cells, showing TAL220 with -914462.5 counts (-10.90% of full scale), Degraw 
with -659200 counts (-7.86%), and CZL635 with 689936.5 counts (8.22%), highlighting the importance of offset compensation during  
calibration. 

Load Cell Calibration Approach 

The data obtained during loading was used to determine the best method for processing the 

zero offset point when calibrating the load cells, aiming to obtain a better fit model. The zero 

offset data was processed using three techniques: 

• Zero Offset: Initially zeroing or "taring" the load cell in each direction set the 

initial state to zero as a reference point. Subsequent measurements were taken as 

deviations from this zero state in both positive and negative directions. 

• Midpoint Zero Adjustment: Using the mean value between the two readings for 

the zero value. 

Figure 71.  Comparison of three calibration methods for beam load cells showing linear relationships between applied weight (-3000 to 
4000 gf) and digital readings: (a) Zero Offset approach adjusting for unloaded sensor values, (b) Midpoint Zero Adjustment using average 
of positive and negative values, and (c) Ignoring Zero Readings method excluding zero points from regression, all yielding highly linear 
responses (R²>0.999) for TAL220, Degraw, and CZL635 sensors. 
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• Ignoring Zero Readings: Performing calibration using values in both directions 

while omitting both zero value readings. 

The results from models generated with linear regression were compared to determine which 

approach yielded the most accurate and reliable calibration method. Data was processed based 

on these three conditions, and linear regression analysis conducted for each dataset. By 

comparing performance metrics, the R² value was computed to determine which model best 

fit the data. The three load cells exhibited highly linear behaviour across the tested weight 

range, with R² values above 0.999% for all load cells and data methods (Table 17). 

Calibration 
Method 

Load Cell Slope (Digital 
Value/gram) 

Intercept R-Squared Max gf of 
Error 

tal220 Zero Offset 1787.65 1306.72 0.999977 13.66 

tal220 Ignoring Zero Readings 1787.64 -912936.97 0.999981 13.54 

tal220 Midpoint Zero  1787.65 -913155.78 0.999981 13.54 

Degraw Zero Offset 2517.44 2180.97 0.999948 15.63 

Degraw Ignoring Zero Readings 2517.50 -656607.88 0.999969 11.94 

Degraw Midpoint Zero  2517.44 -657019.03 0.999969 11.78 

CZL635 Zero Offset 3033.73 3678.78 0.999966 11.67 

CZL635 Ignoring Zero Readings 3033.82 694308.79 0.999973 11.45 

CZL635 Midpoint Zero  3033.73 693615.28 0.999973 11.45 

Table 17. Comparison of three calibration methods for each beam load cell, showing consistent slopes (1787.65, 2517.44, and 3033.73 
counts/gf) across all methods with excellent linearity (R-squared >0.9999) but varying intercept values, demonstrating that calibration 
method primarily affects offset compensation while maintaining similar maximum errors (11.45-15.63 gf). 

Among the three data capture methods tested, no significant difference was observed. 

However, the "mid-point zero" and "ignoring zero readings" methods yielded almost identical 

R² metrics for all load cells. Based on this data, any method could be adopted without 

significant impact on measurement accuracy. Despite small differences, ignoring zero values 

during calibration proved most suitable, offering the best fit model and simplest methodology. 

This approach was employed for all further load cell calibrations. 

Load Cell Calibration Approach 

To minimise cumulative errors in data collection and calibration (particularly important as 

these load cells would later form a 3-axis load cell), three calibration techniques were explored: 

1. Single Scaling Factor Calibration: A rudimentary approach using a single scaling factor 

based on the mean ratio between actual weight and load cell reading. 

2. Linear Regression Calibration: Using linear regression models to determine the slope and 

intercept that best fit the observed data. 
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3. Polynomial Regression Calibration: Fitting a second-degree polynomial to capture nuanced 

or non-linear behaviours in the load cell. 

The calibration data consisted of digital readings corresponding to known weights, used 

without additional processing or offset adjustments. A Python script computed the models 

and evaluated their fit to the calibration data, resulting in three calibration models for each 

load cell (Table 18). 

Load Cell Approach Model 

 TAL220 Single Scaling Factor y = 0.0005583x 

 Linear Regression y = 0.0005594x + 510.8 

 Polynomial Regression y = -2.923e-13x^2 + 0.0005596x + 513.9 

Degraw Single Scaling Factor y = 0.0003959x 

 Linear Regression y = 0.0003972x + 261 

 Polynomial Regression y = -1.143e-13x^2 + 0.0003968x + 261.8 

CLZ635 Single Scaling Factor y = 0.0003286x 

 Linear Regression y = 0.0003296x + -228.6 

 Polynomial Regression y = -5.538e-14x^2 + 0.0003295x + -227.8 

Table 18. Calibration equation comparison for three load cells using single scaling factor, linear regression, and polynomial regression 
approaches, showing minimal variation in primary conversion coefficients across methods.  

The three load cells show minimal deviation for a linear behaivor (Figure 72). The Polynomial 

Regression method demonstrated highest accuracy across the three tested beam load cells, 

evidenced by consistently lower root mean square error (RMSE) values and R² values close to 

above 0.99 (Table 19). Considering the marginal improvement offered by Polynomial 

Regression compared to other methods, this additional precision makes it the preferable 

choice, particularly given its computational feasibility on current 32-bit microcontrollers for 

real-time measurement and conversion. 

 

Figure 72. Calibration model comparison for TAL220, Degraw, and CZL635 load cells showing nearly identical performance between single 
scaling factor, linear and polynomial regression approaches across the full measurement range (-3000 to +4000 g). 
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. 

Calibration Method RMS TAL220 (gf) RMS Degraw (gf) RMS CLZ635 (gf) R² TAL220 R² Degraw R² CLZ635 

Single Scaling Factor 8.98 10.27 8.61 0.99997 0.99994 0.99995 

Linear Regression 8.27 9.17 7.37 0.99998 0.99995 0.99997 

Polynomial Regression 6.98 9.00 7.27 0.99998 0.99995 0.99997 

Table 19. Calibration method comparison for three load cells showing RMS errors and R² values, with polynomial regression yielding 
lowest errors (6.98-9.00 gf) followed by linear regression (7.37-9.17 gf) and single scaling factor (8.61-10.27 gf), though all methods achieve 
excellent linearity (R²>0.9999). 

Analysis of Load Cell Noise 

Analysing noise effects in load cell readings helps understand the accuracy and reliability of 

measurements obtained during characterisation. This section examines noise present in 

readings from three load cells: TAL220, Degraw, and CZL635. 

The load cell readings were captured under no-load conditions and converted from digital 

format to grams-force using a polynomial regression model derived from previous calibration 

analysis. Figure 73 illustrates the noise profiles of the three load cells under static conditions. 

The amplitude of noise differs among the load cells, expected due to their varying sensitivity. 

Upon visual inspection, certain patterns appear predominant across the three designs, 

suggesting potential resonances or interference. To investigate further, additional noise 

analysis was performed. The noise distribution reveals that most readings for the three load 

cells exhibit a roughly Gaussian distribution (Figure 74), implying that noise values cluster 

Figure 73. Noise profiles for three beam load cells under unloaded static conditions, showing TAL220 with highest noise amplitude (±6 
gf peak-to-peak), compared to Degraw and CZL635 (±4 gf and ±3 gf respectively), measured over a 200 μs time window. 
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around the mean value. Gaussian distribution of noise does not inherently indicate periodicity 

or repetitive patterns; rather, it suggests that the noise, while varying in amplitude, is random 

without specific directional bias or repeating cycles. 

Table 20 summarises key statistical parameters of noise for each load cell. The CZL635 load 

cell, with higher sensitivity, exhibits lower peak-to-peak noise (9.784 gf) and a standard 

deviation of 1.193 gf, indicating typical variability of just over 1 gram-force in individual 

readings. However, measurements range from -5.99 gf to 3.794 gf, providing a peak-to-peak 

noise range of 9.784 gf. 

Load Cell mean SD (gf) min max peak-to-peak SNR (dB) 

CZL635 -1.062 1.193 -5.99 3.794 9.784 45.3050 

Degraw 1.009 1.226 -4.084 6.068 10.152 47.0741 

TAL220  0.831 2.163 -7.815 9.29 17.105 47.7898 

Table 20.  Noise characteristics comparison for three load cells showing CZL635 with lowest standard deviation (1.193 gf) and peak-to-
peak noise (9.784 gf), Degraw with moderate values (1.226 gf SD, 10.152 gf peak-to-peak), and TAL220 with highest variability (2.163 gf 
SD, 17.105 gf peak-to-peak), all maintaining good SNR (45-48 dB). 

To identify the nature of noise present in the signal, a Fourier transform analysis was 

performed on the digital readings from the three load cells. As shown in Figure 75 , all three 

load cells exhibit a pronounced peak in their frequency spectrum at around 5 MHz, 

corresponding to the frequency of the internal clock of the ADC (MCP3564). The presence of 

this peak suggests that the internal oscillator of the ADC could be a significant noise source 

in the system. Future work will focus on improving grounding, filtering, and utilising an 

external oscillator, which could increase the conversion rate by approximately four times and 

enhance signal quality by mitigating such noise sources. 

 

Figure 74. Noise distribution histograms for three load cells under no-load conditions, showing normal distributions with different offset 
ranges: CZL635 (-12 to -4 gf), Degraw (-20 to -10 gf), and TAL220 (-25 to -7.5 gf), indicating consistent noise characteristics with CZL635 
exhibiting the narrowest distribution. 



 

 

150 

 

Creep /Drift 

Understanding creep or drift in load cell measurements is essential for assessing long-term 

stability and reliability of sensors used in device characterisation. This section examines 

measurement variability over a 24-hour period and explores how temperature fluctuations 

impact readings from three load cells: CZL635, Degraw, and TAL220 (Figure 76). 

Experimental Setup  

The three load cells were loaded with the same weight (2300g), and data was logged at four 

readings per second over a 24-hour period. Ambient temperature was monitored to assess 

correlation between temperature changes and load cell readings. Load cell values were 

converted to gram-force using a polynomial regression model specific to each load cell type. 

The data demonstrates that behaviour of the three load cells is highly influenced by 

temperature fluctuations, with each load cell showing distinct drift characteristics. The 

Figure 75. Frequency spectrum analysis of three load cells showing similar noise characteristics with dominant peaks at approximately 
10 kHz and smaller harmonic components at 20-40 kHz, with TAL220 exhibiting stronger high-frequency components compared to Degraw 
and CZL635. Peaks in their frequency spectrum at 0 removed. 

Figure 76. Temperature sensitivity analysis of three beam load cells, showing their drift response (±12 grams) to ambient 
temperature fluctuations (19.7-23.3°C) over time, with CZL635 showing greatest stability (blue line, ±2 gf), Degraw 
exhibiting moderate temperature-related drift (green line), and TAL220 displaying highest temperature dependency (purple 
line). 
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TAL220 load cell exhibited a maximum error of about 10 grams-force during the test period, 

showing greater deviation from the expected value compared to other load cells. However, 

when temperature stabilised to levels similar to those at the start of the experiment, the 

TAL220 readings most closely matched the initial values, suggesting a more linear 

temperature response and reduced creep.  

Correlation Analysis  

To determine the relationship between temperature and load cell readings, various correlation 

analyses were conducted, including Pearson Correlation for linear relationships, Spearman 

Correlation for monotonic relationships, and Kendall Tau Correlation for rank correlation. 

The findings, detailed in Table 21, reveal that the TAL220 load cell demonstrates a strong 

positive linear relationship with temperature, evidenced by high correlation coefficients in all 

three tests. Conversely, the Degraw load cell shows a strong negative linear and monotonic 

relationship, indicating a decrease in readings as temperature rises. The CZL635 load cell 

exhibits a moderate positive linear relationship with temperature but weaker monotonic 

relationships, suggesting the influence of non-linearities or other external factors. 

Load Cell Pearson 
Correlation 

Spearman 
Correlation 

Kendall Tau 
Correlation 

635 0.5405 0.1159 0.0731 

Degraw -0.7826 -0.9268 -0.7895 

TAL220 0.9302 0.9712 0.8804 

Table 21. Temperature-drift correlation analysis for three load cells using multiple statistical measures, showing TAL220 with strongest 
temperature dependence (correlation coefficients 0.93-0.97), Degraw with strong negative correlation (-0.78 to -0.93), and CZL635 with 
least temperature sensitivity (coefficients 0.07-0.54).result indicates that the TAL220 has a strong linear relationship between temperature 
and readings. 

Conclusion  

All three load cells demonstrate sensitivity to temperature variations, though their responses 

differ. The 10gf deviation over 24 hours observed in the TAL220 corresponds to a 0.435% 

deviation from the original readings. The Degraw and TAL220 load cells show predictable 

linear and monotonic relationships with temperature, whereas the CZL635 load cell, despite 

being less affected by temperature, appears more susceptible to non-linear factors, likely due 

to its smaller range compared to the others. Understanding these correlations is essential for 

ensuring measurement reliability and accuracy, particularly in environments subject to 

temperature variations. Temperature compensation techniques or conducting calibration and 
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characterisation within a controlled environment can effectively minimise the impact of 

temperature drift on load cell readings. 

Repetition Load Test 

Evaluating precision and consistency of measurements across multiple actuations is critical 

for assessing the uniformity of response from kinesthetic haptic devices. This section examines 

the performance of three load cells (CZL635, Degraw, and TAL220) during repeated loading 

and unloading cycles, focusing on their capacity to deliver consistent and reliable force 

measurements. 

Experimental Setup  

Three load cells were subjected to a constant load of 2300 grams-force (gf), maintained for 10 

minutes, then unloaded for another 10 minutes. The loading and unloading processes were 

conducted simultaneously for all three cells, excluding the initial and final 2.5% of readings 

during both phases to eliminate transient fluctuations and ensure stabilisation. Temperature 

remained stable throughout the test. 

Figure 77. Repeatability test for three load cells over 8 loading/unloading cycles (160 minutes), showing consistent force 
responses of approximately -2300 gf when loaded (red background) and return to zero during unloaded periods (green 
background), demonstrating stable performance and minimal hysteresis for all sensors. 
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Results and Observations  

Load Cell Standard Deviation 
(Loading) 

Standard Deviation 
(Unloading) 

CLZ635 10.26 gf 3.93 gf 

Degraw 4.06 gf 5.21 gf 

TAL220 6.56 gf 2.36 gf 

Table 22. Repeatability data comparison for three load cells, showing standard deviation during repeated loading and unloading cycles 
with Degraw offering best loading consistency (4.06 gf), TAL220 showing best unloading consistency (2.36 gf), and CZL635 exhi biting 
highest variability during loading (10.26 gf). 

Figure 77 illustrates the loading and unloading cycles for the three load cells over 8 cycles of 

20 minutes each. The digital readings were converted to gram-force using the calibration 

polynomial regression model specific to each load cell type. The CZL635 exhibits the highest 

standard deviation during the loading phase, suggesting potential challenges in scenarios 

demanding high precision. However, this load cell demonstrates significant improvement in 

consistency over the unloading phase. The Degraw load cell maintains relatively low standard 

deviation values for both loading and unloading phases, indicating balanced performance. The 

TAL220 demonstrates moderate variability during the loading phase but provides more 

consistent performance over the unload events. 

The CZL635's plot (Figure 78) displays a notable peak in the last event, likely an outlier, 

contributing to its higher standard deviation during the loading phase. The Degraw load cell 

Figure 78. Average values for three load cells across eight loading/unloading cycles, showing: (top row) consistent loading responses 
between 2280-2325 gf with Degraw exhibiting smallest variation around 2305 gf; (bottom row) unloading (zero) return characteristics 
with notable offset patterns, where CZL635 shows positive drift (2-12 gf), Degraw shows negative bias (-10 to 0 gf), and TAL220 maintains 
positive values (2-10 gf). 
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demonstrates stable performance across all events, with readings consistently around 2310 gf, 

indicating reliability for applications requiring consistent measurements. Conversely, the 

TAL220 plot shows greater variability, with several readings drifting higher than expected, 

suggesting occasional deviations from anticipated values. 

The CZL635 and Degraw load cells exhibit minor fluctuations and highest deviations during 

unloading at 12.35 gf and 13.86 gf, respectively (Table 23). In contrast, the TAL220 

demonstrates greater stability with the lowest unloading deviation at 9.55 gf, suggesting 

consistent performance post-loading.  

 CZL635 Degraw TAL220 

Max Absolute Deviation 
(Unloading) 

12.35 13.86 9.55 

Max Absolute Deviation 
(Loading) 

22.72 11.37 27.24 

Table 23. Maximum absolute deviation comparison for three load cells during repetitive testing, showing Degraw with best consistency 
under load and TAL220 with most stable unloaded readings. 

Conclusion   

The polynomial regression calibration methodology showed only marginal accuracy 

improvements, with R² values nearly identical to those of the linear regression model. The 

analog-to-digital converters (ADCs) utilised in this study feature sensitivity in the milligrams-

force range; however, noise remains a significant challenge. Future work will focus on revising 

the PCB to include an external clock, thereby increasing data sampling speeds, which allows 

for higher Oversampling Rates (OSR) and could potentially reduce signal noise. 

Ambient conditions, such as temperature fluctuations, affect load cell readings and induce 

measurement drifts, as notably exhibited by the TAL220. Maintaining thermal stability or 

implementing compensation techniques in characterisation setups is recommended. 

Additionally, preconditioning the system by allowing it to warm up for several hours enhances 

stability, and operating in a controlled environment yields more consistent results. 

In conclusion, any of the analysed load cells can achieve accurate and consistent force 

measurements within a 1% error range and would be suitable. The study underscores the 

importance of minimising noise and environmental influences to ensure reliable force 

measurements over time and the requirements for regular calibrations to prevent external 

factors from altering sensor calibration. 
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5.1.2  Specific Setups for Single Axis Force 

The specific setup for each haptic device varies to physically accommodate mounting the 

device and coupling it to the load cell in a manner representative of how the user perceives 

the force. For prototypes like PropelWalker, which exert a linear force directly onto the user's 

legs, the measuring setup should align the beam load cell with the actuator's force vector 

(Figure 79). This can be achieved using aluminium extrusion builds, a versatile and easy-to-

implement approach commonly seen in previous literature for accommodating both the load 

cell and the actuator. When designing the test, characterising a prototype with a matching 

number of actuators to those present on the haptic device ensures the reported capabilities 

match those of the presented device.  

Mounting the actuator close to the load cell improves characterisation accuracy. For example, 

in PropelWalker, the frame's mass contributes to its inertia, affecting the latency between 

turbine (mounted on top) actuation and force transmission to the load cell at the base of the 

frame. For devices generating push/pull forces, such as ANISMA, S-type load cells are suitable 

but costlier. Similar characterisation can be performed using appropriately ranged beam load 

cells mounted vertically, providing an affordable alternative for active kinesthetic actuators 

which do not require a pulling test mechanism. 

Figure 79. Simplified proposed measurement setup for characterising single-axis force: (a) top and side view schematics showing the 
testing arrangement with load cell placement, and (b) photograph of the implemented system with labelled components including 
aluminium extrusion structure, DAQ board and analysis tools. 

Figure 80 Characterisation approaches for wearable haptic devices: (a) ANISMA actuator prototype mounted on skin for direct force 
testing, (b) test fixture for precise alignment on optical table, and (c) schematic diagram showing vertical beam load cell configuration for 
push/pull force measurement. 
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Characterising devices like FacePush, (Figure 81) which generates pressure on the face by 

pulling VR headset straps, requires a custom approach. A potential solution to measure the 

force the user will perceive is to modify a polystyrene head to include internal beam load cells, 

allowing for measurement of the force on each side independently when one or both actuators 

are activated. This ensures the collected data reflects the stimuli delivered to the user, 

providing an accurate basis for comparison with future designs. 

5.2  Single-Axis Impact Force 

Elastic or pneumatic actuators generate a sudden release of energy, often used to simulate an 

impact. When the actuator is directly coupled to the participant, and the force vector applies 

directly to the user's body, this can be characterised as a single-axis impulse. However, to 

accurately capture such fast stimuli, the measuring setup must capture data at a higher 

sample rate than when characterising static forces. Failure to do so may result in data that 

does not accurately represent the event's dynamics, which is critical for understanding the 

haptic system's behaviour and ensuring its safe and effective operation. 

5.2.1  Sensor validation 

Extensive testing and comparison of various load cells' performance were conducted in the 

previous section. The findings demonstrate the suitability of the selected load cells for 

measuring forces, provided that the data acquisition system can achieve high sampling rates. 

The key considerations for impact force measurement include: 

• High sampling rate: Capturing the rapid changes in force during an impact event 

requires a high sampling rate, ideally in the range of a few kHz.  

• Load cell rigidity: The load cell's rigidity affects the measured force profile, with 

stiffer sensors resulting in sharper peaks and faster rise and fall times compared 

to more compliant materials like human skin.  

Figure 81.  Characterisation setup for the FacePush haptic feedback device: (a) schematic diagrams of force application paths for direct 
head pressure and side motor-pull mechanisms with measurement points indicated by arrows, and (b) photograph of the actual device 
being worn by a user with VR headset and attached motorised haptic actuators. 
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• Impulse consistency: Despite differences in force profiles, the impulse (integral of 

force over time) should remain consistent for a given impact event, regardless of 

the sensor's rigidity.  

When selecting a load cell for impact force measurement, consider the expected magnitude of 

the forces involved. Due to the rigidity of the load cell, it will not deform as much as softer 

materials like human skin. Consequently, the measured peak force will be significantly higher 

than what a user would experience so the load cell should be rated to match these forces to 

prevent damage. 

5.2.2  Specific Setups for Single Axis Impact 

When evaluating impact kinesthetic haptic actuators, the testing setup involves inherent 

limitations. The force-time profiles measured by rigid sensors differ significantly from those 

experienced by users due to skin plasticity. Rigid materials like aluminium or steel beam load 

cells produce sharp peaks with rapid rise and fall times, while materials with elasticity such 

as human skin generate smoother, elongated force-time curves. 

Despite these profile differences, the impulse (calculated as the integral of force over time) 

remains consistent when mass and initial velocity are constant. This physical property 

represents the change in momentum of the impacting object. When characterising impacts 

for users, this creates an important consideration: while the measured impulse values remain 

consistent across materials, the perceived intensity varies between rigid sensors and human 

skin. Researchers must account for this discrepancy when translating characterisation results 

to expected user experiences.  

For impact-delivering devices, secure mounting of all components minimises vibration noise 

and ensures accurate readings. Testbed design for devices delivering impacts directly to users 

follows methodology similar to that used for direct single-axis force characterisation. 

Figure 82. ImpactVest characterisation setup: (a) photograph showing the experimental apparatus with labelled impactor and force sensor 
components for measuring direct impact forces, and (b) schematic diagram illustrating the arrangement of the impactor mechanism 
relative to the load cell for accurate impact measurement. 
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Actuators delivering force directly to users can be measured by connecting the actuator to a 

load cell, as demonstrated in the ImpactVest study which uses pneumatic air for impact 

simulation.  

For air applied directly to users (Figure 83) , a beam load cell combined with a surface panel 

of sufficient diameter can capture the air puff when positioned at typical user distance. This 

approach aligns with characterisation methods used for Aireal, a device employing 

loudspeakers to generate air vortices reaching approximately 1 meter from the user. When 

air-releasing nozzles couple to the user, mounting the nozzle to the load cell will provide 

measurements of the push force form the actuator, as seen in the Omega-jet case. 

5.3  In-line Forces  

While beam-type load cells offer a versatile and cost-effective solution for many applications, 

certain use-cases require alternative sensors for more reliable readings. In scenarios where 

forces are suspended or require alignment as with Pullups [112],  S-type and button-type load 

cells prove more appropriate. These sensors measure both tensile and compressive forces and 

feature mounting fixtures at both ends for inline configurations. Their smaller size facilitates 

integration into space-limited devices. 

Button and S-type load cells cost more due to complex manufacturing, with limited budget-

friendly options available. Table 23 lists some of the models tested, alternative options with  

smaller form factors like the SBT630B Miniature S-type will be explored on future work. 

 

 

Figure 83. Air-based haptic device characterisation setups: (a) BLASNEL prototype schematic showing measurement 
approach for air-based tactile feedback, (b) user wearing the BLASNEL prototype, (c) Ω -jet prototype measurement 
configuration, and (d) photograph of the implemented Ω-jet actuator with backside view of nozzle arrangement.. 
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Cost  Max capacity Cost  Type Dimensions (mm) 

Honeywell  
FSS015WNSB 

1.5kg ~70€ Compression 
Load Cell 

9.14x3.18x5.59 

Phidget Button Load 
Cell ID: 3136_0 

50kg ~45€ Compression 
Load Cell 

9mm height 
25mm ⌀ 

Phidget Button Load 
Cell ID: 3137_0 

200kg ~45€ Compression 
Load Cell 

9mm height 
25mm ⌀ 

Micro Load Cell DYLY-
106 of the S-type 

10kg ~50€ S-Type load 
Cell 

25x30x12mm 

Table 24. Comparison of four load cell options for haptic device characterization, including Honeywell FSS015WNSB (1.5 kg miniature 
compression, €70), Phidget button load cells in 50 kg and 200 kg capacities (both €45, 25 mm diameter), and Micro Load Cell DYLY-106 S-
type (10 kg tension/compression, €50), each offering different form factors and measurement ranges for various testing scenar ios. 

5.3.1  Specific Setups for In-Line force 

This section explores setups for inline force characterisation, focusing on S-type and bottom 

load cells designed for precise measurements of forces applied directly or in-line with their 

surfaces. Button load cells, with their compact circular design, suit single-axis force 

measurements particularly well. Their structural characteristics allow more direct and 

localised force measurement compared to beam load cells. 

S-type load cells and some button cell designs provide anchoring mechanisms on both ends, 

enabling integration in kinesthetic devices to measure in-line forces. Pull-Ups [112] employed 

this approach. This active actuator using pneumatic muscles to pull participants upward was 

characterised similarly to the proposed use case. Loading weights suspended from the system 

included an in-line force sensor measuring real-time load while monitoring actuator 

contraction distance. Sensor integration within the kinesthetic implementation also enabled 

real-time force monitoring and closed-loop control during user studies. 

Figure 84. Pull-Ups pneumatic VR system: (a) wearable haptic device with cables exerting upward forces to simulate climbing 
sensations in VR, (b) close-up of pulley mechanism with tension cables, and (c) schematic diagram of S-type load cell measurement 
setup for characterising the system's in-line tension forces. 
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Passive actuator instances like those in the exoglove design by Chiaradia et al. [113], Wireality 

[159] or Dextres [68] use braking mechanisms to restrict user movements (Figure 86). 

Characterising these devices requires an actuation mechanism applying load to determine 

dynamic response and capabilities. Haptic-Links researchers demonstrate a fundamental 

example, utilising a lathe to connect one end of the kinesthetic device to the spindle and the 

other to a carriage producing precise linear displacement. More advanced methodologies 

include dedicated push-pull testing apparatus or linear actuation systems, as demonstrated 

by Dexmo. 

Push-pull testers use precise mechanical linear actuators enabling linear displacement while 

measuring applied force (Figure 85). Mechanical linear actuators from CNC equipment, such 

as the RATTMMOTOR ZBX80, offer an alternative for low-force applications. Beam or S-

type load cells can be integrated with these type of actuators to enable dynamic 

characterisation and accurate force measurement during both pushing and pulling movements 

on brake-force kinesthetic devices. 

Button load cell sensors offer the advantage of compact size, exemplified by the Honeywell 

FSG15N1A miniature button load cell measuring just 9.14×3.18×5.59mm. TORC showcased 

Figure 86. Examples of various haptic devices using passive kinesthetic feedback mechanisms: (a) Wireality [147] hand tracking system 
with string-based resistance for physical object simulation in VR, (b) DextrES [71] electrostatic braking glove for variable finger 
resistance, and (c) wearable haptic device with cable-based force  

Figure 85. Pulling tester mechanisms for characterizing tension forces in haptic devices: (a) Instron 3344L industrial tester, (b) manual 
pulling tester with force gauge, (c) linear actuator equipped with servo motor, and (d) proposed implementation with S -load cell for 
characterizing similar actuators as Dextres. 
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this sensor's integration in a closed-loop pinching kinaesthetic interface. Similar small form 

factor sensors were employed in ProxyTouch (Chapter 7), placed behind the user's fingertip 

to measure force during pinching actions (Figure 87 a). 

5.4  Rotational Joint Torque 

For some kinesthetic devices, force generates over a pivot point or at a distance from the user 

as with Pacapa or Haptic Links (devices that operate with a pivot). Haptic Links latches its 

joint, offering a force-locking mechanism to which VR controllers mount. Meanwhile, Pacapa 

consists of an active mechanism operating a joint with a servo pivoting one side while the 

user holds the device to deliver active kinesthetic torques. In facePush, elastic weights 

mounted on both sides of a VR headset generate forces when released, creating torque with 

the pivoting point at the centre between the two actuators. For such devices, torque 

characterisation provides a more representative property allowing direct comparison between 

designs. 

To characterise devices that generate torque, the setups described in this section use single-

axis beam load cells based on the principle that torque is the product of force applied at a 

distance from a pivot point. Using beam or S-type load cells, torque is directly computed by 

multiplying the force by the distance from the pivot point to the force measurement point. 

( )Torque Force Distance =   

5.4.1  Specific Setups for Joint Torque 

In cases where measurement involves force in a single axis and the actuator includes 

mechanical linkages or rotating joints, as in devices like Claw or CapstanCrunch, determining 

Figure 87.  Integration of force sensors in haptic interface designs: (a) ProxyTouch characterization 
testbed showing wrist rest, button-type force sensor, motor-controlled lever, and thumb strap for 
measuring finger forces during interaction, and (b) TORC  [34] hand-held controller with embedded 
miniature force sensors for measuring grip pressure in VR applications.  
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the characterisation aproach may be less straightforward. Even though the mechanism might 

seem to exert torque, it is designed to reproduce a force to the user's fingertip. Employing 

beam load cells aligned with the actuation lever point can accurately characterise the 

controller's properties, as shown by the authors. Additionally, reporting torque capabilities 

offers deeper insights into the device's capabilities, as force capabilities depend on the 

actuator's torque and the arm's distance to the user's fingers.  

Studies on devices such as Claw and CapstanCrunch explored additional properties beyond 

force, including the stiffness capabilities of the actuating mechanism. This helps determine 

the device's achievable stiffness for simulating virtual objects, measured by the displacement 

of the lever under a specific force, reported in N/mm or N/° . 

This section discusses three prototypes demonstrating this method: Haptic Links, which 

utilises a latching mechanism to generate braking torque; Pacapa, an active mechanical 

system that directly exerts torque on the user; and OsciHead, which produces rotational 

torque for a user wearing a VR headset. 

Figure 89. Haptic links characterization setups: (a) alternative setup with linear actuator top view, (b) alternative setup with linear 
actuator side view, and (c) lathe-based testing apparatus components including spindle, haptic link, force gauge, and slide.  

Figure 88. Force sensor setup diagrams for kinesthetic feedback controllers: (a,b) schematics showing proposed characterization method 
for measuring forces perpendicular to finger movement in pinching devices, and (c,d) photographs of the actual Claw and CapstanCrunch 
haptic controllers with their mechanical pinch-grip mechanisms that can be tested using this arrangement. 
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Braking mechanism          

Haptic Links presents a detailed characterisation methodology, including visual aids (Figure 

85). The characterisation method resembles a pull test systems, where the device functions as 

a passive mechanism. Here, Haptic Links is mounted to a lathe bed, with one end attached 

to the lathe chuck and the other connected to a sensor coupled with the lathe's saddle 

component. The lathe saddle moves, exerting a pull on the levers. By measuring the distance 

from the clamping point to the hinge mechanism, torque can be calculated. If a lathe is 

unavailable, a linear ball screw actuator can provide the required linear pull. 

Active Mechanism 

Devices like Pacapa (Figure 90), which feature a rotational joint, use a servo motor as an 

actuator to exert force on the user's hand by opening the side. A similar methodological 

approach used for single-axis forces can create the testbed, where a beam load cell aligns with 

the actuator. This setup allows the actuator to open and exert pressure on the load cell's 

measurement end. This technique directly measures the force the device produces, and 

multiplying this force by the arm length (l) calculates the torque. This illustrates that 

measuring torque and force are complementary; in this case, the author could report both 

metrics, enabling easier data comparison. 

Inertia Mechanism  

Devices such as OsciHead (Figure 91) use actuators on both sides of a VR headset to deliver 

twisting effects when released in opposite directions. When actuators release simultaneously, 

the proposed testbed for FacePush could be used. Due to opposite actuation directions, it will 

generate torque around the axis at the centre between the two forces generated on each side. 

A potential approach to characterise such a system would mount the actuators on beam load 

Figure 90.  Pacapa haptic device characterization: (a) device at 0° position, (b) device rotated to 90° position showing joint movement, 
and (c) schematic of testbed setup with beam load cell aligned to measure force and torque at distance L from rotation axis  
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cells fixed at the same distance from the centre as they are on a headset. This method 

approximates the stimulus delivered to the user. The individual torques created by each 

actuator are measured as 1  and 2 : 

1 1 1F L =   

2 2 2F L =   

In this case, F is the applied force and L is the distance from the rotation axis to the point 

where force is applied. Assuming both 1L and 2L  are equal (i.e., the actuators are equidistant 

from the rotation axis), and if the forces act in a plane perpendicular to the rotation axis, 

then the total torque total  would be the sum of the individual torques, since one actuator 

pulls forward and the other pulls backward, making their rotation effects additive: 

total 1 2  = +  

However, this simplified approach measures force directly at the actuators and does not 

account for how stimulus delivery might change when the actuators are mounted in the actual 

headset. Following the guiding principle that the characterisation process should closely 

mirror the final device or prototype, an alternative is to integrate the beam load cell into a 

modified polystyrene mannequin head, as shown in Figure 92. This setup provides an 

assessment of the kinesthetic experience closer to what the user will experience. In scenarios 

such as, beam load cells better capture the experience only when both actuators operate 

simultaneously in the same direction (e.g., applying force). For acurately measuring torque, 

more advanced sensors are needed. These approaches will be explored in the next section on 

haptic devices and user cases.  

Figure 91. OsciHead haptic feedback device: (a) linear vertical actuation movement along Z-axis, (b) rotational movement around vertical 
axis in clockwise direction, and (c) schematic of proposed testbed design to measure torque around the rotation axis with distance t 
between measurement points. 



 

 

165 

 

5.5  Force Torque 

Handheld devices often feature actuators mounted at a distance from the user's hand, causing 

the output to be perceived as torque rather than linear force. As shown in the literature 

review, these devices are characterised using single-axis beam load cells coupled to the 

actuator, which report the actuator's capabilities but not necessarily the user's experience. 

Considering the distance from the actuators and reporting the output as torque allows for 

more comparable results. 

While using single or multiple axis load cells remains common, more accurate multi-axis force-

torque sensors, such as those used to characterise devices like iTorqU, provide more precise 

reporting from the user's point of contact. This section introduces a custom-built 6-axis force 

and torque sensor, constructed using affordable beam load cells and 3D-printed components. 

The design principle and operation are detailed, followed by validation, and concludes with 

use cases. 

Figure 93. Multi-axis force measurement systems: (a) schematic of standard 6-axis force plate application for robotic arm base force and 
torque measurement, and (b) FARE-KE custom force plate design showing arrangement of four 3-axis load cells with labeled dimensions 
(w, L) and coordinate system directions. 

Figure 92. Alternative OsciHead characterisation testbed: schematic diagram showing measurement approach with force vectors indicated 
at distance L from rotation axis, enabling calculation of torque produced by the headset-mounted actuators. 
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5.5.1  Sensor Design & Operation 

The 6-axis F/T sensor design draws inspiration from force plate configurations, utilising four 

3-axis load cells (Figure 93). Force plates are used at the base of robotic arms to calculate 

forces and torques during operation. Although commercial 3-axis load cells cost less than 6-

axis versions, they remain prohibitively expensive. To address this, the research developed a 

more accessible method to construct 3-axis load cells using single-axis beam load cells. This 

section outlines the design, calibration, and performance evaluation of both the 3-axis load 

cells and the final 6-axis F/T sensor. 

This approach results in a larger footprint compared to commercial sensors such as the ATI 

Nano17, making it unsuitable for integration on wearables and handheld devices. However, it 

provides a cost-effective solution for quasi-static evaluation of kinesthetic haptic devices where 

the device is mounted on a measuring rig. 

5.5.2  3-Axis Load Cells 

The 6-axis F/T sensor computes force and torque across various axes by combining the force 

readings from four 3-axis load cells. This section focuses on the design and considerations for 

constructing these 3-axis load cells. The final design uses single beam load cells, with 3D 

printing facilitating component alignment and coupling, aiming to provide a practical and 

affordable multi-axis force measurement solution based on established load cell technologies. 

Design Overview and Assembly 

As shown in Figure 94, 3-axis load cell designs range from intricate mechanical configurations 

with complex strain gauge placements (a and b) to simpler designs that align three beam load 

cells along the X, Y, and Z axes (c). The custom-built load cell (Figure 94 d) is based on 

commercial designs such as the one shown in (d). It utilises widely available TAL220 beam 

Figure 94. Commercial and custom multi-axis force sensors: (a) Forsentek 6-axis force/torque sensor with compact cylindrical design, (b) 
industrial multi-axis load cell with square mounting pattern, (c) 3-axis load cell using stacked single-axis design with aligned beam cells, 
and (d) custom-built load cell with integrated electronics in green housing. 
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load cells aligned along the x, y, and z directions, connected end-to-end using PLA 3D-printed 

parts for the central body and alignment elbows. Aluminium epoxy glue and M3 screws secure 

the load cells, with overall dimensions of 80x80x35 mm. Accurate alignment of the load cell 

centres is crucial for measurement accuracy and is achieved by precisely aligning the centres 

on the same plane using the 3D-printed parts. If available, using stiffer materials like 

aluminium for the alignment parts could further improve sensor performance. Detailed 

assembly instructions are provided in Appendix X - 3 Axis Load Cell Assembly. 

The arrangement of the load cells allows for aligned force measurements on each axis but 

introduces crosstalk challenges, where forces applied along one axis affect readings on other 

axes. To address this, filtering techniques and a crosstalk calibration matrix, as methods used 

by U-Xuan Tan et al [160], were implemented in the firmware capturing the sensor data. The 

subsequent sub-section explains calibration methods employed to correct these inaccuracies, 

with a comprehensive step-by-step approach detailed in Appendix 20 – FARE-KE 3-Axis 

Single Point Calibration. 

Calibration Methods Overview 

The configuration in the custom design means each beam measures forces relative to its own 

grounding, leading to crosstalk interference. Various calibration methods were explored to 

mitigate this issue and enhance sensor accuracy. 

Single-Point Calibration Method: This approach calculates the inverse of the calibration 

matrix, obtained by applying a single known load and using the corresponding sensor readings 

to calculate calibration coefficients. The calibration matrix (K) is constructed with main 

sensitivity coefficients along the diagonal and crosstalk coefficients as off-diagonal elements. 

The inverse of this matrix ( 1)K−  transforms raw sensor readings into actual force values. 

Multipoint Calibration Method: To overcome potential limitations of single-point calibration, 

this method involves multiple load cases to consider non-linearity. Two specific approaches 

were implemented: 

Least-Squares Regression: This method finds the calibration matrix (K) by minimising the 

sum of squared differences between observed sensor outputs (R) and model predictions. It 
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inherently accounts for crosstalk by treating calibration as a system of linear equations that 

includes interactions between axes. 

Polynomial Regression: This method extends the calibration model to include non-linear 

relationships by fitting polynomial equations to the data points. To account for crosstalk, 

polynomial terms involving multiple sensor readings were incorporated into the calibration 

model. This approach provides a more comprehensive calibration model for the 3-axis load 

cell, considering both non-linear behaviour and crosstalk effects. 

To implement these calibration methods, data is collected under known loads applied along 

each axis of the load cell. The corresponding sensor readings are recorded and used to calculate 

the calibration coefficients. Detailed mathematical formulations, numerical examples, and 

code implementations for each calibration method are provided in Appendices 20 and 21. 

To evaluate the effectiveness of the calibration methods, a separate validation dataset, not 

used during the calibration process, assesses the accuracy and robustness of each method in 

predicting forces based on sensor readings. 

Validation and Performance Evaluation 

A comprehensive validation process was conducted to evaluate the custom-built 3-axis load 

cell and assess the effectiveness of the implemented calibration methods. One of the assembled 

load cells was selected for this validation study. A separate validation dataset, consisting of 

sensor readings corresponding to known applied forces, was used to ensure an unbiased 

evaluation. 

Validation Results 

The validation phase highlighted the performance of the Polynomial Regression method in 

terms of both Mean Absolute Error (MAE) and Root Mean Square Error (RMSE). 

Table 25. Validation performance comparison across different modelling techniques for load prediction, quantifying models' accuracy using 
Mean Absolute Error (MAE), Root Mean Square Error (RMSE), and Maximum Error in grams (g). 

 

Method MAE (g) RMSE (g) Max Error (g) 

Single-Point 8.91 15.24 70.43 

Least Squares 8.70 14.72 67.29 

Polynomial Regression 7.54 11.28 44.93 
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As illustrated in the heatmap Figure 95, error rates are notably lower for the Least Squares 

and Polynomial Regression methods compared to the Single-Point method, with the 

Polynomial Regression method demonstrating the lowest error percentages overall. 

The validation data was processed using each calibration method to estimate the forces and 

evaluate the performance of each technique. These estimated forces were then compared to 

the actual force measurements to calculate the absolute errors. Figure 96 presents the absolute 

errors for each method across all validating measurements, visualising performance across a 

range of load conditions. As shown on Table 25, even the highest-performance calibration 

method can have a MAE of up to 7.5 grams. This particularly affects measurements under 

the 100-gram range, where this error value could represent up to a 7.5% error. However, as 

higher forces are measured, this noise becomes less relevant and tends to remain below 2% 

error over the loading reading. 

The Polynomial Regression method proved most effective, offering improved accuracy 

compared to the other methods. However, it is important to acknowledge that even this 

method has limitations, particularly when measuring low forces. Future work will focus on 

enhancing ADC noise immunity and increasing the sampling rate to acquire more data for 

better noise filtering and compensation. Additionally, regular validation and performance 

monitoring of the calibrated sensor are essential to ensure consistent and accurate force 

Figure 95. Heatmap table comparison for the three calibration methods presented, showing the error as a 
percentage of the load applied to the axis. 
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measurements over time. Establishing a systematic approach to recalibration and performance 

evaluation will maintain the sensor's precision and reliability across various applications.  

5.5.3  6-axis Force-Torque Plate 

Building upon the design and validation of the custom 3-axis load cell, this section presents 

a novel 6-axis force-torque plate that leverages multiple 3-axis load cells to measure both 

forces and torques with high precision. This design is particularly well-suited for characterising 

the output of handheld kinesthetic haptic controllers, offering a cost-effective solution for 

capturing complex force and moment data. 

Figure 96. Heatmap table comparison for the three calibration methods presented, showing the error in grams 
when loading the sensor after calibration. 

Figure 97. 6-axis force/torque plate design used to measure force and torque on handheld devices. 
The four three-axis load cells are labeled A, B, C and D with dimensions L and W used to compute 
the output of the plate. 
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The proposed force-torque plate integrates four calibrated 3-axis load cells, arranged near the 

corners of two parallel acrylic plates, each measuring 12mm in thickness: a base plate and a 

top plate. The bottom plate serves as a grounding base fastened to a table or other flat 

surface. The upper plate functions as the mounting surface for the device under measurement. 

Each load cell is securely bolted between the plates, resulting in a total of 12 force channels 

for the entire system. These 12 force readings calculate the force ( xF , yF , zF ) and moment 

( xM , yM , zM ) acting on the plate. 

An advantage of this multi-sensor force plate design is the ability to achieve higher load 

capacities by summing the rated loads of the four individual sensors. Additionally, by 

distributing the load cells towards the edges of the plates, the force plate enhances its moment 

capacity and stiffness compared to single-sensor configurations. To ensure accurate 

measurements, the force plate should be calibrated using a multipoint calibration approach, 

which involves collecting data at multiple force and torque levels across the sensor's 

measurement range.  

The assembly and manufacturing processes for the 6-axis force-torque plate are streamlined 

to ensure ease of access and replication. Using components that are easily obtained and basic 

manufacturing techniques, the force plate can be reproduced by researchers equipped with 

standard digital fabrication tools. The force plate's modular design allows for significant 

customisation, with users able to adjust load capacities or dimensions by selecting appropriate 

load cells and modifying the size of the acrylic plates. 

Design Overview and Assembly 

In contrast to industry-standard force plates (Figure 98), which typically measure forces in 

the range of hundreds of newtons, this force plate operates within a range aligned with the 

capabilities of kinesthetic haptic devices (± 80N). 

Figure 98 Force plates applications: (a) commercial force plate being used for gait analysis and biomechanical assessment of foot impact 
forces during walking, and (b) schematic illustration of a robotic arm system with integrated force plate at its base to measure operational 
forces and torques during movement. 
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The force plate is constructed using four 3-axis load cells, strategically arranged as shown in 

Figure 97. These beam load cells, having undergone rigorous testing as described in Section 

5.5.2, have demonstrated reliable performance for forces up to 20N. The four 3-axis load cells 

are positioned between two acrylic plates, each measuring 12mm in thickness. The overall 

dimensions of the assembled force plate measure 200x200x65mm. 

During assembly, meticulous attention is given to the alignment of the load cells, as precise 

alignment affects the mathematical calibration processes and significantly influences crosstalk 

levels. The 3-axis load cells are carefully aligned and mechanically coupled to the plates using 

M4 screws. Before final assembly, each individual 3-axis load cell undergoes calibration, 

essential for accurate force and torque measurements. 

The 6-axis force plate calculates forces and torques by utilising data obtained from each 3-

axis load cell after applying compensation for crosstalk. A total of 12 readings compute the 

forces and torques (F/T). The mathematical model supporting this approach is represented 

by the following equation: 
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In this equations, , ,x yM M  and zM  denote the torques around the X, Y, and Z axes, 

respectively, while  and zF  represent the forces along those axes. The subscripts A, B, C  and 

D  refer to the individual 3-axis load cells positioned at each corner of the plate. It is 

important to note that these equations assume measurements are taken at the origin of the 

top plate, which i , ,x yF F s the centre and equidistant from all the load cells. Since the force 

and torque calculations rely on readings from the previously calibrated 3-axis load cells, the 

calibration process at this stage focuses on compensating for crosstalk and nonlinearities added 

when combining the force from the 3-axis load cells.  
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Calibration Methods Overview 

The 6-axis load cell requires further calibration to ensure accurate force and torque 

measurements. The primary challenge is addressing nonlinearities and crosstalk effects that 

arise from the arrangement of the individual load cells. For the 6-axis sensor, a multipoint 

calibration approach is employed. This technique involves collecting calibration data at 

multiple force/torque levels across the sensor's measurement range. The calibration process 

involves the following steps: 

• 1. Data Collection: Known forces and torques are applied at multiple calibration 

points, with the corresponding raw sensor readings recorded. The collected data 

is organised into matrices: F  (applied forces/torques) and R  (raw sensor 

readings). 

• 2. Calibration Matrix Computation: The least squares method computes the 

calibration matrix K , which minimises the difference between the product of the 

raw sensor readings R  and the calibration matrix K , and the known applied 

forces and torques F . This relationship can be expressed mathematically as: 

 
2

1
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i

n

i i i
i=

− K F R K  

where n  is the total number of calibration points. The resulting calibration matrix K   

converts the raw sensor readings into calibrated measurements of force or newtons. 

Validation and Performance Evaluation 

Using an assembled F/T plate, the calibration proceeded as described in Appendix 24 – 

FARE-KE 6-Axis Load Cell Multipoint Calibration, from which the calibration matrix was 

obtained. 
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To assess performance various tests were conducted comparing the readings corrected with 

the matrix to the original readings obtained during calibration. First, calibration effectiveness 

was evaluated using Mean Absolute Percentage Error (MAPE) and R-squared metrics. The 

results indicated that the readings obtained during calibration already achieved an 2R  value 

of 0.98. However, after applying the calibration matrix, the sensor accuracy further improved 

to an 2R  value of 0.999. 

Metric Raw Readings Calibration 

MAPE (%) 2.814737 1.849263 

R-squared 0.983804 0.999691 

Table 26. Mean Absolute Percentage Error (MAPE) and R-squared metrics before and after using the calibration matrix, demonstrating 
improved measurement accuracy with calibrated values. 

Next, histograms and box plots illustrated the distribution of errors between the raw and 

corrected data (Figure 99). The histograms show a notable convergence of the calibrated 

readings towards zero error, signifying a substantial reduction in error magnitude relative to 

the raw data. The box plots confirmed these results, showing that the interquartile range 

(IQR) of the calibrated data was significantly narrower and the median closer to zero, 

suggesting enhanced accuracy. 

The MAE plot (Figure 100) showed in more detail the magnitude of improvement in each 

axis in Newtons for the force axes and Newton-meters for the torque axes. Overall, calibrated 

readings offered lower error readings compared to the raw readings.  

 

Figure 99.  Error distribution analysis for load cell calibration: (a) histogram comparing raw and calibrated 
readings showing convergence towards zero error after calibration, and (b) box plot demonstrating 
significantly reduced interquartile range and median values closer to zero for calibrated measurements. 
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Additional tests were conducted to evaluate the calibration matrix's influence on crosstalk. 

To better characterize the crosstalk behaviour in the 6-axis load cell design, crosstalk errors 

were plotted and compared to the readings after applying the compensation matrix across all 

calibration points. Figure xx  illustrates the calibration data points for Fz and Mz, serving as 

examples. The calibration sequence, depicted in the graph, began with applying a force along 

Fy, followed by Mx, Fx, My, Mz, and finally Fz. This plot highlights the crosstalk on the Fz 

and Mz axes and demonstrates how crosstalk intensity escalates with increased load on the 

principal axis. The compensated readings, shown in orange, indicate a substantial reduction 

in crosstalk across these axes, with similar outcomes observed for the other axes. 

Table 27.  Crosstalk error measurements comparing raw and calibrated values after applying the calibration matrix to loading values 
along the Fy axis, demonstrating reduced interference across all force and torque channels.  

 

Raw Force/Torque Crosstalk Calibrated Force/Torque Crosstalk (N) 

Fx(N) Fy(N) Fz(N) Mx(Nm) My(Nm) Mz(Nm) Fx(N) Fy(N) Fz(N) Mx(Nm) My(Nm) Mz(Nm) 

0.026 0.049 0.013 0.001 0.002 0.002 0.026 0.049 0.013 0.000 0.003 0.002 

0.006 0.000 0.000 0.01 0.002 0.002 0.023 0.000 0.011 0.003 0.003 0.001 

0.015 0.000 0.018 0.029 0.001 0.002 0.025 0.000 0.008 0.004 0.002 0.006 

0.042 0.000 0.031 0.045 0.002 0.011 0.015 0.000 0.006 0.001 0.003 0.000 

0.055 0.000 0.048 0.059 0.000 0.002 0.022 0.000 0.001 0.004 0.001 0.013 

0.107 0.000 0.074 0.093 0.000 0.022 0.000 0.000 0.005 0.006 0.000 0.001 

0.180 0.000 0.129 0.156 0.000 0.037 0.004 0.000 0.011 0.006 0.001 0.001 

0.301 0.000 0.22 0.258 0.001 0.062 0.01 0.000 0.021 0.004 0.000 0.001 

0.453 0.000 0.283 0.362 0.001 0.089 0.017 0.000 0.004 0.007 0.000 0.003 

0.594 0.000 0.363 0.483 0.003 0.116 0.002 0.000 0.015 0.003 0.001 0.000 

Figure 100. Mean Absolute Error (MAE) by axis for raw versus calibrated measurements, showing substantial error reduction across 
all force (Fx, Fy, Fz) and torque (Mx, My, Mz) components, with most significant improvements observed in the Fz axis. . 
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After calibration, there was a clear reduction in crosstalk error across all axes. The calibration 

proved particularly effective in mitigating crosstalk on the Mx axis, reducing errors to near 

zero. On other axes, the crosstalk magnitudes were significantly lowered. Overall, the 

calibration matrix substantially reduced crosstalk, particularly along the torque axes, where 

the standard deviation decreased by a factor of 10 for all metrics used to assess crosstalk 

errors. 

 Fx Fy Fz Mx My Mz 

Std Dev raw 0.1139 0.0821 0.3907 0.0846 0.0979 0.0528 

Std Dev Cal 0.0224 0.0377 0.0343 0.0154 0.0085 0.0043 

Mean Raw 0.0683 0.0541 0.2465 0.0332 0.0538 0.0369 

Mean Cal 0.0172 0.0231 0.0310 0.0072 0.0049 0.0045 

Max Raw 0.5940 0.4120 2.2360 0.4830 0.4100 0.2580 

Max Cal 0.0861 0.1700 0.1287 0.0783 0.0517 0.0158 

Table 28. Statistical comparison of measurement errors before and after calibration showing substantial improvements in standard 
deviation, mean values and maximum errors across all six axes, confirming the effectiveness of the calibration matrix.  

The statistical analysis, demonstrating decreases in standard deviation, mean errors, and 

maximum error values post-calibration, confirms the calibration matrix's role in enhancing 

sensor performance and the capabilities of the proposed 6-axis design. The calibration and 

subsequent error evaluations were conducted with forces and torques applied separately to 

individual axes. This method ensures precise calibration but does not consider scenarios where 

Figure 101. Crosstalk effect visualization: (a) error magnitude on Fz axis and (b) error magnitude on Mx axis when other axes are actuated 
sequentially, demonstrating significant reduction in undesired cross-axis interference after applying the calibration matrix. 
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multiple axes are actuated simultaneously. While no adverse effects on calibration accuracy 

have been observed under these conditions, future work should compare these results with 

those obtained using industrial-grade sensors under multi-axis loading conditions to provide 

deeper insights into the robustness of the calibration matrix. 

5.5.4  Specific Setups for Torque measurements 

The primary target for this design is handheld haptic controller. The proposed 6-axis F/T 

sensor aims to be used as in previous research with devices such as iTorqu or similar handheld 

devices [57], [62] that utilise industrial F/T sensors by firmly attaching the handle to the 

measuring plate (Figure 102). 

As depicted in the optimal mounting should replicate the typical distance at which a user 

would hold the device. This setup supports quasi-static characterisation where the controller 

maintains an upward orientation as a baseline. Various devices can be evaluated with this 

approach, as illustrated in Figure 103. 

Figure 102.  Gyroscope-based haptic controllers with force/torque measurement: (a) iTorqu handheld device with gimbal-mounted 
flywheel, and (b) experimental characterisation setup using ATI Mini45 force/torque sensor with control moment gyroscopes . 

Figure 103. Arrangement for handheld devices testbed mounting: (a) side view of haptic device mounted at the base of the handle on 
force/torque plate, (b) Ideally mounting will consider user handling (c) Forces at a distance can be calculated based on rotation and length 
arms variables.  
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5.6  Closing Section 

The development of the FARE-KE framework, as described in Chapters 3, 4, and 5, originated 

from focused research on designing various kinesthetic haptic prototypes requiring thorough 

validation and quantitative analysis. This need intensified during the COVID-19 pandemic, 

as traditional user studies became impossible during lockdown periods. The FARE-KE 

framework emerged from identified gaps and inconsistencies in existing methods when 

characterisations had to be conducted with limited resources and without laboratory access. 

Early Experiences and Project Insights 

Before the FARE-KE framework, the research was primarily project-based, investigating 

methodologies to deliver kinesthetic haptic feedback. Each project explored kinesthetic 

methods of increasing complexity, from linear actuation to multi-axis torque actuation. These 

projects (VR Recoil, Proxy Touch, and HapticWhirl) are detailed in subsequent chapters and 

presented challenges that underscored the need for a unified framework in haptic device 

characterisation. 

Throughout this development, most characterisation tools and approaches were one-off 

designs, leading to the integration of diverse insights into a coherent methodology addressing 

the wide-ranging aspects of haptic device functionality. By addressing these challenges 

systematically, the FARE-KE framework was developed as a tool for haptic device evaluation, 

focusing on consistency and reproducibility of research outputs. 

Chapter 6 (VR Recoil) examines the development and evaluation of a gun-shaped controller 

for virtual reality environments. This chapter determines the impact of linear force feedback 

on aiming tasks in virtual environments, focusing on how different controller configurations 

influenced user perceptions and interactions. Before conducting user studies, a systematic 

evaluation method was required to measure and compare the various kinesthetic levels 

delivered and their effects across different setups. This project initiated the development of 

methodologies later incorporated into the FARE-KE framework. 

Chapter 7 discusses "Proxy Touch", an initial study determining the extent to which the 

user's own body can serve as a haptic medium through visual retargeting techniques. This 

project explored psychological and physiological aspects of haptic perception to enhance the 

perception of virtual objects. The challenges in measuring such interactions precisely 
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highlighted shortcomings of previous evaluation methods. While earlier instances used sensors 

like FSR, further research revealed potential accuracy limitations despite their low profile, 

emphasising the need for precise and reliable characterisation tools. 

Chapter 8 describes "HapticWhirl", focusing on the development and testing of a haptic 

controller employing gyroscopic effects to provide diverse tactile responses. This prototype 

presented the greatest characterisation challenge, as the actuator was placed at a distance 

from the user's hand and generated complex output torque. The difficulties in consistently 

characterising these outputs underscored the necessity for a robust, scalable evaluation 

framework. Insights from the HapticWhirl project were crucial in defining the evaluation 

criteria used in the FARE-KE framework, ensuring it could address the complexities of devices 

producing complex force and torque outputs.
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6  VR Recoil 
"VR Recoil" was presented at INTERACT 2019 under the title "Exploring the Effects of 

Replicating Shape, Weight, and Recoil Effects on VR Shooting Controllers". Virtual Reality 

(VR) controllers that mimic the shape, weight, and recoil of real firearms are increasingly 

utilised in first-person shooter (FPS) games. The influence of these physical attributes on user 

performance and experience, however, remains insufficiently understood. This thesis explores 

how tactile augmentation and linear force feedback (LFF) influence shooting accuracy, 

subjective appreciation, and skill acquisition in VR FPS games. 

A prototype VR controller replicating characteristics of commercial gun controllers was 

developed, and a series of user studies conducted to evaluate the impact of shape, weight, and 

varying LFF levels on participants' performance and subjective assessments. Results indicated 

that while adding gun-like shape and weight did not significantly alter immediate shooting 

accuracy, it enhanced subjective experience compared to standard VR controllers. LFF 

introduction improved immersion and engagement at low levels, with no additional benefits 

observed at higher levels. 

Higher LFF levels accelerated participants' learning curves, allowing them to achieve 

maximum aiming proficiency more quickly. These findings suggest VR controller 

manufacturers could optimise user satisfaction while reducing production costs and technical 

complexity by implementing lower LFF levels. Nonetheless, higher LFF levels might benefit 

training scenarios where rapid skill development is prioritised. 

This research highlights the necessity for standardised reporting and characterisation of LFF 

in future studies to enhance reproducibility and enable comparisons across various VR 

controllers and findings. The insights advance understanding of haptic feedback in VR 

controllers and guide development of future devices for both gaming and professional training 

purposes 
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6.1  Introduction 

The rapidly advancing field of virtual reality (VR) emphasizes immersion and realism to 

enhance user experiences. A key factor in enriching presence within VR systems is the accurate 

simulation of natural forces during virtual environment interactions. This section examines 

the impact of recoil (the backward movement experienced when firing a projectile or exerting 

force) on user experience in VR. Precise replication of recoil enhances immersion, offering 

authentic experiences and narrowing the gap between virtual and real-world interactions. 

As demand for more immersive VR experiences grows, commercial solutions have emerged to 

replicate recoil with increasing realism. VR controllers are transitioning from basic vibrotactile 

feedback to advanced kinesthetic feedback mechanisms. Controllers specifically designed for 

first-person shooter games, such as Strike VR [160], MAG P90 [161], Delta Six [162], and 

Haptec [163], emulate the shape, weight, and recoil of real firearms to increase realism and 

presence. Nevertheless, the effects of these realistic controllers on user performance remain 

inadequately documented, with sparse understanding of their effectiveness compared to 

passive controllers like the Wii/NES Zapper [164]. Furthermore, both commercial and 

research prototypes frequently provide insufficient details about their haptic characteristics, 

complicating systematic evaluation and comparison. 

This research examines how controller properties influence general VR users' performance 

(those without specialised precision aiming skills) in virtual environments (VE). The study 

primarily focuses on assessing the effects of shape, weight, and linear force feedback (LFF) on 

VR controller performance, initially investigating a controller with only shape and weight 

before evaluating the addition of LFF to this configuration. 

This research comprises three distinct studies, each examining specific elements of VR 

controller design. The initial study assesses the impact of a gun-shaped controller with realistic 

weight on shooting performance compared to a standard VR controller. The second study 

evaluates the incorporation of linear kinesthetic feedback into the gun-shaped controller, 

analysing how various LFF intensities affect performance and preferences. The third study 

examines LFF influence on learning curves in shooting tasks, specifically investigating how 

different LFF levels affect maximum aiming distance achievement. 
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The outcomes indicate that higher LFF levels enable users to achieve their peak distance 

skills with fewer errors, highlighting LFF's potential to enhance immersion and reduce errors 

in progressively challenging tasks. Interestingly, while the results show minimal impact on 

immediate precision aiming performance (despite potential fatigue from weight and recoil) 

they also reveal improvements in users' subjective experience of the interaction. 

6.2  Related Work 

Controllers that realistically mimic the shape and weight of real-world objects enhance 

learning times, presence, and engagement. Studies on augmented cues in mobile game-based 

learning and presence in video games support this observation [165], [166], [167]. Integrating 

kinesthetic feedback improves hand-eye coordination [168], boosts performance, and 

potentially reduces skill acquisition time [169]. However, downsides exist; excessive recoil can 

impair aiming accuracy [170], [171], and lead to fatigue and injuries [172]. 

Tethered vs. Untethered Kinesthetic feedback Devices. 

Tethered kinesthetic feedback devices, such as the 3DSystems Phantom [173]  and HAPTICS' 

Virtuose [174], offer high accuracy and precision. These devices serve primarily in VR training 

environments for tasks requiring precise linear kinesthetic feedback, including needle insertion  

[175], surgical training [176], and teleoperation [177]. Their high cost and substantial 

maintenance requirements make them more suitable for research or industrial applications 

rather than consumer-grade VR. Additionally, physical tethering often limits operational 

range, challenging the development of untethered VR headsets. 

Untethered interfaces typically compromise accuracy or haptic fidelity to enhance portability. 

Exoglove systems such as the Dexmo [63] exert active forces on users' fingers, with studies 

showing participants using an exoglove in VR archery achieving higher accuracy compared 

to those without such assistance. Alternative approaches include asymmetric vibration, 

utilised by devices like Waves [178] and Traxion [179], which, despite minimal force 

magnitude, inadequately replicate recoil effects. Electric Muscle Stimulation (EMS) offers 

robust kinesthetic feedback, exemplified by simulating impacts like Punches [180]; however, 

it currently lacks capability to provide controlled, precise linear kinesthetic feedback vectors. 
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Task-specific Untethered Controllers 

Controllers such as NormalTouch [34] and Haptic Revolver [181] employ mechanical actuators 

to manipulate physical shapes, providing spatially-registered haptic feedback directly to the 

user's fingers. This setup aims for a more accurate and realistic representation of virtual 

objects. User studies with these controllers have demonstrated improvements in haptic 

feedback accuracy and fidelity over traditional visual-only and vibrotactile feedback systems. 

Additionally, CLAW [32] controller enhances immersion by enabling users to grasp virtual 

objects, interact with surfaces, and trigger actions using kinesthetic feedback and actuated 

movement specifically designed for the index finger. The integration of controller arm 

movement and vibrotactile rumble simulates a realistic recoil effect, a feature not typically 

available in commercial controllers. However, the impact of this recoil simulation on user 

performance remains unaddressed. 

Shooting Precision and Feedback in FPS VR Games 

Companies such as Strike VR [160] and Haptec [163], have commercialised advanced 

controllers equipped with linear kinesthetic feedback (LFF) aimed at multiplayer and arena-

style games. While these controllers aim to increase user immersion, their actual impact on 

user performance remains undetermined. 

Shooting precision in FPS VR games involves two main components: visual aiming and 

proprioception, which includes gun-holding and posture. Research indicates that providing 

feedback on performance (KP) or outcomes (KR) can significantly enhance user performance 

[182], [183], [184], [185]. This is particularly relevant in FPS VR games, where the view camera 

(i.e., the user’s head) is not directly aligned with the controller (i.e., the hands) [234]. 

Linear Kinesthetic feedback (LFF) in 2D and 3D Interfaces 

Pointing tasks within 2D graphical user interfaces (GUIs) have been a significant area of 

research since the development of Fitts’s law [186], [187]. . Studies have particularly explored 

the role of linear kinesthetic feedback (LFF) in enhancing 2D interfaces. Akamatsu et al. 

compared auditory, tactile, and visual feedback, discovering that haptic feedback facilitated 

faster motor responses than either audio or visual feedback [188]. Further research by 

Akamatsu, involving a multimodal mouse equipped with LFF and drag force control, found 
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that kinesthetic feedback could reduce both stop time and target selection time after the 

cursor ceased movement [189]. Additionally, Cockburn et al. demonstrated that tactile 

feedback could decrease average target acquisition time in 2D interfaces [190]. However, these 

studies primarily provided feedback before user selection (feedforward) and focused 

exclusively on 2D environments. 

Expanding into 3D environments, Bhagat et al. investigated user performance using a wireless 

infrared controller modified to provide LFF [191] . Their findings indicated that 3D selection 

tasks were completed faster with LFF compared to visual or auditory cues alone [169]. . 

Subsequent studies with similar setups reported only modest improvements in performance 

attributed to haptic technology [192]. The diversity in hardware implementations across these 

studies has presented challenges in reproducing results consistently. While there is extensive 

research on VR applications in military training, focusing mainly on skill transfer to 

experienced shooters, the impact on general performance remains less explored [191], [193]. 

Previous research on haptic feedback applications for VR aiming has yielded mixed results, 

often influenced by the differing levels of feedback implemented across studies [169], [194]. A 

significant challenge arises from commercial VR gun controllers that do not disclose their 

feedback intensity levels, coupled with a lack of standardization in reporting these metrics 

within the academic literature [182], [183], [184], [185].  

Measuring Recoil Effect in Training  

Controllers designed to replicate recoil typically utilise electric linear mechanisms with a 

moving mass. Although these systems produce weaker force magnitude compared to actual 

firearm recoil, they still generate noticeable impact force along the controller barrel. To 

determine appropriate levels of kinesthetic feedback for experiments, existing methods for 

measuring linear kinesthetic feedback (LFF) were reviewed. Two primary methods prevail in 

ballistic measurements: force readings via load cells and displacement tracking using 

accelerometers. The former was selected due to more extensive documentation available on 

the design process of measuring rigs in the literature [195], [196], [197]. . Measuring force 

enables comparisons with other prototypes and existing controllers, with prior research 

indicating that peak force is a more representative parameter for quantifying the recoil 

experienced by users [195]. The setup is designed to capture both impulse and peak force 

values. 
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While injuries from game controller vibrations remain uncommon, they have been documented 

[198] thus, characterizing and limiting LFF to safe levels is. Individual physiological 

differences influence these effects [172]; however, there are established guidelines to mitigate 

risk. For example, Spine et al. suggest a maximum recoil limit of 13.33 N/s to prevent injuries 

typically associated with real firearms [171]. Additionally, the UK's Health & Safety Executive 

recommends a daily maximum vibration exposure limit of 2.5 m/s². These guidelines informed 

the experimental attachment design. 

This literature review highlights both advancements and obstacles in haptic VR controller 

development. It underscores the need for further research to elucidate effects of various 

controller properties (shape, weight, and linear kinesthetic feedback) on user performance and 

immersion. By synthesising findings from past studies and undertaking new investigations, 

this chapter provides insights into the design and application of haptic controllers in first-

person shooter VR games and other contexts. 

6.3  Recoil VR 

Three user studies assessed the effects on user performance within a virtual reality (VR) 

shooting game, where performance was measured by the highest score achieved during an 

aiming exercise at bullseyes placed at various distances. The first study evaluated shooting 

performance using a gun-shaped controller with realistic weight compared to a standard VR 

controller. The second study explored the benefits of integrating linear kinesthetic feedback 

(LFF) into the gun-shaped controller. The third study focused on the impact of LFF on the 

learning curve in the VR shooting experience. 

6.3.1  Haptic Controller Design 

A linear kinesthetic feedback attachment was developed to emulate the weight distribution, 

shape, and LFF characteristics of existing VR recoil controllers. This section outlines the 

design and operation of the attachment, along with the test bench setup used to characterise 

the impulse and peak force, which relate to the perceived intensity of recoil. Additionally, a 

hand dynamometer was designed to measure handgrip strength, aiding in the assessment of 

user fatigue, and contextualising results with objective parameters. Design constraints for the 

haptic device included: 
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• Compatibility: The attachment integrated with the original HTC Vive controller, 

leveraging its built-in tracking and buttons. This compatibility ensured that 

participants in the user study were familiar with the controller operation, 

requiring minimal instruction. 

• Form Factor: The device replicated the external shape of a pistol while 

maintaining minimal enclosure to avoid occluding the IR receivers on the 

controller, thus preserving optimal tracking performance. 

• Actuation Mechanism: The mechanism delivered high impulse force and 

demonstrated durability to withstand numerous trials, as required in the user 

study. 

• Safety Measures: The design ensured participant safety, with maximum impulse 

force remaining below recommended levels and safe mechanisms in place during 

VR headset use. 

• Visual and Physical Alignment: The visual representation in VR aligned with the 

physical shape of the device, serving as a passive haptic prop. 

• LFF Variability: The attachment reproduced various levels of LFF to meet 

different experimental conditions. 

• Weight Considerations: The total weight of the device was comparable to 

commercially available VR pistol controllers. 

• Control Integration: A microcontroller was integrated for communication with 

Unity to control the pressure and duration of the impulse. 

 

6.3.1.1  Haptic Attachment Design 

The design used the original HTC Vive controller as a foundation due to its ergonomic 

resemblance to a pistol grip, with the top ring serving as an attachment point. This setup 

leveraged the controller's built-in tracking and buttons, focusing efforts on developing the 

linear kinesthetic feedback (LFF) attachment. 

Commercial high power haptic recoil devices typically employ electromagnetic linear actuators 

that allow for precise force adjustments and nuanced haptic effects. However, these systems 

present technical design and control challenges, which would divert from the primary research 
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focus on LFF effects. Consequently, alternative solutions were explored that could offer rapid 

response and substantial impulse force without the complexities of electromagnetic systems. 

A pneumatic piston with a weighted end was selected as the most effective substitute. The 

pneumatic system provided several advantages: simpler design, easier implementation, quick 

response times, and powerful impulse forces that effectively simulated the characteristics of 

electromagnetic actuators. The system's reliability, low maintenance requirements, and 

flexibility to adjust parameters ensured precise control over force output. 

The attachment incorporated a pneumatic cylinder system that actuated a weight attached 

to the piston end, thereby increasing kinetic energy. For user safety and to prevent 

entrapment, this mechanism was housed within a cylindrical aluminium tube. A metal cap at 

the enclosure end aided in converting kinetic energy into a sharp, momentary impulse when 

the piston head collided with it. The completed device weighed 950g, comprising 470g for the 

controller and 480g for the recoil attachment, comparable to the MAG P90 VR Pistol 

controller's total weight of 500g plus the controller weight. 

An SMC Double Action Roundline Cylinder, model CD85N20-125-B, served as the pneumatic 

piston, coupled to a 5/2 electrovalve (VUVG-BK10-B52) and powered by a 24V 0.2A power 

supply. Modifications to the pneumatic components and connectors minimised airflow 

restrictions. A Bambi air compressor, models 150/500, supplied up to 8 bars of pressure. 

Airflow from the compressor to the electrovalve used 4mm diameter pipes, while 2mm 

diameter pipes connected the electrovalve to the piston. 

Control was achieved via an Arduino Nano microcontroller paired with a TIP120 transistor 

circuit, which operated the electrovalve. This configuration permitted precise regulation of 

pressure and impulse duration, allowing adjustment of various LFF levels during the user 

study. Communication with Unity was facilitated through a COM port, operating at a baud 

rate of 2000000. 

Principle of operation 

The actuator maintained the pneumatic piston in a retracted position. Upon activation, the 

piston extended under specified pressure, propelling the attached weight forward at a velocity 

dictated by this pressure. The motion caused the weight to collide with the enclosure end, 

generating an impact force directed towards the user holding the controller. A relief valve 
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restricted the piston's return to its starting position, ensuring it moved back at reduced speed 

to minimise inertia. 

The recoil haptic attachment featured the piston rigidly mounted at one end, with an end-of-

travel cap fixed at the opposite end, providing minimal elasticity. This configuration resulted 

in a brief collision time, producing significant deceleration and substantial impact force over 

a short duration. To determine the average impact force when the moving mass attached to 

the piston collided with the end cap, the impulse-momentum equation was rearranged, 

estimating a collision duration (Δt) of 1ms. 
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This model estimated impact force to range from 739.35N at 2 bars to 1478.70N at 8 bars. 

However, calculating average impact force is a simplified approach that neglects factors such 

as friction, airflow resistance, air compressibility, damping, elasticity, and time-varying forces. 

These factors affect system dynamics and user-experienced force, necessitating verification 

and testing of the actuator's actual response under controlled conditions using sensors like 

load cells to obtain accurate force measurements during operation. 

6.4  FARE-KE & VR RECOIL 

The characterization of the VR Recoil controller presented several technical challenges that 

later informed key elements of the FARE-KE framework. When designing this haptic device, 

we needed to make decisions regarding measurement approach, sensor selection, and data 

acquisition methodology. 

To validate the previously presented average force calculations and characterize the device, 

we constructed a measuring setup using V-slot linear aluminum extrusions. This design choice 

was influenced by the ready availability of materials and the previous literature review done 

on the topic. V-shape wheels that allowed the controller to move freely in a horizontal 

direction while maintaining alignment with the force sensor were used.  

For sensor selection, we evaluated the measurement requirements for characterizing 

pneumatic impact forces and selected a Phidget button load cell (0/200kg). This choice 

aligned with previous literature on ballistic impact measurement [248] and principles described 
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by Spine et al. . [171], which proved effective for measuring impulse forces on a single axis. 

The experience with this sensor type later informed our understanding of appropriate sensor 

selection based on force modality. In hindsight a beam load cell could have potentially suffice 

to perform this characterization.  

Data acquisition was accomplished using a INA125 instrumentation amplifier, with signals 

logged via a Picoscope C9000. This setup represented the available equipment at the time 

and provided high-resolution data capture capabilities that ensured accurate measurement of 

the impact force between the moving mass and the enclosure's end cap. The load cell was 

calibrated using a series of known weights, establishing a linear relationship between applied 

force and sensor output—a procedure that would be further refined in subsequent projects. 

The measuring testbench design enabled us to validate the calculated average force values 

and ensure that the pneumatically generated impact force was within a safe and desirable 

range for users. The obtained data allowed us to compare curves with existing data [199] and 

assess LFF effects against related guidelines [171]. An additional advantage of this measuring 

system was its independence from user pose or grip, ensuring accurate evaluation of haptic 

actuator performance regardless of how users held the device. 

The insights gained from this characterization process informed the subsequent user studies 

detailed in the following sections and contributed to our understanding of effective 

measurement approaches for kinesthetic haptic devices. The challenges encountered and 

solutions developed during this project would later be systematised in the FARE-KE 

framework, reflecting a progression from specific implementation to generalised methodology. 

6.4.1  Kinesthetic feedback Modelling 

To set the kinesthetic feedback levels for the user study, the measuring setup described 

previously was employed. The initial phase of the setup involved defining the actuation limits 

for operation and assessing the accuracy of the model predictions. While the model projected 

output forces of 739.35N at 2 bars and 1478.70N at 8 bars, actual measurements indicated 

substantially lower forces. At the 2-bar setting, the peak force recorded was 337.5N, lasting 

approximately 1 ms. When utilising the maximum pressure available from the compressor (8 

bars), the peak force observed was ~500N, also lasting around 1 ms. 
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These observed forces were significantly lower than the model's estimates. This discrepancy 

can largely be attributed to the limitations of the 2mm tubing used in the electrovalve circuit 

and the piston's capacity to evacuate air from the opposite end, factors which were not fully 

accounted for in the initial modelling. This underestimation highlights the importance of 

practical testing in conjunction with theoretical models to accurately gauge system 

performance under operational conditions. 

The operation of the haptic prototype did not exhibit the quasi-linear response with pressure 

variations as initially suggested by the simplified model (Figure 105 Left). To refine the 

understanding and adjust for practical user studies, we employed the measuring setup to 

identify an appropriate mid-range stimulus point between the minimum and maximum 

operational limits of the actuator. 

Consequently, a middle linear kinesthetic feedback (LFF) setting at 3 bars pressure was 

introduced, resulting in a peak force of 412N, which lies at the midpoint between the peak 

forces achieved at the other two settings. The collected data was used to compute the impulse 

for each condition; 2 bars generated a 0.028 Ns impulse, 3 bars a 0.035 Ns impulse, and 8 bars 

a 0.042 Ns impulse. For clarity in discussion and analysis, the settings corresponding to 0.8, 

0.3, and 0.2 bars are referred to as HIGH, MED, and LOW, respectively 

It is critical to note that the short duration of the measured responses as well as the high 

force values is attributable to the inelastic impact dynamics of the setup. A real user handling 

the device will introduce a more elastic response due to human factors, although the final 

impulse (i.e., the total force over time) will remain consistent across different operational 

conditions. 

Figure 104. left simplified model of the haptic prototype to estimate force impact vs Pressure. Right impulse response from our three 
calibrated settings.  
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To monitor fatigue and mitigate potential adverse effects during the experiments, each 

participant's hand grip strength was assessed. A precision digital hand dynamometer was 

designed using CAD software and produced with a MakerBot 3D printer with PLA filament. 

For accurate force measurement, the dynamometer was equipped with a Phidget 0/50 Kg 

load cell. 

The same INA125 integrated circuit (IC) amplifier used in the test bench was employed to 

amplify the signal from the load cell, ensuring consistency across the measurement systems. 

The same calibration procedure was followed for the dynamometer as had been established 

for the testbed, which allowed for reliable and comparable force measurement across different 

experimental setups. 

6.5  User Studies 

6.5.1  User Study 1: replicating shape and 
weight. 

Previous research indicates that tactile augmentation, which involves replicating an object's 

shape and weight, can enhance immersion in virtual environments. However, the added weight 

of the device used for tactile augmentation might negatively impact user experience and 

performance. This study evaluated the side effects of the LFF attachment in passive mode 

(without mechanical actuation) on user performance, compared to a standard controller. 

6.5.2  Experimental setup 

In this user study, participants wore a VR headset and performed a shooting task within a 

virtual environment. This environment consisted of an open field where users were positioned 

Figure 105.  image of the layout of the virtual environment with all the bullseye shown 
as well as the platform where the participant w. 
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on an elevated platform, enabling them to engage targets at various distances and angles (up 

to a maximum of 45 degrees). The virtual platform provided cues to assist participants in 

maintaining consistent positioning throughout the experiment. 

Participants were presented with a 3x3 grid of targets, each appearing sequentially at four 

different distances (25, 35, 45, and 55 meters from the starting point). The central target 

aligned with the user's eye level, measured at the beginning of the experiment, while 

surrounding targets were positioned 2.5 meters from the central target, with a 0.5-meter gap 

between adjacent targets. Each target appeared twice, resulting in 72 trials per condition (4 

distances x 9 targets x 2 repetitions). A 5-second countdown preceded the task, and an in-

game questionnaire was administered after each set of 72 trials for each condition. The virtual 

environment was created using Unity 2017, and participants used an HTC Vive headset. 

6.5.2.1  Method 

This initial user study assessed performance differences between two conditions: a controller 

equipped with the LFF attachment in passive mode (without pneumatic activation) and a 

standard HTC controller. A within-subjects design was adopted for the experiment, with the 

order of conditions counterbalanced among participants. During the study, participants aimed 

and fired at sequentially appearing targets, randomly positioned at various distances. Each 

target was displayed for 3 seconds, followed by a 1.5-second pause before the next target 

appeared. 

Successful hits were acknowledged with audio feedback, and a visual sphere indicating the 

ray collision point was displayed. This setup used ray-casting techniques to simulate the 

shooting mechanism, eliminating the influence of gravity on the bullet's trajectory. 

Dependent variable indicators of performance in FPS games [200] were automatically 

recorded; Time per shot (TPS) was measured as the time elapsed from the moment a target 

appeared until the participant pressed the trigger. A Boolean value, 'Hit', registered whether 

the target was struck, while hit distance (HD) quantified the distance in meters between the 

hit point and the target's centre. Following each task, participants rated their experience 

using a 7-point Likert scale on three questions designed to assess their enjoyment of the 

activity: 

• Enjoyment of the experience (Q1) 

• Perceived arm/hand fatigue (Q2) 
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• Perceived effect of the controller on aiming (Q3) 

• Preferred condition (Q4). 

Each testing session commenced with participants completing a background questionnaire to 

collect demographic data and assess prior experience with similar tasks. This was followed by 

a concise introduction to the experimental task. Participants were informed about task 

objectives, shown how to hold the controller using a two-handed grip (e.g., weaver stance), 

and instructed on using the sights for accurate target acquisition. They were told to begin 

shooting whenever ready and informed they would have only one attempt per target. 

A preliminary training task featured 36 targets at the nearest distance of 25 meters to 

familiarise participants with the shooting mechanics. Following this, participants proceeded 

to the main part of the study, which involved two experimental conditions: using the passive 

LFF attachment or a standard HTC controller. To minimise fatigue, a mandatory 5-minute 

break without the VR headset was enforced between these tasks. 

6.5.2.2  Results 

The study aimed to determine if tactile augmentation could improve immersion in virtual 

environments without negatively impacting performance. Various performance indicators 

were analysed, including accuracy (Hit Distance), time per shot (TPS), hit rate, and 

participant responses to a post-experiment questionnaire assessing enjoyment, perceived 

fatigue, and the perceived effect of the controller on aiming. 

The statistical analysis of the accuracy factor (Hit Distance, HD) indicated a similar trend 

across both conditions as depicted in Figure 107 A. The F-test yielded no significant difference 

between the two conditions ( (1,13) 1.161, 0.1)F p=  . Similarly, the time per shot (TPS) 

results, illustrated in Figure 107 B, also showed no significant variation 

Figure 106.  From left to right Distribution of Hit Distance results on metres to the centre of the target. Time per shot on seconds, % of  hit 
and miss per condition. Right boxplot shows result from Q1, Q2 and Q3 from a 0-7 Likert scale. 
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( (1,13) 0.016, 0.1)F p=  . Participant expertise did not significantly influence TPS or hit rate, 

as demonstrated in Figure 107 C. Repeating the analysis with the group segmented by 

experience confirmed the consistency of these results. 

Regarding subjective measures, the analysis of enjoyment (Question 1, Fig. 6.D) and the effect 

on aim (Question 3, Fig. 6.F) showed no significant difference between the controller 

conditions. However, the perceived fatigue (Question 2, Fig. 6.E) revealed a significant 

disparity ( 1.8823, 0.05)Z p= −  , indicating that participants using the LFF reported greater 

fatigue post-experiment. Preference data showed that 10 out of 14 participants (71.4%) 

favoured the modified controller with the LFF attachment in passive mode (Question 4). 

The findings reveal that while tactile augmentation using the LFF attachment in passive 

mode did not lead to expected improvements in performance, it did not adversely affect 

performance either. Participants using the LFF reported increased perceived fatigue, yet their 

aiming accuracy remained consistent throughout the tests, with no significant differences 

observed across various performance metrics. A majority of users demonstrated a preference 

for the passive tactile augmentation provided by the LFF, aligning with existing research that 

suggests such features can enhance user enjoyment and immersion. However, this preference 

might be influenced by the novelty of the device. Given that the passive implementation of 

the LFF did not affect performance outcomes, further investigation is necessary to determine 

if activating the LFF feature could introduce additional benefits, particularly regarding the 

impact force generated by the pneumatic system. 

6.5.3  User Study 2: Linear Kinesthetic 
feedback vs Passive 

In this second experiment, the objective was to explore the effects of incorporating active 

Linear Kinesthetic Feedback (LFF) into a controller that mimics the shape and weight of a 

real firearm on user performance. While the impact of LFF in virtual reality environments 

has been explored previously, the specific effects of integrating LFF into a controller designed 

to replicate the actual form and weight of a pistol have not been thoroughly investigated. 

6.5.3.1  Methodology 

The virtual environment and tasks were consistent with those used in the first study, with 

the exception that participants were tested under four different conditions: passive LFF 
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attachment, and three levels of active kinesthetic feedback (LOW, MED, and HIGH). Each 

condition was assessed through 72 trials, and performance was measured using the same 

variables as before: Time Per Shot (TPS) and Hit Rate. 

To ensure more uniform measurement across various target distances, the error angle (EA) 

metric was utilised instead of distance to the centre of the target, following the methodology 

outlined by Kopper et al. [253]. A full Latin square design was used to counterbalance the 

order of the conditions for all participants. 

The training and introductory procedures closely mirrored those from Study 1, with slight 

adjustments to accommodate the different feedback conditions. The questionnaire for this 

study included specific questions focusing on the effects of the active LFF: 

• (Q5) asked participants whether the action in VR matched the feedback received. 

• (Q6) asked participants to rate their enjoyment of the experience. 

• (Q7) asked participants to rate the perceived realism of the feedback. 

Additionally, a final forced-choice question (Q8) was included, where participants were asked 

to state their preferred feedback condition. To monitor physiological responses, hand grip 

strength was measured before and after each shooting block using the methodology described 

by Mathiowetz et al. [201]. This measurement was repeated eight times throughout the 

experiment, providing data to assess potential fatigue or other physiological effects on the 

participants' hands due to the various feedback conditions 

6.5.3.2  Results 

The analysis of error angle (EA) revealed minimal differences, with the largest discrepancy 

between conditions showing a mean average of 0.07 degrees (Figure 108 A). Statistical tests 

showed no significant main effects on EA ( (3,13) 1.01, 0.1)F p=  . Time per shot (TPS) and 

Figure 107.  From left to right Distribution of Hit Distance results for experiment one. Time per shot for the study 1, % of hit and miss 
per condition. Right boxplot shows result from questions 1, 2 and 3 
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hit rate, illustrated in Figure 108B and Figure 108C respectively, also remained consistent 

across conditions, without significant differences. A slight trend in TPS was observed, 

increasing from an average of 1.238 seconds (SD = 0.383s) in the LFFa condition to 1.281 

seconds (SD = 0.377s) in the HIGH condition, suggesting that higher impulse levels might 

slightly slow down shooting times. However, hand grip strength measurements showed no 

significant variations across conditions. 

Question 6 results indicated a significant difference ( 0.005)p   between the three LFF 

conditions and the passive attachment, suggesting that temporal delays in feedback did not 

affect perception adversely. Delays between trigger action and the receipt of LFF are known 

to potentially impact the sense of agency [255], [256], but the force magnitude (LOW, MED, 

HIGH) did not significantly affect participants' perceptions, as indicated by non-significant 

differences in paired tests. This finding implies that while some level of LFF can enhance the 

perception of action-consequence matching, the specific force level does not critically alter 

this perception. Participant enjoyment (Q7) and perceived realism (Q8) analyses also showed 

statistical differences ( 0.01)p  , with higher ratings for conditions involving LFF, according 

to paired analysis. This underscores that LFF can significantly enhance the user experience. 

Finally, responses to the forced-choice question (Q9) suggest that high levels of LFF are not 

necessary for positive user experience, with six participants preferring the LOW condition, 

three preferring MED, and only two favouring the highest LFFa setting. This preference 

distribution indicates that the benefits of tactile augmentation may not require high forces of 

LFF to be perceived effectively. 

In conclusion, incorporating LFF into a controller that mimics the shape and weight of a real 

firearm can enhance user performance, enjoyment, and realism. However, the specific level of 

LFF does not seem relevant, as lower levels were preferred, indicating that high forces of LFF 

may not be necessary to realize the desired benefits of tactile augmentation. 

6.5.4  User Study 3: Assessing the Impact of 
Kinesthetic Feedback Levels 

The aim of this experiment was to explore potential carryover effects and changes in 

participants' learning curves. The experiment's design was tailored to progressively increase 

difficulty based on each participant's skill level to determine the maximum distance they 
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could accurately target under each condition. The virtual environment and hardware setup 

were maintained consistently with previous studies, with modifications only to the 

experimental method. 

6.5.4.1  Methodology 

To assess the impact of Linear Kinesthetic Feedback (LFF) on user performance, the target 

presentation within the virtual environment was adjusted using a staircase design. Targets 

initially appeared at a distance of 25 meters from the participant, a starting point based on 

the high hit rate (96%) observed at this distance in Study 1, ensuring accessibility for all skill 

levels. If a target was missed at this initial position, the distance was reduced to a minimum 

of 8 meters to accommodate varying skill levels. 

A "three up, one down" rule was implemented for adjusting target distances, where hitting 

three consecutive targets prompted an increase in difficulty by moving the next target 4 

meters farther. Conversely, a single missed target resulted in a distance decrease. This 

adaptive design aimed to push participants to their skill limits, with the maximum distance 

constrained only by their abilities. The current distance was continuously displayed in the 

top right corner of the virtual environment to motivate optimal performance [202]. A pilot 

study with 4 participants determined the most challenging and feasible distance increments 

within the task duration for skilled participants. 

As in previous experiments, four conditions (LFF attachment, LOW, MED, HIGH) were 

tested with 72 trials per condition, resulting in a final set of 72 distances (d1-d72). The 

experiment was introduced at the beginning and participants' hand grip was measured before 

and after each condition. No questionnaires were included in this study. Hand grip forces were 

measured, but their analysis confirmed previous experiment results and will not be discussed 

further. 



 

 

198 

 

6.5.4.2  Results 

The results of User Study 3 were analysed using linear regression to understand the impact 

of Linear Kinesthetic Feedback (LFF) on user performance across different levels of feedback 

intensity. The regression model plotted the normalised shooting distance against the number 

of shots taken, effectively quantifying how users adapted to increasing distances based on the 

kinesthetic feedback provided. 

Figure 107 illustrates the linear regression outcomes for the four feedback conditions, with 

each curve showing the rate at which participants' performance changed with distance. A 

higher slope indicates a quicker adjustment to the shooting task, representing a faster learning 

curve. The fitting of each model was robust, with a coefficient of determination (R²) 

consistently above 0.93, suggesting that the models accurately explained the variation in user 

performance. The table below outlines the coefficients of the models for each feedback 

condition: 

• HIGH: Displayed the steepest slope, indicating participants reached their 

maximum skill level more rapidly than in other conditions. 

• MEDIUM and LOW: Showed moderate learning curves. 

• PASSIVE: Exhibited the gentlest slope, suggesting slower adaptation to distance 

increases. 

A Friedman test comparing the effects of different LFF levels on the mean normalised 

distances (from d1 to d72) revealed significant differences. The passive (PA) condition was 

notably less effective than both the LOW/MED ( 0.05)p   and the HIGH ( 0.001)p   

settings. These findings suggest that LFF assists users in reaching their peak performance 

more swiftly than passive feedback, particularly at higher feedback intensities. 

Figure 108.  Linear model regression for the 4 conditions and r-square value, shows the models obtained and the fitting model for each. 
The X axis represents the normalized distance from 0 to 10 while the Y axis represents the number of shots taken.  
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Despite observable performance improvements, physiological measurements of hand grip 

strength showed no significant variations across conditions, indicating that the observed 

learning enhancements were not due to physical fatigue or strain. 

6.6  Conclusions 

This study explored the effects of shape, weight, and Low-Frequency Feedback (LFF) on 3D 

shooting tasks within virtual reality (VR) first-person shooter (FPS) games. Results and 

recommendations apply to devices with similar properties such as weight, impulse response, 

and peak forces. Key insights and recommendations derived from the research: 

• Enhanced Learning with Physical Properties: Incorporating shape and weight 

analogous to conventional FPS controllers improved the learning curve. The 

integration of LFF enabled participants to achieve their maximum target distance 

skills more efficiently, underscoring LFF's role in facilitating task learning. 

• Subjective Experience and Immediate Performance: While LFF did not directly 

affect immediate aiming outcomes such as hit rates and shooting time, replicating 

realistic gun properties (shape, weight, LFF) significantly influenced users' 

subjective experiences during the tasks. 

• Physical Exertion and Fatigue: Hand grip strength tests showed no significant 

differences across different conditions, indicating that the LFF levels employed 

did not lead to notable fatigue. This contradicted expectations considering the 

experiment's length and the subjective fatigue reported by participants, especially 

in comparison with the standard 550g controller. 

• Participant Disposition towards LFF: A minority of the participants (three out 

of forty-two) expressed a dislike for LFF, citing a general disinterest in shooting 

games. This preference might stem from anticipated reactions or individual 

biases. 

• Perceptions of Realism and Feedback Levels: Post-experiment feedback indicated 

that many participants likened the sensation of LFF to using an airsoft gun. The 

consensus was that lower levels of LFF were sufficient to mimic real actions, and 

higher levels did not necessarily enhance realism or engagement. 

• Implications for VR Controller Design:  Impulse responses and peak forces did 

not detract from performance inform future VR controller designs in FPS gaming 
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and eGames. Future designs should isolate feedback mechanisms from sensitive 

tracking components like accelerometers to avoid adverse effects such as tracking 

drift. 

• Design Comparisons and Limitations: The controller was designed to mimic 

commercially available VR controllers. However, notable differences include 

weight distribution, recoil force, trigger quality, materials, and grip shape. While 

these factors were not the focus, these variances can influence realism and user 

experience. 

This study offers important insights for VR controller development, particularly for FPS 

gaming and eGames. By accurately replicating the shape and weight of real pistol controllers 

and judiciously applying LFF, user experience and learning outcomes are enhanced while 

better meeting individual preferences. Future designs should balance realism and user comfort 

while considering the limitations in replicating real pistol controllers. 
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7  Proxy Touch 

This chapter presents the initial steps towards developing a retargeting approach that 

capitalises on visual dominance over tactile and proprioceptive cues to create the illusion of 

pinching a virtual object between the user's fingers in Virtual Reality (VR). By leveraging 

the robust visual dominance in VR environments [203], [204], [205], this study investigates 

mutual finger contact during pinch gestures as a means of providing haptic feedback. 

The main objective is to explore whether the sense of agency effect can be measured for pinch 

interactions using a modified version of the Force Matching Paradigm (FMP). The FMP 

measures Somatosensory Attenuation (SA), a psychological effect where the perceived 

strength of a tactile sensation reduces when the brain identifies the sensation as self-produced 

rather than external. 

The research employs an experimental setup with a modified force-matching device to 

investigate the SA effect in pinch interactions. The results confirm the existence of SA in 

pinch interactions and demonstrate that the central comparator mechanism responsible for 

attenuating predictable self-generated tactile signals extends beyond bimanual interactions. 

The FARE-KE framework guides the characterisation process of the force-matching device. 

The principles and methodologies outlined in the framework adapt to investigate the 

psychophysical aspects of haptic perception, ensuring accurate measurement of force profiles 

during user studies. 

The findings represent the first step towards a full implementation of a self-touch haptic 

illusion that requires no external proxies, utilising the participant's body to recreate haptic 

sensations within a virtual environment. 

Figure 109.  (a) Hand gesture during knob interaction in virtual space. (b) Real hand gesture in real space. (c) Retargeting representation 
from virtual to real space the user perceives an object pin. 
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7.1  Introduction 

Previous approaches to provide haptic feedback in VR have avoided self-touch for object 

gripping. Most common methods employ mechanical or electrical systems creating a gap 

between index and thumb fingers for kinesthetic feedback [68], [206], or utilised cutaneous 

feedback [207], [208] to provide tactile sensations on the skin. 

This chapter presents a novel retargeting approach capitalising on visual dominance over 

tactile and proprioceptive cues. Although Ban et al. previously suggested this approach in an 

augmented reality setting [209], the feasibility of users perceiving touch on a virtual object 

rather than their own fingers remains unestablished.  

The results of this study confirm the SA effect in pinch interactions and demonstrate that 

the central comparator mechanism responsible for attenuating predictable self-generated 

tactile signals extends beyond bimanual interactions. These findings represent the first step 

towards a self-touch haptic illusion without external proxies. Moreover, the future work 

outlined sets the stage for designing a user study incorporating finger redirection techniques 

to further validate this novel haptic approach in virtual environments. 

7.2  Related Work 

7.2.1  Technologies for Kinesthetic feedback in 
VR 

The main methods for delivering haptic feedback in virtual environments include kinesthetic 

[70] and tactile approaches [ref], with some systems using both [ref]. Haptic interfaces are 

typically controlled through devices like controllers, but there are also specialised devices like 

exo-gloves [210] and wearables for fingers [154], [211], [212], [213] that provide haptic 

sensations. 

Recent research has explored controllers that dynamically change to influence weight 

perception [40], offer multiple interfaces to the user [181], or have shape-changing features to 

engage the user’s fingertips [34], [207]. Many controllers designed for grasping tasks [36], [38], 

[214], [215] require the user to hold the controller, which limits free hand movement. 

Exo-gloves enhance haptic interaction by freeing the user from having to hold a device, 

providing a more unencumbered and natural experience. These devices are divided into two 

main categories: passive and active. Passive exo-gloves use mechanical [ref], electrical [68], or 
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pneumatic jamming [216] to restrict movement by employing various forms of resistance 

mechanisms like brakes or jams, anchored to the user's body. Active exo-gloves, on the other 

hand, not only restrict movement but also feature sophisticated closed-loop control systems. 

These systems measure the force exerted by the user and dynamically adjust to offer a more 

realistic manipulation of virtual objects. While exo-gloves are promising for their immersive 

capabilities, they also come with challenges such as bulkiness and the high costs associated 

with their complex electromechanical systems. 

A less intrusive method for delivering haptic feedback utilises finger interfaces, which mimic 

the sensation of handling an object by creating fingertip indentations that replicate pressure 

[207], [213], [217], [218], [219]. Other techniques include providing asymmetric vibrotactile 

stimuli to the fingers to simulate virtual forces or textures  [101], [179]. Additionally, methods 

involving heat [220] and electro-stimulation [221] have been developed to enhance the 

capabilities of finger interfaces. While these interfaces are less cumbersome than exo-gloves, 

they still involve some equipment that can restrict finger movement, potentially reducing the 

sense of immersion. 

Until now, using self-touch to provide haptic feedback in virtual reality (VR) environments 

has not been explored. The closest related work is the AirHaptics technique introduced by 

Ban et al. [209], which began to explore a similar idea. In their approach, a video see-through 

method allows the user’s fingers to visually correspond with the surface of a virtual object 

when they touch each other. However, their study focused on the user's ability to judge the 

size of virtual objects (visual task) and did not explore the psychophysical impact of this 

illusion. This thesis aims to fill this gap by evaluating the potential of self-touch as a method 

for delivering haptic feedback in VR. 

7.2.2  Techniques exploiting visual dominance 
in VR. 

As Debarba et al. put it, "a better understanding of the limits of human perception can lead 

to new avenues for effective VR interaction" [222]. Essentially, by deepening the 

understanding of human perception, we can develop methods that use less physical technology 

yet still facilitate effective interaction in VR environments. This strategy stands in contrast 

to traditional methods that rely on specialised haptic technology for delivering feedback in 

VR. 
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The dominance of visual input in VR environments is well-documented, particularly when 

multiple sensory channels provide conflicting information, leading the brain to prioritize visual 

data. Research in VR interaction has shown that visual stimuli can influence how we perceive 

our own motor actions. This means that differences between what we see and what we do can 

affect both movement and tactile sensations, underscoring the predominance of visual 

feedback over proprioceptive senses [204]. This principle of visual dominance has been 

successfully leveraged to enhance VR experiences through redirection techniques. These 

methods subtly adjust the user's physical movements to create convincing perceptual illusions. 

Redirection techniques that utilise visual dominance have been integrated into various VR 

interactions, including walking [223], [224], [225], [226], arm and hand movements [227], and 

object manipulation [205], [228]. These methods involve subtle translational or rotational 

adjustments or the use of distractors to create the illusion that the user is moving through a 

large virtual space while confined to a smaller physical area. Additionally, these techniques 

have been used to simulate the sensations of grasping [228] and interacting with diverse 

objects [205], as well as perceiving different shapes [229], complex geometries [230], textures 

[231], and weights [232], all within a simplified physical setup compared to electromechanically 

actuated technologies. 

The proposed approach leverages visual dominance to reduce the complexity of the physical 

setup required for haptic feedback in VR. Unlike previous studies, this method has not been 

explored in the context of pinch interactions or using the user's own body as a passive prop. 

The approach was evaluated by analysing the psychophysical responses typically observed 

during self-touch and non-self-touch scenarios. 

7.2.3   Somatosensory Attenuation 

This study investigates the application of Somatosensory Attenuation (SA) as a 

psychophysical measure of subjective touch experiences. The goal is to assess whether SA can 

distinguish between the perception of touching an external object and the sensation of 

touching oneself 
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Somatosensory Attenuation refers to the reduction of tactile sensations experienced during 

self-touch [233], [234]. This phenomenon is thought to serve as a protective mechanism, 

allowing the central nervous system to differentiate between self-generated signals and 

potentially harmful external inputs [235]. For example, when one touches their own arm, the 

sensation is generally milder compared to the touch delivered by another person or an object. 

This effect is believed to be due to the brain’s prediction of self-generated contact, which 

reduces the intensity of the anticipated sensation [236], [237], [238]. This mechanism helps 

explain phenomena such as why individuals cannot tickle themselves [239]. Although this 

effect has been well-documented in psychological studies, its potential applications in Human-

Computer Interaction (HCI) have yet to be fully explored. 

7.2.3.1  The Force Matching Paradigm 

The Force Matching Paradigm (FMP) is a widely used psychophysical method for quantifying 

Somatosensory Attenuation (SA) [240], [241], [242], [243]. The FMP involves applying a 

constant force to a subject's relaxed left index finger using a motor actuator (Figure 111a). 

The subject replicates this force with their right index finger on a force sensor positioned 

directly above (but not touching) the left index finger (Figure 111b). Subsequently, the user 

applies a matching force on a sensor placed at a distance from the hand (Figure 111c). The 

"attenuation index" is calculated as the percentage by which the matched force exceeds the 

presented force (Figure 111d, red line). This attenuation significantly reduces (Figure 111d, 

green line) when the matching force is applied from a distance, as self-touch is unlikely under 

this conditions. This effect relies on visual information, as actual skin contact is unnecessary 

to produce the self-touch conditions; rather, the position and distance between the fingers 

Figure 110.  Depiction of the Force Matching Paradigm. (a) Presented Force, characterized by constant forces applied to the subject's left  
index finger using a motor actuator. (b) Matching Force produced by the subject's right index finger pressing a sensor direct ly above the 
left index finger (0 cm), which controls the force output on the opposing finger. (c) Matching Force generated by the subject 's right index 
finger pressing a sensor positioned 25 cm away from their left index finger, controlling the force output on the opposite finger. (d) 
Attenuation index calculated as the difference between matched force and presented force.  
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creates this effect. This attenuation has also been observed using a rubber fake hand to create 

visuomotor conflicts that affect the sense of body ownership [235]. 

Hence, it is technically feasible to create visually induced conditions that create perceptions 

of self-touch and non-self-touch based on the distance between the index fingers and the point 

of contact. For example, if the right and left index fingers are separated by 25cm (indicating 

unlikely self-touch), but a fake hand visually suggests that the fingers are on top of each 

other, an illusion of self-touch can be created, leading to increased SA. Conversely, if the right 

and left index fingers are directly touching each other (actual self-touch), but a fake hand 

visually suggests that the fingers are 25cm apart, an illusion of non-self-touch can be created, 

leading to decreased SA [235]. 

Previous studies have shown that visual information can significantly impact physiological 

responses, to the extent that a discrepancy between observed and actual hand positions can 

lead to the perception of "alien actions" as one’s own [204]. This study explores this effect 

further by examining the use of haptic feedback for pinch interactions employing self-touch 

in virtual reality (VR) and retargeting techniques. To adapt the Force Matching Paradigm 

(FMP) for pinch interactions, we noted several differences from the traditional setup. Prior 

research in this area indicates: 

• The internal forward models that predict and mitigate sensory outcomes of 

movements is based on bimanual interactions involving both index fingers. 

• The modulation of Somatosensory Attenuation (SA) is influenced by a defined 

distance between the hands, with distances such as 25 cm used to indicate non-

self-touch and 0 cm to represent actual self-touch [235]. 

• This specified distance alone is enough to distinguish between self-touch and non-

self-touch, showing that actual skin contact is not required for this differentiation. 

In the experimental setup, the matched force is generated by pressing a sensor 

positioned directly above (but not touching) the left index finger, as depicted in 

Figure 2b. 

To examine the effect of SA in pinch interactions, it is necessary to determine if SA is 

observable under the following conditions: (i) the matched force is generated by the same 

hand, using the index and thumb fingers, (ii) the distance between the fingers is less evident, 

about 5 cm, set by a physical object positioned between the fingers, and (iii) actual skin 
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contact occurs between the fingers, as opposed to a scenario where no skin contact occurs 

(i.e., a physical proxy is placed between the fingers). In the subsequent section, a user 

evaluation is conducted to investigate these three aspects.  

7.3  FARE-KE & Force Measuring Setup   

The development of the force measurement system for the Proxy-Touch project presented 

unique challenges that contributed to understanding of precise force measurement, informing 

several aspects of the FARE-KE framework. 

When designing this experimental setup, the initial consideration was selecting an appropriate 

force sensor. While force sensing resistors (FSRs) offered a thin profile, our early explorations 

with these sensors revealed significant inconsistencies in readings due to variations in finger 

size and pressure application techniques across participants. Additionally, introducing an 

extra layer between skin contact points would have potentially biased the somatosensory 

attenuation measurements, a critical variable in our experiment. These limitations led us to 

explore more precise measurement alternatives. 

We ultimately selected a Honeywell model FSG15N1A button load cell due to its compact 

size, higher precision. This decision reflected our growing understanding of sensor selection 

Figure 111.  Device used for the Force Matching Paradigm. 
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based on measurement context rather than merely technical specifications—a principle that 

would later become central to the framework. 

For signal conditioning and data acquisition, we employed an HX711 amplifier connected to 

an Arduino Nano microcontroller. This represented our first experience with this digital 

amplifiers, revealing their 80 SPS sampling rate limitation. While sufficient for this particular 

experiment where participants maintained consistent pressure for periods of seconds, this 

limitation informed our later understanding of sampling rate requirements for different haptic 

modalities. The implementation also required optimising microcontroller code to maximise 

effective sampling rate and data transmission, challenges that directly informed the 

framework's data acquisition recommendations and provided implementations of the DAQ. 

The experimental setup incorporated wrist and forearm supports to maintain consistent hand 

positioning and alignment between the force vector and sensor, reducing measurement 

variability. This experience highlighted the importance of mechanical stability in force 

measurement setups (particularly for human-subject experiments) and influenced the 

framework's emphasis on proper alignment and support structures. 

Signal processing included implementing a 10Hz Butterworth Lowpass Filter to eliminate 

high-frequency noise, a technique adapted from our literature review. This approach to 

filtering became a standard recommendation in the framework, particularly for measurements 

involving residual vibration elements. 

Drawing inspiration from Kilteni et al. [235], we designed a closed-loop feedback system with 

a motor-controlled lever that could apply controlled forces to participants' fingers. 

Significantly, we implemented a fully integrated control system where a single microcontroller 

managed lever activation, visual cue presentation, and force data acquisition. This unified 

approach enabled precise synchronisation between stimulus presentation and measurement, 

allowing us to account for system latency and accurately correlate applied forces with 

participant responses. This integration of timing-critical functions within a single control 

system later influenced the framework's recommendations for data acquisition and 

experimental control. 

 



 

 

209 

 

7.4  Proxy-Touch SA Evaluation 

In this section, we explore the possibility of using mutual contact between the index and 

thumb fingers to simulate the sensation of holding (pinching) an object, focusing on the 

implications for Somatosensory Attenuation (SA). We begin by detailing the adaptation of 

the setup for the Force Matching Paradigm, enabling the assessment of SA in pinch 

interactions. We then present a study validating the occurrence of the SA effect in pinch 

interactions, not only between different hands. 

7.4.1  Experiment Design and Testing 
Procedure 

In this study, we utilised a modified force-matching setup, as described in the previous section, 

to assess whether Somatosensory Attenuation (SA) occurs in pinch interactions. The 

experimental method was adapted from the procedures outlined in [235]. 

Participants were instructed to sit in front of the setup and place their dominant hand on the 

measuring device, which was adjusted for each participant to ensure comfort before beginning 

the experiment. In each trial, the setup initially exerted a Presented Force on the participant's 

relaxed thumb for 3 seconds (see Figure a). In the self-touch condition, the lever was promptly 

removed after presenting the force, allowing direct skin contact. Conversely, in the proxy-

touch condition, the DC motor was disengaged, leaving the lever above the thumb without 

exerting any force, thus enabling participants to attempt to replicate the force without 

additional assistance from the lever. After the force presentation, a red light signalled 

participants to replicate the Presented Force using their index finger. The Matched Force was 

either directly applied by the participant’s index finger in the self-touch condition or indirectly 

through pressing a 5 cm physical proxy placed between their fingers in the proxy-touch 

condition. 

Participants were given 3 seconds, indicated by a blinking green light, to match the force in 

each trial. To ensure accuracy in the analysis, the average force was calculated during a 

specific time window from 1.5 to 2 seconds to exclude the initial period of force adjustment. 

The setup, including the presence or absence of proxy objects, was always visible to 

participants. Each participant underwent trials involving six different Presented Forces (1 N, 

1.5 N, 2 N, 2.5 N, 3 N, and 3.5 N), presented seven times in a counterbalanced order, totalling 

84 trials per participant. The entire experiment lasted approximately 40 minutes. 
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7.4.2  Participants 

The study included 18 right-handed participants (5 females, mean age = 28 years old, SD = 

4.39) with normal or corrected-to-normal vision and no hand or finger impairments. The local 

ethics committee approved this research, and participants received no compensation for their 

involvement. 

7.4.3  Results 

As we review the results of our study, we investigate the connection between the forces 

generated by the participants (Matched Force) and those applied externally by the lever 

(Presented Force). Figure d includes a dotted line indicating the ideal scenario where the 

Matched Force perfectly aligns with the Presented Force. If the actual force applied by 

participants exceeds this line, it indicates an attenuation effect, demonstrating that 

participants apply more force in the self-touch condition (self-related signals) compared to 

when an object is between their fingers (non-self-related signals). To further analyse the 

attenuation effect, Figure e shows the average difference between the Matched Forces and 

the Presented Forces across each experimental condition. 
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We applied the Shapiro-Wilk test to determine the normality of the data and found a non-

normal distribution, prompting the use of non-parametric tests for further analysis. To 

compare the Matched Forces and attenuation indices under two different conditions (self-

touch and proxy-touch), we conducted a Wilcoxon Signed-Ranks Test. The results indicated 

that the Matched Force was statistically significantly stronger during the self-touch condition 

than during the proxy-touch condition ( 4.07, 0.001)Z p= −  . Figure 31d displays the mean 

values of Matched Forces relative to Presented Forces, illustrating a greater attenuation when 

participants matched the forces without an object between their fingers. Further analysis 

using the Wilcoxon Signed-Ranks Test on the mean attenuation index showed that the 

attenuation index in the self-touch condition was statistically significantly higher than in the 

proxy-touch condition ( 3.74, 0.001)Z p= −  . Figure e presents the mean values of 

attenuation.In prior research, the Wilcoxon Signed-Ranks Test has often been utilised for 

Figure 112. (a) Presented Force applied by a lever (1N, 1.5N, 2N, 2.5N, 3N, 3.5N) on participants fixed thumb. (b) Direct Matching Force 
applied by participants’ index finger (skin contact). (c) Indirect Matching Force applied by the index finger with a physical proxy in 
between (5cm). In both b and c, the setup was either visible (directly in front) or not visible (from top view) by participants. (d) Plot for 
comparison of Presented Vs Matching Forces. (e) Mean attenuation Matched Force - Presented Force.  
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analysing non-parametric data associated with the Force Matching Paradigm (FMP) as 

referenced in [235]. Consistent with this approach, in the study, we used the Standard Error 

of Mean (SEM) to depict error bars in the plots when comparing experimental conditions 

with controls, adhering to Rule 4 specified in [244].  

7.5  Conclusions 

The results align with those of Kilteni et al. (2017), showing a more pronounced 

Somatosensory Attenuation (SA) effect when participants pressed against their own skin 

rather than against a physical proxy (see Figures d and e). Participants consistently applied 

stronger forces in the self-touch condition across all presented forces (1N, 1.5N, 2N, 2.5N, 3N, 

and 3.5N) compared to the proxy-touch condition. As depicted in Figure d, participants 

achieved higher accuracy in matching forces greater than 2.5N in the proxy-touch condition 

(green line), suggesting stronger forces were more readily discernible. However, in the self-

touch condition (red line), more pronounced differences were observed between the presented 

and matched forces. 

The modulation of the SA effect is affected by the distance between the fingers, as established 

by a physical object. Unlike previous studies utilising the Force Matching Paradigm (FMP) 

that typically did not involve actual skin contact, these results demonstrate that the distance 

between the fingers suffices to trigger the SA effect. Furthermore, when comparing matched 

forces with and without direct skin contact, variations in the SA effect were noted, thus 

supporting earlier research in this area. 

7.5.1  Future work 

This research establishes the foundation for a novel haptic technique integrating redirection 

strategies with self-touch, facilitating haptic illusions for virtual reality (VR) users without 

additional mechanical or proxy elements. Building on these findings, the next phase will 

involve designing and implementing a user study utilising a finger redirection technique 

termed "self-proxy." This method leverages visual cues to create the illusion that users are 

pinching a virtual object when their fingers contact one another. 

The planned VR study aims to assess the level of sensory attenuation between the self-proxy 

condition and the conventional self-touch condition. The objective is to establish that the self-

proxy method in VR can induce an SA response comparable to physically interacting with a 
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real object, confirming the efficacy of this innovative haptic approach. Ultimately, this work 

aims to enhance understanding of the SA effect within self-touch haptic techniques and 

contribute to developing more immersive and realistic VR experiences that integrate haptic 

feedback without extensive hardware or external devices. 
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8  HapticWhirl 
Most haptic actuators currently available generate a single type of stimulus, restricting 

kinesthetic haptic controllers' ability to provide varied feedback. HapticWhirl addresses this 

limitation as an untethered VR controller delivering torque feedback and supporting a 

spectrum of haptic effects including collisions, vibrations, high-impact torque, and viscous 

kinesthetic feedback. The design features a flywheel generating moment of inertia, encased 

within a two-axis gimbal with slip rings enabling unrestricted rotations. The gimbal design 

allows flywheel position adjustment, modifying torque orientation and ensuring continuous 

rotation. A mechanical brake enables precise flywheel speed control, either slowed gradually 

to reduce gyroscope-related effects or stopped abruptly to create impact forces. By 

amalgamating these effects, the controller enriches the tactile dimension of VR environments. 

This study evaluated a HapticWhirl prototype, focusing on modelling operational dynamics 

and torque output characteristics. The findings indicate potential to improve simulation of 

virtual object interactions and inertia effects in VR environments. This chapter details the 

design, implementation, and characterisation of the device. 

Controllers generating torque at a distance from the hand present significant characterisation 

challenges, typically requiring 6-axis load cells difficult to access and implement. This chapter 

explores alternative methods for characterising these advanced devices. 

The FARE-KE framework guides the characterisation process of the HapticWhirl controller. 

The framework enables accurate measurement of complex force and torque outputs. This 

chapter highlights connections to key elements of the framework, demonstrating its 

application to devices with multiple degrees of freedom and intricate actuation mechanisms. 

8.1  Introduction 

VR technology has advanced significantly toward lightweight, portable wearable headsets 

offering immersive virtual environments at high resolutions and refresh rates. Despite the 

pivotal role of haptic feedback in how users experience a Virtual Environment (VE), haptic 

controllers have not experienced a similar advancement. This lag stems from the limitation 

that most actuators generate only a single haptic modality, restricting the expressiveness and 

depth of tactile experiences they can deliver. 
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Kinesthetic haptics presents significant challenges, with limited integration into commercial 

consumer devices [245], [246]. This limitation stems from designing haptic devices for specific 

use cases, resulting in lack of broader applicability. These challenges become more pronounced 

for hand-held interfaces, which are naturally suited for untethered VR experiences but require 

more sophisticated feedback mechanisms. 

A common challenge across various haptic devices is their ability to produce only a single 

haptic modality. Controllers like CLAW [250] and CapstanCrunch [247] deliver controllable 

stiffness during pinching interactions, while Thor's Hammer [248] and Aero- plane [249] use 

propellers to generate forces and torques. Active force feedback exogloves such as CyberGrasp 

[250] and Dexmo [251] limit user movements to simulate collisions through mechanical links 

or Bowden cables. Hand-held devices with indirect actuation, including Shifty [252], 

Transcalibur [253], and Drag:on [254], provide feedback based on controller inertia but are 

limited to specific modalities. These examples highlight how existing haptic controllers 

produce a singular type of haptic stimulus, limiting the variety of haptic experiences offered. 

This chapter introduces HapticWhirl: an untethered handheld device utilising a flywheel-

based system capable of delivering multiple haptic effects through a single actuator. The 

device generates five distinct haptic modalities: 

1. Torque Feedback: Direct forces created through controlled gimbal orientation changes 

2. Impact Simulation: High-magnitude forces generated through rapid flywheel braking 

3. Vibration Feedback: Low-frequency, high-amplitude vibrations created through 

oscillatory gimbal movements 

4. Inertial Effects: Sensations of weight and resistance through controlled transparency 

delay 

5. Whirl Effects: Complex rotational forces created through continuous rotational 

precession 

The flywheel system operates within two 360-degree gimbals, allowing precise orientation in 

any direction at various speeds. Additionally, a clamp brake enables sudden stopping of the 

flywheel, enhancing the dynamic range of haptic feedback and creating impact sensations not 

possible with gimbal actuation alone. 

This chapter provides a comprehensive account of the device's design, implementation, and 

characterisation, establishing groundwork for future exploration. The investigation includes 
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integration within virtual environments and potential applications in force simulation, 

vibration recreation, and impact effects. Measurements of output torque, vibrations created 

using the brake, and vibrations generated by the inner flywheel validate the effectiveness of 

the proposed solution. The device follows open source and open hardware principles, enabling 

construction by anyone interested in haptic interfaces experimentation [255]. 

The following sections provide detailed exploration of the device's design and characterisation. 

In response to constraints of existing haptic technologies, this work introduces a novel 

approach to multi-modal haptic feedback. The contributions include: 

1. A design and implementation approach for a haptic controller delivering various haptic 

effects, enhancing the tactile dimension of VR environments and improving user 

immersion. 

2. Detailed analysis of flywheel and gimbal combination operation and control, supporting 

further device development. 

3. Thorough characterisation of the proposed device, supported by extensive measurements 

of controller output torque and vibrations, validating the solution's effectiveness. 

8.2  Related Work 

This section discusses related work on gyroscope feedback devices and force feedback 

implementations for VR.. 

8.2.1  Torque Gyroscope Feedback Devices 

Inertia can be generated with the angular momentum of a flywheel spinning at high speed. 

Changes in speed or adjustments to the rotation axis orientation create an output force 

orthogonal to the plane of the flywheel. The direction of the output torque depends on the 

wheel’s rotational direction and its re-orientation angle and speed. The device developed by 

Yano et al. offers two degrees of freedom and has been evaluated for object detection, 

guidance, and enhancing the user’s sense of movement [256]. Recent studies have further 

investigated various applications of the gyro effect, demonstrating how the output torque can 

induce a wrist twist during arm swings [257].  

Altering the flywheel speed to create output torque around the axis of rotation has been 

explored as a means of delivering directional cues. GyroCube [258], [259] presents a method 

using three individual flywheels arranged in a hand-held cube. Directional force feedback can 
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be experienced by sequentially switching one actuator at a time. Some studies explored adding 

a mechanical brake to the flywheel to generate directional force feedback on wearable devices 

for directional guidance [260], [261]. Other examples use multiple gyros to counteract 

undesired torque effects when returning the gyro to the home position [262], [263]. The results 

from Amemiya et al. [260] suggest that an angular velocity change with sudden-start profile 

is more effective compared to sudden-stops.  

For mobile applications,  TorqueScreen [264] and GyroTab [265] provide force feedback for 

tablet devices. GyroTab uses a flywheel to provide torque feedback reactive to the user’s 

movements, while the flywheel that is added to TorqueScreen can impose angular momentum 

on the tablet without user movement by rotating over one axis. A handheld controller 

developed by Winfree et al. [266] integrated the flywheel in a two-degree-of-freedom cage 

similar to the design from Yano et al. [256], but with improved control design. They provided 

thorough evaluation of the torque generated with the device and in-depth operation. Building 

on their work, this research explores how such forces can be applied in VR, evaluating the 

torque generated by the device and the impact of the mechanical brake. 

Gyroscope designs focusing on VR interactions include GyroVR  [267], which explored head 

and body worn flywheels to support motions like flying, diving or floating. Recent work 

explored how feedback created by a flywheel can correct posture of a golf club while swinging 

it using a single pivot axis point for the flywheel [268]. 

These devices typically employ the gyroscopic effect in a singular modality. HapticWhirl 

diverges by exploring multiple modalities through control of the flywheel and its orientation. 

This approach enables a broader spectrum of haptic experiences in VR, ranging from inertia 

simulation to directional feedback, expanding potential applications and user experiences 

within virtual environments. 

8.2.2  Haptic Interfaces for VR 
8.2.2.1  Motor Actuated Devices 

For immersion in virtual environments, force feedback has been implemented to mimic 

different kinaesthetic experiences. Head mounted attachments like FacePush [269],  use servo 

motors attached to the VR headset to generate push and pull forces. Thor's Hammer [248] 

uses propellers to induce ungrounded force feedback in a handheld haptic device, combining 
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six propellers to generate force feedback in three dimensions. With the strong and continuous 

force feedback generated, interactions like moving an object through water or simulating 

weight can be supported. The light weight of propellers makes them more suitable for VR 

applications and wearables compared to flywheels. Wind-Blaster [270] exemplifies a wrist-

worn device providing force feedback using two propellers. PaCaPa [271] offers a simple 

mechanical handheld device to make indirect interaction with handheld tools in VR more 

realistic. 

8.2.2.2  Weight Shifting 

Several studies utilise weight shifting to generate haptic experiences for VR. SWISH [272] 

reproduces the physical sensation of fluid vessels using a mechanical construction to change 

the horizontal and vertical position of a mass in a cylinder. Shifty [252] controls only the 

vertical position of a weight proxy to generate weight-shifting feedback for handheld devices. 

Cheng et al. [273] used liquid-based haptic feedback to simulate realistic weight for virtual 

objects using pumps and water tanks. Drag:on [254] adjusts its surface area to vary resistance 

when the controller is moved, simulating the weight of objects moved in VR. Transcalibur 

[253] alters its shape and centre of mass to mimic the haptic feel of different weapon-type 

controllers. 

8.2.2.3  Elastic Interfaces 

Force feedback can be generated by varying the tension of elastic bands. ElasticVR [274]  and 

ElastImpact [275] are wearable devices that generate impact forces instantly by releasing 

power stored in elastic bands in advance. The same principle applies in ElastOscillation [276] 

a device providing damped oscillation effect in 3 degrees-of-freedom. Similarly, Elastic-Arm 

[277] uses an elastic body attachment between the shoulder and user hand to provide passive 

feedback. 

8.2.2.4  Exogloves 

An alternative untethered design for limb force feedback uses the user's body as an anchor 

point for actuators. Cable driven designs such as Wireality [278] use a spring loaded cable 

system mounted on the shoulder, with cables attaching to multiple joints on the user's hand 

allowing for locking action when a collision in the VE is detected. Some exosuits [279], [280] 

use similar cable/clutch design integrating bowden cables on the suit or soft fabric creating 

motion constraints via passive actuation. Wearables with more advanced control designs [281] 
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include brushless motor actuators to the body attachment allowing for more realistic active 

force feedback effects. The controller presented in this chapter aims to provide feedback for 

continuous motion and impact by combining a flywheel that can rotate in 2 degrees-of-

freedom with a brake mechanism. 

8.2.3  Multimodal Kinaesthetic Feedback 

Handheld devices for virtual reality, while providing broad workspace and ease of use, 

typically offer single mode haptic feedback such as vibration [282]. To enhance user immersive 

experience, multimodal haptic feedback is required, often necessitating various types of 

actuators to simulate different tactile sub-modalities like force, shape, texture, shear, or 

temperature. 

NormalTouch and TextureTouch devices by Benko et al. [283] provide force feedback and 

simulate shape and texture of virtual objects using a movable platform and an array of 

actuated pins to create an experience of interacting with 3D shapes. Choi et al. [284] designed 

a device combining a gripping mechanism with asymmetric skin stretch to simulate touch, 

grasp, gravity, and inertia. It creates a sense of holding a weighty object and offers wide range 

of motion. A unidirectional brake and two voice coil actuators provide perception of 

gravitational and inertial forces. 

The Claw controller [285], another innovation by Choi et al., is a multipurpose controller 

providing haptic feedback to the index finger, simulating various textures, holding soft or 

rigid objects, and triggering a gun. Haptic Revolver [286] by Whitmire et al. simulates touch 

contact, pressure, shear forces, textures, and shapes through a rotating wheel beneath the 

user's index finger, which rises and falls to imitate contact with virtual surfaces.  

Tasbi [119]is a multimodal haptic wristband that provides radial squeeze forces around the 

wrist along with vibrotactile feedback at six discrete locations. The device uses a DC motor 

to drive the squeezing mechanism, minimising tangential forces between the band's points of 

contact with the skin. Force sensing capacitors enable closed-loop control of the squeeze force, 

while linear resonant actuators provide vibrotactile feedback. 

While many handheld devices offer a single perceptual haptic sub-modality, achieving more 

complete, immersive user experience requires different types of actuators to generate 

multimodal haptic feedback. 
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8.3  Controller Design 

This section discusses the development of HapticWhirl, a haptic device utilising a flywheel 

actuator to generate multimodal 3-DOF force feedback.  

8.3.1  Hardware Implementation 

The main actuator of HapticWhirl is a brushless motor coupled with a flywheel disk 

repurposed from a standard hard disk drive. The motor's flat package design aids in aligning 

it with the gimbal's centre of mass. The rotating disk and motor's combined weight is 96 

grams, with the disk having a diameter of 95mm. Motor speed is regulated by a generic 30A 

electronic speed controller (ESC), enabling rotational speeds up to 12,000 RPM. 

The key mechanism for generating torque involves changing the orientation of the spinning 

flywheel. The disk/motor assembly is mounted on a mechanically actuated spherical gimbal 

frame, offering two degrees of rotation. When the controller is held vertically in its rest 

position, the disk remains horizontally oriented. The gimbal mechanisms are driven by 

Maxwell 110147 DC motors through a pulley system, achieving gear ratios of 10:1 for yaw 

rotation and 11.5:1 for pitch. This setup amplifies the motor's output torque while 

maintaining rotational speed up to approximately 10.45 rad/s. A compact PCB featuring a 

12-bit resolution digital encoder (AS5047) is positioned opposite the capstan pulley equipped 

with a magnet. Direction and speed of the gimbal motors are controlled using an H-bridge 

controller (LN298). The gimbals can rotate over 360 degrees with slip rings installed on both 

axes. The motors for each axis utilise 3D-printed Miniature Extra Light (MXL) belts made 

Figure 113. The physical components of the HapticWhirl controller. Blue color is used to highlight the 
components that from part of the Z axis gimbal, green for the Y axis and yellow for all the components of the 
braking mechanism.  
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from Ninjaflex 95A material and MXL gears printed using PLA, allowing for continuous 

rotation speeds of 8.35 rad/s (about 800rpm). 

To enhance haptic feedback, the design incorporates a scissor drum brake mechanism on one 

side of the gimbal, allowing rapid cessation of the flywheel. This mechanism, actuated by an 

SG90 micro servo, can stop the flywheel in 0.8 seconds. Full details and links for downloading 

all 3D parts and designs are freely available [255]. 

The final gimbal design has an outer diameter of 125mm, and the controller's total height 

from the bottom of the handle to the top is 260mm. The total weight, including an HTC Vive 

tracker mounted at the base for 3D tracking, is 720g. 

The flywheel motor and gimbal motors are powered by a 12V supply, while other electronics 

operate at 3.3V. A Teensy 3.2 microcontroller runs a control loop at 500 Hz and communicates 

with the PC via serial communication at a baud rate of 115200. Real-time data from the 

encoders determines the orientation and angular speed of the flywheel, essential for the closed-

loop control system. 

8.3.2  Working Principle 

HapticWhirl generates two primary kinaesthetic forces, originating from its flywheel and dual 

actuated gimbals. The device utilises the gyroscopic effect by adjusting the orientation of the 

spinning flywheel through these gimbals. As the flywheel rotates, its orientation change 

encounters resistance, perceived as torque ( ) acting perpendicular to the rotation plane. 

This torque creates a tactile sensation of push or pull for the user. The gyroscopic effect's 

operation can be quantified with a set of equations. The torque generated by the flywheel is 

the rotational force arising from the flywheel's change in angular momentum ( L ). The output 

torque is a combination of the flywheel’s angular momentum:  

Figure 114. The controller's inputs and outputs. Left components represent the gimbal control sensors and 
actuators, on right flywheel components and communication.  
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disk diskdL d

dt dt
  = = =I I   

In this equation, the torque ( ) is a product of the flywheel’s moment of inertia ( I ) and the 

rate of change of its angular velocity ( disk ). This is the fundamental torque generated by 

rapidly altering the speed of the spinning flywheel using the brake mechanism. When the 

flywheel's speed changes abruptly, a reactive torque manifests according to the law of 

conservation of angular momentum, acting in the direction opposite to the disk’s rotation 

during acceleration or in the same direction during deceleration using the drum brake. 

Building on this principle, the steered momentum wheel concept, introduced in the equation: 

gimbal diskdL

dt
  = = I   

represents the dynamics of the gimbal changing the orientation of the flywheel. Here, the 

torque ( ) results from the interaction between the gimbal’s angular velocity  ( gimbal ) and 

the flywheel’s angular momentum ( flywheelL ). This interaction explains the additional 

momentum generated when both components move simultaneously. The combination of both 

equations describes the overall system dynamics within frame of reference A (origin at the 

centre of the flywheel): 

( )
gyro Disk Gimbal Disk
A A A A  =  +  M I I   

Each component can be expanded, combined and simplify to present the operation of the 

controller with a single equation for each of the 3D components, as a factor of pitch ( ), 

yaw ( ) and disk angle (  ), full step by step details of the evaluation of the mathematical 

model are available online with schematics and visual aids [255]: 
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This mathematical model was used to determine the output of the controller across the 

different actuation modalities during testing. 

8.3.3  Controller Haptic Features 

During normal operation, the HapticWhirl controller functions in transparent mode, where 

the flywheel is stabilised by the gimbals' actuation. This stabilisation ensures that the user 

does not feel gyroscopic forces from the flywheel while moving the controller. However, the 

controller can manipulate its angular momentum to transition into five distinct haptic modes, 

each offering a unique interactive experience. These modes are illustrated in Figure 116 and 

described in this section. 

In Torque Mode, as seen in Figure 116 a, the controller actively generates feedback forces 

that the user perceives by manipulating the flywheel's stabilised state through gimbal 

actuation. This action shifts the rotation plane of the flywheel, utilising the law of 

conservation of angular momentum to produce the desired torque. Although the device can 

operate in a transparent mode without influencing the user's movements, in Torque Mode it 

intentionally introduces torque. This haptic feedback, which engages the user with resistive 

or assisting forces, has been explored in previous works such as iTorqu [266] and GyroVR 

[267]. 

Figure 115. Operational Modes of the HapticWhirl Controller. (a) Torque Mode: Actuation of gimbals alters the flywheel's orientation, 
generating torque. (b) Vibration Mode: Rapid pitch-axis oscillation of the flywheel produces tactile vibrations. (c) Impact Mode: Sudden 
halting of the flywheel simulates an impact. (d) Inertial Mode: Delayed flywheel response creates a sensation of drag. (e) Whirl Mode: 
Continuous yaw-axis actuation induces a stirring sensation. 



 

 

224 

 

In Vibration Mode (Figure 116b), HapticWhirl uses dynamic actuation of the gimbals to 

create rapid back-and-forth motion along the pitch axis. This movement results in distinct 

low-frequency vibrations of higher magnitude than those produced by traditional vibrotactile 

actuators. When the flywheel is static, these vibrations are felt as single-axis vector push-pull 

forces within the plane of the flywheel. However, when the flywheel rotates, the vibration 

pattern becomes more complex due to an added tangential component. This complexity arises 

from the rotational movement, enhancing the basic push-pull oscillation with an additional 

directional force that increases the vibration's magnitude. 

In Impact Mode (Figure 116c), the device utilises its drum brake mechanism to suddenly stop 

the flywheel's rotation, offering a different kind of force feedback compared to the more 

gradual approach in Torque Mode. The quick deceleration of the wheel results in a high-

magnitude torque that the user feels as a stark, striking force. This immediate stop more 

closely mimics the sensation of a real-world collision or impact, making it suitable for 

simulating scenarios like hitting or crashing in virtual environments. While similar concepts 

have been explored in other areas such as self-assembly robotics [287], the use of a gimbal 

actuation for kinesthetics feedback is a novel implementation.  

Inertial Mode (Figure 116d) is achieved by introducing a delay into the controller's response, 

altering the usual transparent interaction. This delay allows the gyroscopic forces of the 

flywheel to be partially perceived by the user, simulating the sensation of inertia. As a result, 

when the user moves the device, they experience resistance, akin to moving an object through 

a medium that opposes their motion. It replicates the feeling of pushing against a physical 

mass that resists immediate change, providing a realistic sensation of weight and drag. This 

intentional delay transforms the haptic experience to accurately simulate scenarios where 

inertia is significant, such as navigating through viscous environments or handling heavy 

objects. 

The Whirl Effect (Figure 116e) leverages the controller’s unique design to generate a sustained 

'stirring' sensation or rotational forces. This is achieved by maintaining the flywheel at a 

specific rotation angle and actuating the yaw axis to spin continuously, altering the 

orientation of the angular momentum. This action induces gyroscopic precession, where the 

rotational axis itself experiences rotation, producing a persistent rotational force. Users 

experience this as a smooth rotational motion, enhancing simulations that involve circular 



 

 

225 

 

dynamics, such as stirring a liquid or performing rotational movements with drag. The ability 

to simulate sustained rotation without physical stops, by capitalising on gyroscopic precession, 

showcases a novel approach within the Whirl Mode. 

8.4  FARE-KE & HapticWhirl 

The HapticWhirl controller presented the most complex characterization challenge of the 

three prototypes presented, ultimately leading to the development of the FARE-KE 

framework. The multi-axis force and torque outputs generated by the gyroscopic effect 

required measurement approaches beyond what we had previously implemented, necessitating 

innovative solutions particularly during COVID-19 lockdown restrictions. 

Unlike the single-axis devices in previous projects, the gyroscopic effects of the flywheel 

produced counter-intuitive forces/torques that were difficult to predict and verify without 

meassuring equipment. The traditional approach of using commercial 6-axis force-torque 

sensors was not feasible due to limited access to laboratory facilities during the pandemic. 

This constraint became the main motivation at the time for developing our own multi-axis 

measurement system, a solution that would later evolve into a core component of the FARE-

KE framework. 

Drawing on our experience with beam load cells from previous projects, we designed and 

constructed a custom 6-axis force-torque plate using an array of four 3-axis load cells, each 

assembled from three single-axis load cells positioned orthogonally. This represented our first 

implementation of a multi-axis measurement system using affordable components. The 3D-

printed mounting components we used ensured proper alignment between the load cells, which 

was essential for accurate force and torque measurements. 

The calibration process for this custom sensor system required developing methodologies 

beyond the single-axis approaches used previously. We implemented the calibration procedure 

that would later be formalized in Appendix 23, achieving an accuracy of approximately 2.3% 

for forces up to 20N.  

Mounting the HapticWhirl controller on this custom force-torque plate allowed us to 

simultaneously compute theoretical output based on our mathematical model while measuring 

actual forces and torques. This comparison provided crucial insights into both the controller's 

operational dynamics and the effectiveness of our measurement approach. The testing 
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revealed discrepancies between theoretical predictions and measured outputs, highlighting the 

need for refined calibration methods to address alignment imperfections and mechanical 

tolerances. 

Once access to laboratoty equipment was available, we were able to characterise Hapticwril 

using an industrial ATI Mini40 force-torque sensor as detailed in the published work [255]. 

The comparative testing demonstrated that our custom-built system provided measurements 

that generally aligned with those from the commercial sensor, with minor discrepancies 

attributed to alignment imperfections and manufacturing tolerances in our custom plate. 

These challenges and solutions encountered during the HapticWhirl development formed the 

foundation for what would become the FARE-KE framework. The necessity of designing and 

validating our own measurement systems, coupled with the integration of signal processing 

techniques to address noise issues, established the practical knowledge base that informed the 

framework's comprehensive approach to kinesthetic device characterization. 

8.5  Experimental Validation 

This section details the experiments conducted to validate the forces produced by the 

HapticWhirl device. 

8.5.1  Torque Feedback 

To determine the maximum output torque of HapticWhirl, the flywheel was programmed to 

rotate at its maximum speed of 12,000 RPM, while concurrently actuating the pitch gimbal 

at its peak speed of 800 RPM. To minimise potential external disturbances during the 

experiment, the yaw axis (Z-axis) was secured and rotation allowed only on the pitch axis 

(Y-axis). The flywheel's orientation was varied between -60 and 60 degrees, where the home 

position (0 degrees) corresponds to the disk rotating horizontally while the controller remains 

upright. The controller was actuated ten times under these conditions, with the collected data 

subsequently averaged before analysis. The readings were processed through a Butterworth 
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low-pass filter with a cutoff frequency of 50 Hz to eliminate high-frequency noise. Using the 

following equation: 

2 2 2
magnitude x y zF F F F= + +  

The force magnitude was calculated, delivering a peak total output of 4.34 N, as shown in 

Figure 117a. The output force felt by a user holding the controller is perceived as a torque 

with two principal components, mainly exerted along the X and Y planes, as shown in Figure 

117 b. 

8.5.2  Impact Simulation 

In the impact simulation mode, the flywheel brake created torque around the axis of rotation 

through a sudden stop of the flywheel. The drum brake could stop the flywheel in under 

300ms which delivered a sudden peak of ~1.8Nm, as shown in Figure 118. However, such 

intense actuations could diminish the lifespan of the HapticWhirl due to increased mechanical 

Figure 117. Output torque resulting from suddenly stopping the flywheel while it is 
rotating at full speed. 

Figure 116. (a) Measurement of the magnitude of HapticWhirl's output on a single axis. (b)  A breakdown of forces for each axis - X (red), 
Y (green), and Z (blue). 
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wear and stress on the brake system. Consequently, the next iteration of HapticWhirl will 

feature a redesigned mechanism and a faster motor. These improvements aim not only at 

enhancing durability but also at enabling varied patterns of on/off braking. Currently, the 

slow response of the servo motor restricts actuation to a maximum frequency of 10Hz. The 

proposed faster motor and robust mechanism will allow for higher frequency actuations, 

improving the dynamic range and responsiveness of the impact simulations. 

8.5.3  Vibration Feedback 

Oscillating the pitch axis around the home position at high speed generated back-and-forth 

vibrations. However, these oscillations were constrained by the gimbal motors. In the 

experiments, oscillation frequencies of up to 170 Hz were achieved without flywheel actuation, 

and up to 25 Hz when the flywheel was operating at maximum speed. 

The first method, operating without flywheel actuation, provided advantages in control and 

the ability to reach higher vibration frequencies before experiencing motor drift. This 

vibration had a clear directional characteristic, aligned tangentially to the rotation axis, 

effectively providing distinct directional cues, as evidenced by the output shown in Figure 

119a. Nonetheless, the magnitude of feedback from this method was relatively low compared 

to the second approach. 

The second method involved activating the flywheel during the generation of vibration 

patterns, which produced higher magnitude output force. Yet, the motor limitations became 

apparent as maintaining vibration patterns above 25 Hz was unfeasible when the flywheel 

was at full speed due to motor drift. Additionally, this approach resulted in vibrations that 

demonstrated multi-component torque dynamics, as detailed in Figure 119b. 

Figure 118. (a) Output from back-and-forth rotation of the flywheels gimbal (pitch) with the flywheel at rest. (b) Output the same rotation, 
but with the flywheel rotating at full speed. In both scenarios, the gimbal was actuated at a frequency of 25Hz.  
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8.5.4  Whirl Effect (Rotational Forces) 

 

The output torque of the rotating flywheel is orthogonal to the rotation plane. This means 

that when the controller remains upright and the disk rotates horizontally, their Z-axes are 

aligned. However, if the disk is rotated to align with any axis other than the upward axis and 

spun around that axis, the flywheel outputs a sinusoidal torque, as illustrated in Figure 120. 

To demonstrate this, the rotation of the flywheel around each of the handle axes was 

measured. Observations revealed that when the flywheel is aligned with the handle's Y-axis 

and continuously rotates, it generates an output torque on the XZ plane. Similarly, if the 

flywheel is aligned with the handle's X-axis, the output torque occurs along the YZ plane, 

and if rotated around the handle's Z-axis, the output is exclusively on the XY plane. 

To gather relevant data, measurements were performed with the gimbal rotating at 450 RPM, 

with the disk aligned to each handle axis. Under these conditions, a consistent torque of 

approximately 0.2 Nm was recorded across each axis of the plane, while the axis to which the 

Figure 119. Measured outputs of the HapticWhirl when creating a whirl effect. The top row shows the rotation of the flywheel around its center 
over the handle. The middle row displays the outputs and position when rotated with alignment to the handle's X -axis. The bottom row 
illustrates the rotation of the flywheel around the handle's Z-axis. In all instances, the active rotation axis was rotated at approximately 450 
RPM.  
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flywheel was aligned showed no significant torque, only registering noise. Figure 120 presents 

the measured torque and rotation values for this effect. 

This test also compared the mathematical model to the real-time output torque, depicted in 

the graphs as a black dotted line overlapping each axis in Figure 120. The estimated output 

torque closely aligns with the readings, though it consistently offsets the peaks by 

approximately 0.05 Nm. This discrepancy is expected, as the mathematical model does not 

account for friction or mechanical losses. Finally, all forces generated are within the ranges 

perceivable by the hand-arm system and are comparable to those used in other systems and 

experiments, such as references [266], [288]. 

8.6  Applications 

In virtual reality (VR) environments, interactions and collisions are typically experienced by 

users as torque through a handheld controller or "proxy tool". The HapticWhirl controller's 

design and features enable a wide array of force feedback simulations to enhance the user's 

experience in such scenarios. 

The controller can generate torque through manipulation of the flywheel and gimbal 

orientations. This characteristic enables realistic replication of impact effects, such as the 

feedback experienced when holding a racket and striking a ball. This tangible force feedback 

amplifies the realism of interaction within a VR space and could be used in various 

applications in gaming, training, and simulation. 

HapticWhirl can create distinctive vibration patterns by oscillating the gimbal. These 

pronounced vibrations, coupled with the ability to direct forces along different axes, can 

simulate diverse effects, including shockwaves of an explosion or recoil from firing a weapon 

with decreasing magnitude in a VR game, as well as texture effects and vibrations from air 

and fluid flows in simulations or remote-control applications. 

The level of torque exerted by the flywheel is directly proportional to the gimbal axle's 

rotation speed. This enables fine-grained control over haptic feedback, from simulating hard 

impacts to subtle guidance forces. Such nuanced manipulations can guide users through a VR 

space, adjust perceived weight of virtual objects, or correct a user's hand position to align 

with the VR representation. 
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By utilising the controller's ability to continuously rotate on the yaw axis, a unique effect 

akin to gyroscopic precession can be generated. This capability is particularly useful for 

simulating the experience of stirring a fluid, where similar haptic forces are commonly 

encountered. The diverse range of feedback modalities available with HapticWhirl extends 

the possibilities for designing and creating haptic effects, surpassing those offered by existing 

systems. This expansion enhances the scope for potential applications, empowering designers 

to innovate new haptic experiences. 

8.7  Conclusions 

This chapter introduced HapticWhirl, an innovative handheld haptic controller designed for 

virtual reality applications. The HapticWhirl exploits the gyroscopic effects of a flywheel, 

utilising it in diverse ways to create a range of haptic sensations. Unique to gyroscopic devices, 

HapticWhirl leverages gyroscopic precession, enabling torque generation without a fixed 

grounding point, and uses the flywheel's rotational energy for dynamic torque output. 

The core of this research has been the exploration of novel operational methods that utilise 

gyroscopic principles. The use of a controlled delay in the device's transparency to simulate 

inertia offers a realistic representation of weight and resistance in virtual environments. This 

aspect will be further explored in user studies in future work. Additionally, the 

implementation of a braking mechanism enables the simulation of sudden impacts, extending 

beyond the capabilities of gimbal actuation to maintain the flywheel's orientation. 

HapticWhirl's ability to support unlimited rotation in both gimbals introduces new 

possibilities for expanding haptic interactions. This includes capabilities to reorient the disk 

and maintain operational transparency, aspects that have not been previously explored in 

prior work. 

Previous research has introduced various gyroscope-based haptic devices [265] [267], yet the 

complex and often unintuitive nature of gyroscopic principles poses significant challenges, 

particularly for multidisciplinary haptic researchers without extensive backgrounds in 

mathematical modelling. Recognising this barrier, this work has aimed to demystify the 

operational mechanics of the HapticWhirl. This chapter provided an online comprehensive, 

step-by-step guide to the mathematical modelling and operational mechanisms of gyroscopes 

used in the HapticWhirl [259]. The aim is to bridge the gap between intricate gyroscopic 
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theory and practical application, enabling a broader range of researchers to engage with and 

innovate in the field of haptic technology. 

Future work will focus on enhancing the structural integrity of the device, specifically 

improving the axis of rotation for enhanced resilience under high-speed and high-torque 

conditions. This refinement aims to balance the robustness of the device with a more compact 

and user-friendly form factor. Additionally, the utilisation of a faster motor and a smaller 

disk is anticipated to reduce the overall size of the device, thereby improving control and 

responsiveness. 

Furthermore, future work will concentrate on user evaluations of the device and exploring 

applications, as well as validating the five operational modes in VR environments. This 

exploration will include investigating potential retargeting applications, enabling subtle 

repositioning of the user's hand in VR without perceptible detection by gradually increasing 

the torque as the user extends their arm.  
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9  Conclusion 
This thesis presents a framework for characterising kinesthetic haptic devices. The Framework 

for Affordable, Reliable Kinesthetic Evaluation (FARE-KE) addresses the need for 

standardised, accessible methods that align with contemporary haptic device development 

practices. 

9.1  FARE-KE Framework Validation and 
Summary 

The FARE-KE framework incorporates validated hardware components, software tools and 

measurement methodologies. Single-axis beam load cells (TAL220, Degraw, and CZL635) 

demonstrated linear behaviour with R² values exceeding 0.999 across all tested calibration 

methods (Table 17). The polynomial regression calibration approach yielded the lowest RMSE 

values (6.98-9.00 gf), confirming the viability of low-cost beam load cells for characterising 

simple haptic devices. 

The custom-built 3-axis load cell design (Section 5.5.2) achieves approximately 2.3% accuracy 

for forces up to 20 N when calibrated using polynomial regression. Button and S-type load 

cells (Section 5.3) proved useful for inline force measurements in space-constrained 

applications. The 6-axis force-torque plate (Section 5.5.3) showed significant accuracy 

improvements following calibration, with mean absolute percentage error reducing from 2.81% 

to 1.85% (Table 26). 

The custom data acquisition board (Chapter 4) supports simultaneous sampling of up to 12 

load cells at rates exceeding 10 kSPS. The evaluation framework's analysis methods, including 

ramp and step response analyses (Section 3.9), provide insights into device performance 

metrics such as maximum force/torque, hysteresis, sensitivity and response times. 

The three case studies demonstrated the framework's adaptability to diverse kinesthetic 

haptic devices and its effectiveness in standardising evaluation procedures. 

9.2  Research Contributions 

This thesis addresses six research questions outlined in Chapter 1: 

RQ1: How can a standardised framework be developed to make haptic device characterisation 

more widely adopted? 
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The FARE-KE framework provides a standardised approach with open-source hardware and 

software components and step-by-step instructions suitable for researchers with varying 

expertise levels. This promotes collaboration and knowledge sharing within the haptic research 

community. 

RQ2: What components and methodologies establish a foundation for standardised 

measurements? 

The thesis identifies essential elements for haptic device characterisation, including hardware 

selection guidelines (Section 3.4), data acquisition methodologies (Section 3.6), performance 

analysis techniques (Section 3.9), and sensor validation protocols (Chapter 5). The framework 

establishes consistent metrics and procedures for evaluating haptic devices across different 

modalities. 

The thesis also introduces innovative multi-axis load cell designs and provides detailed 

calibration and performance testing protocols. The literature review synthesises common 

characterisation approaches across tactile and kinesthetic haptic technologies. 

RQ3: How can the framework's versatility be demonstrated across different kinesthetic 

feedback modalities? 

The case studies (Chapters 6-8) demonstrate the framework's versatility by applying it to 

different kinesthetic feedback modalities: linear kinesthetic feedback (VR Recoil), body-based 

kinesthetic feedback (Proxy Touch), and continuous rotational flywheel-based haptic effects 

(HapticWhirl). 

RQ4: What is the impact of linear kinesthetic feedback on user performance in virtual reality 

shooting scenarios? 

The VR Recoil study (Chapter 6) showed that linear kinesthetic feedback enhanced realism 

and immersion without compromising performance. Lower feedback levels proved sufficient 

for enhancing user experience, suggesting manufacturers could optimise user satisfaction while 

minimising production costs. 

RQ5: Can kinesthetic feedback be recreated using the user's own body, without external 

proxies? 



 

 

235 

 

The Proxy Touch study (Chapter 7) demonstrated somatosensory attenuation effects in pinch 

interactions, confirming the potential for creating haptic illusions using only the user's body 

without external mechanical devices. 

RQ6: How can continuous rotational flywheels simulate fluid motion haptic effects? 

The HapticWhirl study (Chapter 8) validated a controller capable of delivering five distinct 

haptic modalities: torque feedback, impact simulation, vibration feedback, inertial effects, and 

whirl effects. The FARE-KE framework provided insights into the complex force and torque 

outputs generated by the device. 

9.3  Limitations and Considerations 

The FARE-KE framework and proposed load cell configurations have several limitations: 

First, the lack of extensive comparisons between the custom-built 6-axis force-torque plate 

and industrial-grade sensors limits validation of the results' comparability. The 3D-printed 

components and affordable load cells result in reduced force measurement ranges compared 

to industrial-grade sensors, potentially limiting applicability for high-magnitude forces or wide 

dynamic ranges. 

The 6-axis force-torque plate's larger footprint makes it suitable for bench-top testing rather 

than direct integration, potentially limiting characterisation in actual operating conditions 

and failing to capture effects of factors such as weight distribution on user experience. 

The framework focuses on physical evaluation without extensively addressing psychophysical 

aspects of haptic interaction. As haptic technology evolves, the framework may require 

adaptation to accommodate new actuation methods, materials, and design paradigms. 

Finally, strain gauge technology is susceptible to temperature fluctuations, electromagnetic 

interference, and mechanical stress, which may impact long-term measurement stability 

despite calibration and data processing techniques. 

9.4  Future Work 

Future development areas include: 



 

 

236 

 

Improving the data acquisition system by incorporating an external clock to reduce noise, 

improve signal quality, and enable higher sampling rates (Section 4.3). This would enhance 

the capture of fast transient events and improve temporal resolution. 

Validating and refining the framework through extensive user studies and collaborations with 

practitioners would enhance its applicability. COVID-19 restrictions limited device testing 

during development, so workshops at conferences and practitioner feedback would provide 

valuable insights. 

Developing a dedicated website repository with hardware designs, software tools, 

documentation, and case studies (Section 3.1) would facilitate adoption, designed for 

accessibility to ensure researchers with varying expertise levels can utilise the resources 

effectively. 

Future work should explore integrating psychophysical evaluation methods into the 

framework and investigating applications to emerging haptic technologies as new actuation 

methods, materials, and design paradigms emerge. 

9.5  Concluding Remarks 

The FARE-KE framework represents an advancement in haptic device characterisation, 

offering a standardised, accessible approach that promotes consistency, reproducibility, and 

comparability in haptic research. By addressing the lack of uniformity in evaluation 

methodologies, this work contributes to accelerating the development of effective haptic 

technologies. The load cell analysis and validation provide a foundation for characterising 

kinesthetic haptic devices within the framework. While the custom-built load cell 

configurations have limitations compared to industrial sensors, they offer viable alternatives 

for researchers with limited resources. 

Through engagement with the haptic research community, promoting framework adoption, 

and continuous refinement of methods and tools, this work aims to advance haptic device 

characterisation and shape future development of haptic technology.  
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11  Appendix – Commercial 
Load Cells Comparison Table 

Model  Load Cell Type Brand Cost Details 
Publications 
that use this 
sensor 

Loadstar: iLoad Analog Beam Load cell Loadstar  [289] [290] 
Micro Load Cell (0-780g) -CZL616C Beam Load cell Phidgets $6.00 [291] [292], [293] 

Load Cell - 10kg,Straight Bar (TAL220) Beam Load cell Generic $9.50 [294] 
[43], [69], 
[105], [109] 

Degraw 5kg Load Cell and HX711 Combo 
Pack Kit 

Beam Load cell Generic $10.00 [295] 
[68], [68], 
[296] 

Micro Load Cell (0-5kg) CZL635 Beam Load cell Phidgets $10.20 [297] 
[45], [148], 
[298] 

SMT-50 Overload Protected S-Type Load Cell S-Type Interface $450.00 [299] [300]  
Miniature S-Beam Jr. Load Cell LSB200 : 
FSH00097 

S-Type Futek $650.00 [301] 
[113], [114], 
[302] 

Instron 2519 Series S- beam Static Load Cell S-Type Instrom $2,950.00 [303] 
[68], [206], 
[304] 

HSFPAR Series - Micro Force Sensor 
Buttom Load 
Cell 

Alps $8.00 [305] [306] 

FS20500000-1500-G : MEAS Force Sensor 
Elements   

Buttom Load 
Cell 

MEAS|TE $100.00 [307] [308] 

FC2231- 0000-0100-L LOAD CELL 
(MSP6951- ND) 

Buttom Load 
Cell 

MEAS|TE $108.00 [309] [180] 

LMA-A-50N Small-sized Compression Load 
Cell 

Buttom Load 
Cell 

 $300.00 [310] [311] 

MLP-10 Series mini low profile Load Cell 
Buttom Load 
Cell 

 $350.00 [312] [313], [314] 

Miniature Threaded Load Cell Button LLB210 
Buttom Load 
Cell 

Futek $850.00 [315] [316] 

ElectroSamson - Brecknell Force Gauge Bracknell $60.00 [104] [103] 

Lutron FORCE GAUGE FG- 5000A-232 Force Gauge Lutron $180.00 [317] [318] 
Shimpo FG- 3000 Digital Force Gauge Force Gauge Shimpo $290.00 [319] [33] 

Sauter FK 100 Force Gauge Force Gauge Sauter $400.00 [320] [321] 
475044: High Capacity Force Gauge Force Gauge Extech $600.00 [322] [323] 
IMADA ZTS- 2N Digital force gauge 
(2N/0,01N) 

Force Gauge Imada $650.00 [324] [325] 

IMADA ZTS- 20N Digital force gauge 
(20N/0,01N) 

Force Gauge Imada $650.00 [324] [326] 

IMADA ZTS- 50N Digital force gauge 
(50N/0,01N) 

Force Gauge Imada $650.00 [324] 
[51], [97], 
[101] 

DS2 Digital Force Gauge Force Gauge Imada $750.00 [327] [308] 

FGJN-5 Digital Force Gauge Force Gauge Shimpo $800.00 [328] [329] 

Undefined Force Gauge    
[159], [330], 
[331] 

VARIENSE FSE103 
Multi-Axis Force 
Sensor 

Variense $800.00 [332] [49], [50] 

6-axis force sensor (Leptrino 
FFS055YA501U6) 

Multi-Axis Force 
Sensor 

Leptrino $1,000.00 [333] [48] 

FNZ100N Forsentek 3 axis load cell 0-100N 
Multi-axis force sensor 

Multi-Axis Force 
Sensor 

Forsentek  $1200.00 [334] [115], [335] 

USL06-H5 Force Sensor 
Multi-Axis Force 
Sensor 

Tec Gihan $1,800.00 [336] [337] 

ATI Gamma SI- 65-5 
Multi-Axis Force 
Sensor 

ATI $5,200.00  [338], [339] 

F/T Sensor ATI Nano17 
Multi-Axis Force 
Sensor 

ATI $4,800.00 [340] 
[37], [118], 
[304], [341], 
[342], [343] 

F/T Sensor mini45 
Multi-Axis Force 
Sensor 

ATI $4,600.00 [344] 
[61], [62], 
[345] 

AMTI HE6X6-105 6-DOF grounded 
force/torque plate 

Multi-Axis Force 
Sensor 

AMTI - [346] [57], [58] 

Capacitive 6-axis force sensor (500N / 
DynPick) / WACOH-TECH 

Multi-Axis Force 
Sensor 

Wacoh $3500.00 [347] [56] 

https://www.notion.so/Loadstar-iLoad-Analog-a06e9f1dfc9d4b9a99b9ef45f072474f
https://www.notion.so/Loadstar-iLoad-Analog-a06e9f1dfc9d4b9a99b9ef45f072474f
https://www.notion.so/Micro-Load-Cell-0-780g-CZL616C-485ecbf2adc44ad98d23cd95cce5e85c
https://www.notion.so/Micro-Load-Cell-0-780g-CZL616C-485ecbf2adc44ad98d23cd95cce5e85c
https://www.notion.so/Micro-Load-Cell-0-780g-CZL616C-485ecbf2adc44ad98d23cd95cce5e85c
https://www.notion.so/Micro-Load-Cell-0-780g-CZL616C-485ecbf2adc44ad98d23cd95cce5e85c
https://www.notion.so/Micro-Load-Cell-0-780g-CZL616C-485ecbf2adc44ad98d23cd95cce5e85c
https://www.notion.so/Load-Cell-10kg-Straight-Bar-TAL220-a1fe665eed1840b1ba09747ccbf50913
https://www.notion.so/Load-Cell-10kg-Straight-Bar-TAL220-a1fe665eed1840b1ba09747ccbf50913
https://www.notion.so/Load-Cell-10kg-Straight-Bar-TAL220-a1fe665eed1840b1ba09747ccbf50913
https://www.notion.so/Load-Cell-10kg-Straight-Bar-TAL220-a1fe665eed1840b1ba09747ccbf50913
https://www.notion.so/Load-Cell-10kg-Straight-Bar-TAL220-a1fe665eed1840b1ba09747ccbf50913
https://www.notion.so/Load-Cell-10kg-Straight-Bar-TAL220-a1fe665eed1840b1ba09747ccbf50913
https://www.notion.so/Load-Cell-10kg-Straight-Bar-TAL220-a1fe665eed1840b1ba09747ccbf50913
https://www.notion.so/Load-Cell-10kg-Straight-Bar-TAL220-a1fe665eed1840b1ba09747ccbf50913
https://www.notion.so/Micro-Load-Cell-0-5kg-CZL635-ffa4825ff7c244f1b3a073a22e790530
https://www.notion.so/Micro-Load-Cell-0-5kg-CZL635-ffa4825ff7c244f1b3a073a22e790530
https://www.notion.so/Micro-Load-Cell-0-5kg-CZL635-ffa4825ff7c244f1b3a073a22e790530
https://www.notion.so/Micro-Load-Cell-0-5kg-CZL635-ffa4825ff7c244f1b3a073a22e790530
https://www.notion.so/Micro-Load-Cell-0-5kg-CZL635-ffa4825ff7c244f1b3a073a22e790530
https://www.notion.so/SMT-50-Overload-Protected-S-Type-Load-Cell-40aaae340a4b414eba3023376a279bd3
https://www.notion.so/SMT-50-Overload-Protected-S-Type-Load-Cell-40aaae340a4b414eba3023376a279bd3
https://www.notion.so/SMT-50-Overload-Protected-S-Type-Load-Cell-40aaae340a4b414eba3023376a279bd3
https://www.notion.so/SMT-50-Overload-Protected-S-Type-Load-Cell-40aaae340a4b414eba3023376a279bd3
https://www.notion.so/SMT-50-Overload-Protected-S-Type-Load-Cell-40aaae340a4b414eba3023376a279bd3
https://www.notion.so/Miniature-S-Beam-Jr-Load-Cell-LSB200-FSH00097-4ddb98e46a0b4b39bd30fdeb4454423b
https://www.notion.so/Miniature-S-Beam-Jr-Load-Cell-LSB200-FSH00097-4ddb98e46a0b4b39bd30fdeb4454423b
https://www.notion.so/Miniature-S-Beam-Jr-Load-Cell-LSB200-FSH00097-4ddb98e46a0b4b39bd30fdeb4454423b
https://www.notion.so/Miniature-S-Beam-Jr-Load-Cell-LSB200-FSH00097-4ddb98e46a0b4b39bd30fdeb4454423b
https://www.notion.so/Miniature-S-Beam-Jr-Load-Cell-LSB200-FSH00097-4ddb98e46a0b4b39bd30fdeb4454423b
https://www.notion.so/Miniature-S-Beam-Jr-Load-Cell-LSB200-FSH00097-4ddb98e46a0b4b39bd30fdeb4454423b
https://www.notion.so/Instron-2519-Series-S-beam-Static-Load-Cell-a80e7956535b478d9f576feecbbe6ba4
https://www.notion.so/Instron-2519-Series-S-beam-Static-Load-Cell-a80e7956535b478d9f576feecbbe6ba4
https://www.notion.so/Instron-2519-Series-S-beam-Static-Load-Cell-a80e7956535b478d9f576feecbbe6ba4
https://www.notion.so/Instron-2519-Series-S-beam-Static-Load-Cell-a80e7956535b478d9f576feecbbe6ba4
https://www.notion.so/Instron-2519-Series-S-beam-Static-Load-Cell-a80e7956535b478d9f576feecbbe6ba4
https://www.notion.so/Instron-2519-Series-S-beam-Static-Load-Cell-a80e7956535b478d9f576feecbbe6ba4
https://www.notion.so/HSFPAR-Series-Micro-Force-Sensor-ea28ef7be6774043bacfe22aaecc92f2
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12  Appendix – VR Recoil 
Modelling 
To determine the average force of impact ( avgF ) as a piston actuates a weight, calculate the 

force exerted by the pneumatic pressure on the piston. This force ( F ) is computed by 

multiplying the pressure ( P ) by the piston's cross-sectional area ( A ), given by the formula 

2( / 2)A D= , where D  represents the piston diameter. This initial calculation establishes 

the foundation for understanding the dynamics of the piston's motion. 

The total mass ( totalM ) of the system includes the mass of the piston head ( pistonm ) and the 

mass of the attached weight ( weightm ). This total mass, calculated as total piston weightM m m= + , 

determines how the system responds to the applied force. 

With force and total mass known, the acceleration ( a ) of the piston and weight system is 

determined using Newton's second law: / totala F M= . This acceleration predicts how quickly 

the piston moves. 

The time ( t ) for the piston to travel a fixed distance ( traveld ) is found by rearranging the 

equation of motion. Starting from rest, the time required to reach the end of the travel path 

is 2 /travelt d a=  . This calculation determines how long the piston moves before impacting 

the enclosure. 

Using time and acceleration, calculate the final speed ( v ) of the piston at the end of travel 

with v a t=  , indicating how fast the piston moves just before impact. This speed is critical 

for understanding the change in momentum. 

The change in momentum is calculated next. Since the piston starts from rest, the change in 

velocity ( v ) equals the final speed ( v ). Therefore, the change in momentum is totalM v . 
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Finally, to determine the average force of impact ( avgF ), apply the impulse-momentum 

theorem, which connects the change in momentum to the force exerted over the impact time. 

The average force is calculated using /avg totalF M v t=   , where t  is the brief duration of 

the collision, estimated at 1 millisecond. 

The script below calculates the impact force on collision of the piston at the end of travel at 

various pressures: 

import math 
import matplotlib.pyplot as plt 
 

# Inputs 
d_travel = 0.06  # piston travel distance in m (6cm) 
m_piston = 0.05  # piston mass in kg (50g) 
m_weight = 0.24  # weight mass in kg (240g) 
D = 0.012  # piston diameter in m (12mm) 
A = math.pi * (D/2)**2  # piston area in m^2 
 
# Range of pressures to calculate for 
pressure_range = [x * 0.2 for x in range(10, 41)] 
 
# Lists to hold pressure and average force of impact values 
pressure_values = [] 
force_values = [] 
 
# Calculate force impact for each pressure in range 
for P in pressure_range: 
    # Step 1: Calculate force exerted by pneumatic pressure 
    F = P * 10**5 * A  # Convert pressure from bar to Pa 
 
    # Step 2: Calculate total mass 
    M_total = m_piston + m_weight 
 
    # Step 3: Calculate acceleration 
    a = F / M_total 
 
    # Step 4: Find time 
    t = math.sqrt(2 * d_travel / a) 
 
    # Step 5: Calculate final speed 
    v = a * t 
 
    # Step 6: Calculate change in momentum 
    delta_v = v 
    change_in_momentum = M_total * delta_v 
 
    # Step 7: Calculate average force of impact 
    delta_t = 0.001  # Assume duration of collision is 1ms 
    F_avg = change_in_momentum / delta_t 
     
    # Print the values  
    print("{:.1f}\t\t{:.2f}".format(P, F_avg)) 
 
    # Append pressure and force values to lists 
    pressure_values.append(P) 
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    force_values.append(F_avg) 
 
# Create line plot of force vs. pressure 
plt.plot(pressure_values, force_values) 
plt.xlabel("Pressure (bar)") 
plt.ylabel("Average Force of Impact (N)") 
plt.title("Force of Impact vs. Pressure") 
plt.show() 

 

 



 

 

13  Appendix – HapticWhirl 
Modelling 

The HapticWhirl device generates torque through the actuation of both a flywheel and a 

gimbal. 

Momentum Wheel 

The momentum of the flywheel, which keeps it rotating, always acts perpendicular to its 

rotation plane. The torque exerted by the flywheel can be calculated using the equation: 

disk diskdL d

dt dt
  = = =I I  

This formula shows that the torque is a result of multiplying the flywheel's moment of inertia 

(resistance to changes in its rotation) by the rate at which its angular velocity changes. 

Steered Momentum Wheel 

The steered momentum wheel generates additional momentum when both the disk and the 

gimbal are moving. This is described by the equation: 

gimbal diskdL

dt
  = = I  

Figure 120. Left 3D model of a momentum wheel, illustrating the angular velocity. Right 3D model of a steered momentum wheel, showcasing 
the rotation vectors 



 

 

This can be combined in the following equation, which considers the effects of the disk's 

angular acceleration and the interaction (cross product) of the gimbal's angular velocity with 

the disk's angular momentum, detailing the overall momentum in the system's frame of 

reference ( A ). 

( )
gyro Disk Gimbal Disk
A A A A  =  +  M I I  

Variables definition 

The controller can be divided into different objects that compose it. The corresponding 

coordinate spaces and position variables are shown in the table below. The origin of all spaces 

is located at the centre of mass of the flywheel. Since the disk is mounted on the inner gimbal, 

the coordinate spaces A  and B  are always in the same orientation. 

 

The variables used in this document are denoted with the following subscript and superscript 

notation: 

variableobject
space  

For example, in the following equation, we refer to the angular velocity of gimbal2 (the outer 

gimbal) in the A  frame: 

outer
A  

 

Object Space Angle 

disk A    

inner (pitch) B    

outer (yaw) C    

handle D   

Figure 121. Illustration of the HapticWhirl kinematic model showing the 
A, B, C, and D coordinate frames with axes labeled in red, green, and blue, 
representing the different components of the system including the disk 
and gimbals 



 

 

Angular Velocity Disk( Disk
A ) 

This is the sum of the angular velocity of the disk and the contributions to it from the two 

gimbals in frame A : 

Disk disk inner outer
A A A A   = + +  

Rotation matrices must be applied to the gimbal; the inner gimbal is rotated from frame B  

to A , and the outer gimbal from frame C  to A : 

0

0 ( ) ( )Disk inner outer
A B A B C A CR R  



→ →

 
 

= +  +  
 
 

 

The disk and inner gimbal share the same coordinate frame, hence A B= . Therefore, the 

rotation matrix B AR →  is an identity matrix. The rotation matrix C AR →  rotates over the Y-

axis. 

The rotation matrix  A BR → is a rotation over the Y-axis, but since the rotation in this case 

is B AR → , it must be inverted. 

0 1 0 0 0 cos 0 sin 0

0 0 1 0 0 1 0 0

0 0 1 0 sin 0 cos

Disk
A

 

 

   

−       
       

= + +       
       
       

 

0 0 sin

0 0

0 cos

Disk
A

 

 

  

+ + − 
 

= + + 
 + + 

 

sin

cos

Disk
A

 

 

  

− 
 

=  
 + 

 

Figure 122. Rotation about the Y-axis illustrating the rotation matrix \( R_{C \rightarrow A} \). 



 

 

The inertia torque matrix of the disk, denoted by I , is defined as the inertial tensor 

representing the moment of inertia about the different axes.  

0 0

0 0

0 0

xx

yy

zz

I

I

I

 
 

=  
 
 

I  

For a disk, this can be simplified to a diagonal matrix. Replace , ,xx yy zzI I and I   with the 

disk's moment of inertia. Hence, I  becomes: 

 

Hence, I  becomes: 

 

 

2

2

2

1
0 0

4

1
0 0

4

1
0 0

2

MR

MR

MR

 
 
 
 

=
 
 
 
 
 

I  

Angular Velocity Gimbal( Gimbal
A ) 

The other component in equation (1) corresponds to the sum of the angular velocities of both 

axes in the gimbal with respect to frame A . 

Gimbal inner outer
A B A B C A CR R  → →=  +   

1 0 0 0 cos 0 0

0 1 0 0 1 0 0

0 0 1 0 sin 0 cos

Gimbal
A

sin 

 

  

−       
       

=  +        
       
       

 

sin

cos

Gimbal
A

 

 

 

− 
 

=  
 
 

 



 

 

Angular Acceleration Disk( Disk
A ) 

Derivative of applying the chain rule: 
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Equation Expanded 

The equation for the gyroscopic torque can be expanded by considering the inertial properties 

of the disk and the angular velocities involved. We apply the inertia tensor to the angular 

acceleration vector, then add the cross product of the angular velocity vector and the angular 

momentum vector. This approach considers the non-commutative nature of the cross product 

and matrix multiplication in rotational dynamics. The expanded form of equation (1) is as 

follows: 
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 We can combine the members of the equation by grouping the different equations to solve 

in three steps. 

First replace the diagonal values in I  with ,  and x y zI I I  , where x yI I=  . 

2 21 1

4 2
MR MR= = =x y zI I I  

Solving group 1: 

( )

( )

sin cos

cos sin

   



    

 − −
 
 
 
 + −
 

x

x

z

I

I

I

 



 

 

Solving group 2 : 
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Solving group 3. First, compute the cross product: 
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This can be expanded using the determinant of the following matrix: 
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Grouping the terms: 
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This results on the equation: 
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Combining terms, the gyroscopic moment becomes: 
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To further simplify the equation, we substitute the I  terms across the equation: 
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After collecting common terms and simplifying the equation. The final equation for the 

momentum of the flywheel in the VR controller is: 
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Torque applied on the handle 

The output for the momentum of the flywheel in the VR controller represents the momentum 

in frame A . To express this relative to the handle, it needs to translate it to the 

corresponding system of reference by applying the appropriate rotation matrix: 

gyro gyro gyro
D A AA D C D A CR R R→ → →=  =  M M M  

The transformation matrix from A  to D  is composed of two rotation matrices. The first 

step from A  to C  involves a rotation about the Y-axis, and the second step from C  to D  

involves a rotation about the Z-axis: 

 

Rotation from frame A  to frame C : 
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Figure 123. Left Rotation from frame A to frame D through intermediate frame C. Right Rotation matrix for Z -axis transformation 
from frame C to D 



 

 

Rotation from frame C  to frame D :  
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By combining both rotation matrices A D A C C DR R R→ → →=  , we obtain the following rotation 

matrix: 
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sin 0 cos
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Finally, the torque applied on the handle is computed by applying the rotation to the result 

of the momentum equation as follows: 

gyro gyro
D AA DR →= M M  



 

 

14  Appendix – Previous 
Amplifier Designs Used 
(alternatives to HX711) 
For many of the testbeds developed during my PhD, I used a range of amplifiers directly 

feeding the ADC on the microcontroller. This is an alternative approach when a small 

number of channels is required, and provides unlimited sampling rate which is constrained 

by the ADC. The following amplifiers are compared on the following list - AD623, AD8237, 

AD8420, INA317, INA333, INA125, INA129. The following is a comparison of their main 

properties to determine the most suitable design. 

1. Supply Voltage: The operational power supply voltage ensures compatibility with the 

available power supply in the given application. Amplifiers such as the INA125 and 

INA129, with a broad supply voltage range of 2.7 to 36V, offer flexibility across various 

power supply contexts. However, the INA333 and AD8237, operating in a lower range 

of 1.8 to 5.5V, are more suitable for low-voltage, battery-powered, or USB-powered 

applications. 

2. Gain Range: The gain range of an amplifier should ideally align with the output of the 

sensor and the input requirements of the following stage in the signal processing chain, 

as it name states it determines how much the input signal can be amplified, this is 

normally control via a resistor value. Amplifiers like the INA125 and INA129, offering 

a gain range of 4-10000 and 1-10000 respectively, provide a wider adjustable gain range 

compared to others. However, a gain range of 1-1000, as provided by the AD623, 

INA317, INA333, AD8237, and AD8420, is typically sufficient for load cell applications. 

3. Noise: The noise generated by an amplifier can critically influence signal quality, 

especially in high-precision applications. The INA129, with a noise level of 8nV/√Hz, 

stands out as the best performer in this category, offering the lowest noise level among 

the compared amplifiers. However, all the amplifiers have noise levels considered very 

low. 

4. Power Consumption:  The INA317 and INA333, with a low power consumption of just 

50µA, provide the most energy-efficient solutions. 

5. Common-Mode Rejection Ratio (CMRR): measures an amplifier's ability to minimise 

the effects of noise and interference. The AD8420, with a CMRR of 130dB, provides the 

best common-mode noise rejection capability among the considered amplifiers. 



 

 

6. Bandwidth:  This refers to the range of signal frequencies that the amplifier can handle 

without significant attenuation. The INA129, with a bandwidth of 1300kHz at a gain of 

1, offers the highest bandwidth at low gain among the amplifiers compared. While this 

high bandwidth is beneficial for various sensor applications, it is not critical for 

amplifying a DC signal from a Wheatstone bridge, which is the primary use case in this 

context. 

7. Slew Rate: The slew rate, representing the maximum rate of change of output voltage 

per unit time, can influence the amplifier's fidelity in reproducing rapidly changing 

signals. The INA129, with a slew rate of 4V/µs, offers the fastest rate of change in output 

voltage. 

8. Temperature Drift:  Changes in temperature can impact the accuracy and stability of 

an amplifier. The INA333, with a temperature drift of just 0.1µV/°C, offers the highest 

stability over a range of operating temperatures, making it a reliable choice for 

applications requiring precise measurements under varying environmental conditions. 

9. Differential Input Impedance: A high input impedance minimises the loading effect on 

the load cell sensor, the amplifier will draw a minimal amount of current from the load 

cell, which is essential for accurate measurements. The INA125, INA317, and INA333, 

with a differential input impedance of 100GΩ ∥ 2pF, 100GΩ ∥ 3pF, and 100GΩ ∥ 3pF 

respectively, provide a high input impedance, thereby minimising loading effects. 

10. Common Mode Input Impedance: Like differential input impedance, a high common 

mode input impedance is desirable to minimise interference with the sensor's output. 

The INA125 and INA129, both with a common mode input impedance of 100GΩ ∥ 9pF, 

stand out in this category. 

11. Price: Budget constraints often dictate the final decision in hardware selection. Among 

the considered amplifiers, the INA317, priced at €2.59, is the most economical choice, 

while still offering a competitive set of specifications. 

The INA333, with its balanced specifications, is a viable choice for load cell applications. It 

offers a suitable supply voltage and gain range, coupled with low power consumption. 

Although its noise level is not the lowest, it is sufficient for the proposed application. Its 

moderate bandwidth, stable performance over a wide temperature range, and high input 

impedance ensure accurate load cell measurements. Priced reasonably at €5.72, it provides a 

cost-effective solution for a DAQ system interfacing with a load cell. 



 

 

 

Amplifier Supply 
Voltage 
(V) 

Gain 
range 

Noise 
(nV/√Hz) 

Power 
Consumption 
(µA) 

CMRR Bandwidth (for 
different Gain) (kHz) 

Slew Rate 
(V/µs) 

Temperature 
Drift (µV/°C) 

Differential Input 
Impedance (GΩ ∥ pF) 

Common Mode 
Input Impedance 
(GΩ ∥ pF) 

Price 
(EUR) 

AD623 2.7  to 12  1-1000 35 550  80-100  G=1: 800;  
G=10: 100; 
G=100 : 10;  
G=1000: 2  

0.3  2 min; 
12 max 

2 ∥ 2 2 ∥ 2 3.08 

INA125 2.7 to 36 4-
10000 

38 460 86-100  G=4: 150;  
G=10: 45;  
G=100: 4.5;  
G=500: 0.9 

0.2 2 max 100 ∥ 2 100 ∥ 9 6.97 

INA129 4.5 to 36 1-
10000* 

8* 2000 100-
113  

G=1: 1300;  
G=10: 700 ;  
G=100: 200 ;  
G=1000: 20  

4* Not specified 10 ∥ 2 100 ∥ 9 9.69 

INA317 1.8 to 5.5 1-1000 50 50* 85-100 G=1: 150;  
G=10: 35;  
G=100: 3.5;  
G=1000: 0.35  

0.16 0.3 100 ∥ 3 100 ∥ 3 2.59 

INA333 1.8 to 5.5  1-1000 50 50* 100 G=1: 150;  
G=10: 35;  
G=100: 3.5;  
G=1000: 0.35  

0.16 0.1* 100 ∥ 3 100 ∥ 3 5.72 

AD8237 1.8 to 5.5 1-1000 68 115 100-
114 

Low Bandwidth 
Mode –  
G=1: 200;  
G=10: 20;  
G=100: 2;  
G=1000: 0.2; High 
Bandwidth Mode –  
G=10: 100;  
G=100: 10;  
G=1000: 1  

Low 
Bandwidth 
Mode: 
0.05;  
High 
Bandwidth 
Mode: 0.15 

0.3 0.1 ∥ 5 0.8 ∥ 10 2.90* 

AD8420 2.7 to 36  1-1000 55 90 130* G=1: 250;  
G=10: 25;  
G=100: 2.5;  
G=1000: 0.25  

1 1 0.13 ∥ 3 1 ∥ 3 3.08 



 

 

15  Appendix – FARE-KE 
Metrics Table Comparison 
 

Variable Samur proposal  FARE-KE metrics 

Workspace 🗸 🗸 100×50× 50mm 

DOFs 🗸 🗸 2x rot., 1x transl. 

Structure 🗸 🗴  

Elastostatic Dynamics Elastostatics Structural 
stiffness 

Elastostatics Structural 
stiffness 

25N/mm is consider a rigid 
object 

Global conditioning index 🗴  

Dynamics Structural 
dynamics 

🗴  

Generalised inertia ellipsoid 🗴  

Acceleration radius 🗴  

Dexterity 🗸 🗴  

Supply Voltage 🗴 🗸  

Device Dimensions  🗴 🗸  

Weight 🗴 🗸  

Static    

peak force  🗸 🗸  

continious force 🗸 🗸 5N 

Minimun force  🗸 🗸 5N 

Hysteresis 🗸 🗸  

Sensitivity 🗸 🗸  

Output Force Resolution  🗸 🗸  

Dynamic Range 🗸 🗸  

Power Consumption 🗴 🗸  

Noise – sound  
Noise – vibrations  

🗴 

🗴 

🗸 

🗸 

 

    

Force bandwidth 🗸 🗴  

Useful frequency range 🗸 🗴  

Amplifier bandwidth 🗸 🗴  

Output impedance 🗸  🗴  

Force fidelity 🗸 🗴  

    

Rise time  🗸 🗸  

Deceleration time 🗴 🗸  

Settling time  🗸 🗸  

Overshoot 🗸 🗸  

Output force accuracy 🗸 🗸  

Force precision 🗸 🗸  

    

Peak speed  🗸 🗴  

peak acceleration 🗸 🗴  

Structural deformation ratio  🗸 🗴  



 

 

16  Appendix – FARE-KE 
Proposed Table Of Metrics  
 

Measurement 
Section 

Variable Metrics Relevance 

Physical Properties Workspace XYZ mm Determines the physical range in which the device can operate 

 Degrees of Freedom 2x rot., 1x 
transl. 

Identifies the independent directions in which the device can move or 
rotate 

 Electrical 
Properties 

Voltage, Power Defines the electrical requirements for the device to function properly 

 Device Dimensions XYZ mm Specifies the physical size of the device, important for compatibility with 
use cases 

 Weight grams Indicates the heaviness of the device which can impact user comfort and 
device portability 

 Operational Noise decibels Provides an idea of the acoustic disturbance caused by the device during 
operation 

 Vibrations m/s² Measures the mechanical vibrations generated by the device, which can 
affect user experience 

Ramp Analysis Max Force/Torque Newtons Determines the maximum force or torque that the device can exert  

 Min Force/Torque Newtons Specifies the smallest detectable force or torque that the device can exert  

 Hysteresis Newtons Describes the lag in response exhibited by the device when subjected to 
changing inputs 

 Sensitivity Newtons/Volt Measures the change in force output per unit change in input signal 

 Output Force 
Resolution 

Newtons Identifies the smallest detectable change in force output by the device  

 Dynamic Range dB Captures the range of force output the device can provide, from the 
minimum to maximum force 

 Stiffness Newtons/mm Quantifies the resistance of the device to deformation in response to an 
applied force 

Step Response 
Analysis 

Peak Force 
(overshoot) 

Newtons Records the maximum force output by the device in response to a sudden 
change in input 

 Continuous Force Newtons Measures the force that the device can maintain continuously over a 
prolonged period 

 Rise time Seconds Notes the time it takes for the device to reach the desired output from an 
initial state 

 Settling Time Seconds Measures the time the device takes to stabilise after a change in input 

 Output Error % Provides an estimation of the error between the desired and actual 
output of the device 



 

 

17  Appendix – FARE-KE 
DAQ MCP3654 PCB design  
BOM and PCB design and kicad files available on the Github Repository  

https://github.com/telenaco/FARE-KE/tree/main/MCP356x_DAQ_PCB_Board


 

 

18  Appendix – FARE-KE 
Calibrating Single Axis Load Cell 
Calibration is crucial to ensure accurate weight or force measurements from a single-axis 

load cell. This appendix provides a step-by-step guide on calibrating a single-axis load cell 

using the proposed Data Acquisition (DAQ) system. Data analysis and calibration values are 

calculated using Python, with the following necessary steps: 

1. Hardware Setup 

Connect the load cell to one of the channels of the ADC MCP3564. Once calibrated, always 

use the same port on the DAQ. Ensure the load cell is securely mounted on one end and 

oriented in a manner representative of its typical mounting when measuring forces. 

2. Data Collection 

Load the Arduino sketch “8_mcp_calibration.cpp” onto the microcontroller. Use a program such 

as TyCommander or telemetryViewer to read the serial command and receive the raw data 

sent over the serial port (USB). Begin with no load on the load cell and record the zero-value 

reading. Gradually add known weights to the load cell, covering the expected range of forces 

to be measured. Record the digital readings for each weight in a CSV file, along with the 

corresponding weight in grams. If the load cell is expected to measure push/pull forces, invert 

the orientation of the load cell and repeat the process to calibrate for negative weights. While 

increasing the number of readings enhances the accuracy of the model derived for the load 

cell, most load cells tested, including low-cost versions, exhibit a highly linear response. 

Unless the load cell exhibits non-linear behaviour, obtaining two readings in each direction 

typically results in an 2R  value very close to 1. Example CSV format: 

   ```csv 
   Weight,Reading 
   -1500.52,-1591000 
   -1056.84,-858400 
   ... 
   1500.52,3379500 
   1901.97,4045800 
   ``` 

3. Data Analysis and Calibration 

Use the Python script `Beam_loadCell_calibration.py` to calculate and compare various 

calibration techniques based on the collected data. The script implements three calibration 



 

 

techniques: Linear Regression, Polynomial Regression, and Scaling Factor Calibration. The 

goal is to find the best-fit equation that relates the digital readings to the actual weights. 

• Scaling Factor Calibration: 

 y kx=  

where y  is the actual weight, x  is the digital reading, and k  is the scaling factor. 

• Linear Regression: 

 y mx b= +  

where y  is the actual weight, x  is the digital reading, m  is the slope, and b  is the y-

intercept. 

• Polynomial Regression (2nd degree): 

 2y ax bx c= + +  

where y  is the actual weight, x  is the digital reading, and a , b , and c  are the 

coefficients.  

The script applies an offset correction to the readings by subtracting the reading 

corresponding to zero weight. Then it visualises the calibration results, comparing the linear 

regression, polynomial regression, and scaling factor calibration fits. Finally, the script 

calculates the 2R  score for each calibration technique to assess their performance. 

   ```python 
   r2_linear = r2_score(y_corrected, y_pred_linear) 
   r2_poly = r2_score(y_corrected, y_pred_poly) 
   r2_scaling = r2_score(y_corrected[non_zero_mask], y_pred_scaling[non_zero_mask]) 
   ``` 

The calibration equations for linear regression, polynomial regression, and the scaling factor 

are provided. The results and analysis are saved in a Markdown file (`calibration_results.md`) 

for easy review and comparison. 

   ```python 
   md_content = f""" 
   ... 
   ## Regression Equations 
   - **Linear Regression Equation**: $y = {linear_regressor.coef_[0]:.4f}x + 
{linear_regressor.intercept_:.4f}$ 
   - **Polynomial Regression Equation**: $y = {poly_regressor.coef_[2]:.4f}x^2 + 
{poly_regressor.coef_[1]:.4f}x + {poly_regressor.intercept_:.4f}$ 
   - **Scaling Factor**: ${average_scaling_factor:.4f}$ 
   ... 
   """ 
   ``` 

4. Converting Weight to Force 



 

 

To convert the calibrated weight (in grams) to force (in Newtons), multiply the weight by 

the gravitational acceleration constant. 

 F mg=  

where F  is the force in Newtons, m  is the mass in kilograms, and g  is the gravitational 

acceleration constant (9.80665 2/m s ).  

5. Ensuring Accurate Measurements 

To ensure accurate calibration of the load cell, maintain the object being weighed in a 

stationary position and ensure even weight distribution on the load cell during calibration. 

If the object is suspended, verify that it hangs vertically without any swaying. Temperature 

can impact the performance of the load cell; therefore, it is advisable to operate the load cell 

in a controlled environment or undertake periodic recalibration if a controlled environment 

is not feasible.  

5. Calibration Code 

```python 
# Beam_loadCell_calibration.py 
 
import numpy as np 
import pandas as pd 
import matplotlib.pyplot as plt 
from sklearn.linear_model import LinearRegression 
from sklearn.preprocessing import PolynomialFeatures 
from sklearn.metrics import mean_squared_error, r2_score 
 
# Load the data 
data = pd.read_csv('calibrationWeightSingleBeamMCP.csv') 
x = data['Weight'].values.reshape(-1, 1) 
y = data['Reading'].values 
 
# Find the offset by finding the reading corresponding to zero weight 
offset = data.loc[data['Weight'] == 0, 'Reading'].values[0] 
 
# Apply offset to the readings 
y_corrected = y - offset 
 
# Linear Regression 
linear_regressor = LinearRegression() 
linear_regressor.fit(x, y_corrected) 
y_pred_linear = linear_regressor.predict(x) 
 
# Polynomial Regression (2nd Degree) 
poly = PolynomialFeatures(degree=2) 
x_poly = poly.fit_transform(x) 
poly_regressor = LinearRegression() 
poly_regressor.fit(x_poly, y_corrected) 
y_pred_poly = poly_regressor.predict(x_poly) 
 
# Scaling Factor Calibration 
# Exclude zero readings to prevent division by zero 



 

 

non_zero_mask = x.flatten() != 0 
scaling_factors = y_corrected[non_zero_mask] / x[non_zero_mask].flatten() 
average_scaling_factor = np.mean(scaling_factors) 
y_pred_scaling = x.flatten() * average_scaling_factor 
 
# Plotting the results 
plt.figure(figsize=(10, 6)) 
plt.scatter(x, y_corrected, color='red', label='Actual Data Points', marker='o') 
plt.plot(x, y_pred_linear, color='blue', label='Linear Regression', linestyle='-', 
marker='>') 
plt.plot(x, y_pred_poly, color='green', label='Polynomial Regression', 
linestyle=':', marker='s') 
plt.scatter(x[non_zero_mask], y_pred_scaling[non_zero_mask], color='orange', 
label='Scaling Factor Calibration', marker='^', zorder=5) 
plt.axhline(0, color='black', linewidth=0.5)  # Add a line at zero for reference 
plt.title('Calibration Techniques Comparison') 
plt.xlabel('Weight') 
plt.ylabel('Corrected Reading') 
plt.legend() 
plt.savefig("calibration_comparison.png") 
plt.close() 
 
r2_linear = r2_score(y_corrected, y_pred_linear) 
r2_poly = r2_score(y_corrected, y_pred_poly) 
r2_scaling = r2_score(y_corrected[non_zero_mask], y_pred_scaling[non_zero_mask]) 
 
# Prepare Markdown content 
md_content = f""" 
# Calibration Results for Single-Axis Load Cell 
 
This document presents the results of applying three different calibration 
techniques to sensor readings obtained from a single-axis load cell. 
 
## Calibration Techniques 
- **Linear Regression** 
- **Polynomial Regression** 
- **Scaling Factor Calibration** 
 
![Calibration Techniques Comparison](calibration_comparison.png) 
 
## Statistical Analysis 
 
| Technique |  R^2 | 
| --------- |  --- | 
| Linear Regression | {r2_linear:.4f} | 
| Polynomial Regression | {r2_poly:.4f} | 
| Scaling Factor | {r2_scaling:.4f} | 
 
## Regression Equations 
 
- **Linear Regression Equation**: $y = {linear_regressor.coef_[0]:.4f}x + 
{linear_regressor.intercept_:.4f}$ 
- **Polynomial Regression Equation**: $y = {poly_regressor.coef_[2]:.4f}x^2 + 
{poly_regressor.coef_[1]:.4f}x + {poly_regressor.intercept_:.4f}$ 
- **Scaling Factor**: ${average_scaling_factor:.4f}$ 
 
The analysis includes R^2 scores for each calibration method to help determine the 
most accurate approach for converting sensor readings into weight measurements. 
""" 
 
# Save Markdown content to file 
with open('calibration_results.md', 'w') as md_file: 
    md_file.write(md_content) 
 
print("Calibration results and analysis saved to calibration_results.md.") 
```



 

 

19  Appendix – FARE-KE 3-
Axis Load Cell Assembly Guide 
Proper alignment of the load cell centres is critical during the assembly process to ensure 

accurate measurements. The 3D-printed parts play a crucial role in facilitating the alignment 

of the load cells during assembly and contribute to the overall structural integrity of the 

assembly. 

If manufacturing capabilities allow, using a stiffer material such as aluminiumor another 

material with higher stiffness than 3D-printed materials can significantly enhance the sensor's 

performance. The increased stiffness of these materials can improve the overall stability and 

accuracy of the load cell, resulting in more reliable and precise measurements. 

Assembly Steps 

1. Before inserting the first load cell, apply aluminiumepoxy into the load cell holder. 

 

 

Mount the load cells using the 3D-printed parts, ensuring the orientation aligns with the 

illustrations  

Figure 124. Left final 3 axis load cell, Right layout and overlap of the single load cell bars. 



 

 

 

 

 

 

Once the parts are assembled, mark the holes on the aluminiumand drill a 2.5mm hole 

through the load cells.  

Use a tapping tool to create a 3mm thread on the load cell.  

Secure the joint using an M3 screw. 

 

 



 

 

20  Appendix – FARE-KE 3-
Axis Single Point Calibration  
Single-point calibration methods are widely utilised for calibrating multi-axis load cells due 

to their simplicity and straightforward implementation. These methods involve applying a 

known load on one of the axes and using the resultant sensor readings to establish the 

relationship between the digital reading and the weight. Each load cell channel exhibits a 

direct response to the load applied along its respective axis, which is described by a transfer 

function. For a 3-axis load cell, the primary outputs when a load is applied along the x , y

, and z  axes are: 

x xx x

y yy y

z zz z

O k F

O k F

O k F

   
   

=    
      

 

Where iO  is the output reading, iik  is the sensitivity of the load cell for the respective axis, 

and iF  is the applied force. When a force is applied along one axis, the other axes register a 

response due to crosstalk. The transfer functions can be expanded to incorporate crosstalk 

as follows: 

xx x xy y xz zx

y yx x yy y yz z

z zx x zy y zz z

k F k F k FO

O k F k F k F
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The calibration matrix K  is constructed using the main sensitivity coefficients along the 

diagonal and the crosstalk coefficients as the off-diagonal elements: 

xx xy xz

yx yy yz

zx zy zz

k k k

k k k

k k k

 
 

=  
 
  

K  

To correct for sensor inaccuracies and crosstalk, the inverse of the calibration matrix is 

calculated. This inverse matrix transforms the output readings (previously denoted as (O ) 

into actual force values. The mathematical representation for calculating the actual forces 

F  from the output readings using the inverse calibration matrix 1−
K  is as follows: 



 

 

1−=F K O  

Here, O  represents the vector of output readings from the sensor, corresponding to the raw 

data previously mentioned. The inverse matrix serves two key purposes: it establishes a 

relationship between the digital reading and the weight/load applied to the sensor and 

compensates for crosstalk, which is essential for ensuring accurate force measurement.  

Numerical Example Based on Calibration Data 

1. Measurements under Known Loads: With known loads applied along each axis (150g in 

this example), we record the corresponding output readings for all three axes. 

2. Calculating the Sensitivities: The sensitivity along each axis is calculated as the ratio of 

the output reading when a load is applied along that axis. For example: 

 with xx F

x
x

O
Sensitivity

F
=  

3. Calculating Crosstalk Coefficients: The crosstalk coefficients are similarly ratios of the 

output reading on the non-loaded axes when a load is applied on one axis. For instance: 

 with xy F

xy
x

O
Crosstalk

F
=  

4. Constructing the Calibration Matrix: Using the calculated sensitivities and crosstalk 

coefficients, we construct the calibration matrix K . 

5. Solving for Actual Forces: To find the actual forces from any given set of load cell 

readings, we multiply the inverse calibration matrix 1−
K  by the raw sensor readings 

vector O , obtaining F .  

Implementing the Calibration in Practice 

The following numerical example is part of the calibration process for one of the assembled 

3-axis load cells build. The load cell was loaded with a 150g align along each one of the axis 

and this data is used to construct the calibration matrix K  and its inverse. The data for a 

3-axis load cell, which contains the weights suspended from the load cell aligned to each of 

the axes and the digital readings from the ADC, is as follow:  



 

 

load_x load_y load_z reading_x reading_y reading_z 

0 0 0 251370 -549405 1150070 

150 0 0 503955 -544585 1147510 

0 150 0 249710 -292290 1147780 

0 0 150 254260 -543310 897411 

Table 29. Readings from the 3axis load cell with a 150g load aligned on each of the axis.  

Calculate the sensitivities and crosstalk coefficients as follows, sensitivity for the x-axis: 

 with  with no forcexx F x

x
x

Reading Reading
Sensitivity

F

−
=  

503955 251370
1672.55

151 0
xSensitivity

−
= 

−
 

The same process is applied to the other two axes. Then for the crosstalk coefficients, for the 

x-axis with force applied on the y-axis: 

 with  with no forceyx F x

xy
y

Reading Reading
Crosstalk

F

−
=  

249710 251370
11.06

151 0
xyCrosstalk

−
=  −

−
 

For the x-axis with force applied on the z-axis: 

 with  with no forcezx F x

xz
z

Reading Reading
Crosstalk

F

−
=  

254260 251370
19.21

151 0
xzCrosstalk

−
=  −

−
 

These calculations compute the sensitivity coefficients that reflect how much the sensor's 

output changes per unit of force applied, and the crosstalk coefficients that reflect the sensor’s 

response on one axis when force is applied on another. Now, we use the calculated sensitivities 

and crosstalk coefficients to construct the calibration matrix K : 

Sensitivity Crosstalk Crosstalk 1672.55 11.06 19.21

Crosstalk Sensitivity Crosstalk 31.82 1703.01 40.30

17.02 15.17 1672.65Crosstalk Crosstalk Sensitivity

x xy xz

yx y yz

zx zy z

  − − 
   

= → =   
   − −   

K K  



 

 

The inverse of the calibration matrix 1−
K  is then computed, which is used to determine the 

actual forces from the raw sensor readings compensating for sensitivity and crosstalk: 

4 6 6

1 5 4 5

6 6 4

5.9788 10 3.9432 10 6.7715 10

1.1313 10 5.8699 10 1.4273 10

5.9811 10 5.3638 10 5.9779 10

− − −

− − − −

− − −
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 

= −   −  
 
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K  

This inverse matrix can be calculated using numerical methods such as NumPy's ̀ linalg.inv()` 

function in Python. Implementation of this calculation is integrated into the provided 

Arduino library, specifically within the class `MCP356x3axis.h`, designed for reading from 

the custom-built PCB. Although the Single-Point Calibration Method is straightforward, it 

has inherent limitations. It assumes linearity in the sensor's response and does not 

accommodate non-linear behaviours or complex interactions between axes that may arise 

from misalignment or other assembly-related factors. 

Code: 

``` python 
import numpy as np 
 
# Given data for each load case - Updated with new readings 
measured_no_load = np.array([251370, -549405, 1150070])  # No load case 
measured_load_x = np.array([503955, -544585, 1147510])   # Load 1 (Applying load_x = 150g)  
measured_load_y = np.array([249710, -292290, 1147780])   # Load 2 (Applying load_y = 150g)  
measured_load_z = np.array([254260, -543310, 897411])    # Load 3 (Applying load_z = 150g)  
 
# Known loads applied along each axis 
load_x = 150  # Known force applied for load case x 
load_y = 150  # Known force applied for load case y 
load_z = 150  # Known force applied for load case z 
 
# Sensitivity Calculation (counts/N) 
sensitivity_x = (measured_load_x[0] - measured_no_load[0]) / load_x 
sensitivity_y = (measured_load_y[1] - measured_no_load[1]) / load_y 
sensitivity_z = (measured_load_z[2] - measured_no_load[2]) / load_z 
 
# Crosstalk Calculation (counts/N) 
# Assuming no crosstalk when no load is applied 
crosstalk_xy = (measured_load_x[1] - measured_no_load[1]) / load_x 
crosstalk_xz = (measured_load_x[2] - measured_no_load[2]) / load_x 
crosstalk_yx = (measured_load_y[0] - measured_no_load[0]) / load_y 
crosstalk_yz = (measured_load_y[2] - measured_no_load[2]) / load_y 
crosstalk_zx = (measured_load_z[0] - measured_no_load[0]) / load_z 
crosstalk_zy = (measured_load_z[1] - measured_no_load[1]) / load_z 
 
# Calibration Matrix 
calibration_matrix = np.array([ 
    [sensitivity_x, crosstalk_xy, crosstalk_xz], 
    [crosstalk_yx, sensitivity_y, crosstalk_yz], 
    [crosstalk_zx, crosstalk_zy, sensitivity_z] 
]) 
 
# Inverse of the Calibration Matrix 
calibration_matrix_inverse = np.linalg.inv(calibration_matrix) 
 
print("Calibration matrix:") 
print(calibration_matrix) 
print("Inverse of the calibration matrix:") 
print(calibration_matrix_inverse) 
``` 



 

 

21  Appendix – FARE-KE 3-
Axis Multipoint Calibration 
Method 
The Multipoint Calibration Method addresses the limitations of the Single-Point Calibration 

Method by considering multiple load cases, accounting for non-linearity and crosstalk effects. 

This method is particularly relevant for the custom-built 3-axis load cell used in the project. 

Due to the nature of the custom design, the load cell may exhibit more crosstalk and non-

linearity compared to precision-manufactured, single solid-body load cells. The Multipoint 

Calibration Method helps mitigate these issues and provides a more accurate calibration 

matrix. This section presents two different approaches: the least-squares method and 

polynomial regression.  

Least-Squares Regression 

The least-squares regression is a method that finds the calibration matrix K  by minimising 

the sum of squared differences between the observed sensor outputs readings R  and the 

model's predictions. This approach inherently accounts for crosstalk since it treats the 

calibration as a system of linear equations that considers all interactions between axes: 

2
argmin= −K F RK  

Here, F  is the matrix of applied forces and R  is the matrix of sensor readings. The 

calibration matrix K  obtained from this method compensates for crosstalk by incorporating 

it into the model. 

Polynomial Regression 

The polynomial regression calibration model also aims to compensate for non-linear 

relationships. It fits a polynomial equation to the data points, offering a more nuanced model 

of sensor behaviour: 

2
2 1 0F K R K R K=  +  +  

Where 2K , 1K , and 0K  represent the coefficients for the quadratic, linear, and constant 

terms.  

Implementation and Validation 



 

 

1. Data Collection: As with the single point calibration of the single axis load cell, a number 

of known weights are suspended from the sensor, aligning with the axis being loaded, and 

the digital value is recorded. These values are then saved in CSV format. An example from 

the calibration of one of the assemble 3-axis load cells looks is: 

XLoad  YLoad  ZLoad  xread  yread  zread  

0 0 0 251370 -549405 1150070 

150 0 0 503955 -544585 1147510. 

300 0 0 730660 -540480 1145120 

600 0 0 1236265 -531180 1139075 

900 0 0 1709310 -522370 1128960 

0 0 0 251370 -549405 1150070 

0 150 0 249710 -292290 1147780 

0 300 0 248770 -60985 1143355 

0 600 0 248065 454290 1143280 

0 900 0 244730 937005 1132765 

0 0 0 251370 -549405 1150070 

0 0 150 254260 -543310 897411 

0 0 300 256340 -538270 670606 

0 0 600 262460 -526805 164996 

0 0 900 264660 -515265 -308384 

Table 30 Digital reading for the loading of each of the 3 axis to compute calibration matrix 

The axes are loaded with weights (in grams), and the readings are captured in digital count 

form. Once the data is ready, the next steps are handled by a Python script that computes 

the calibration matrix and compares the performance of both methods. To assess 

performance, a separate set of readings from the load cell with known weights, which have 

not been used for calibration, are captured for validation of the load cell performance. 

2. Calibration Matrix Computation: The calibration matrix is derived from the collected data 

using least-squares regression, which considers the linear behaviour of the sensor. 

3. Curve Fitting: Polynomial regression is used to fit curves to the data for each axis, 

capturing non-linear behaviours. 

4. Validation: The models are validated using a separate dataset, not involved in the 

calibration process. 

5. Error Analysis: The model's accuracy is assessed through MAE and RMSE, allowing for 

model refinement. 

Code 



 

 

import pandas as pd 
import numpy as np 
from numpy.linalg import lstsq 
from numpy.polynomial.polynomial import Polynomial 
from sklearn.metrics import mean_absolute_error, mean_squared_error 
 
# Load the calibration data from a CSV file into a pandas DataFrame 
load_cell_data = pd.read_csv('3axisCell2CalibrationData.csv') 
 
# Selects only the relevant columns for calibration 
data = load_cell_data[['force_x', 'force_y', 'force_z', 'corrected_x', 
'corrected_y', 'corrected_z']] 
data = data.dropna()  # Drop rows with NaN values 
 
# Extracts the force measurements and the corresponding corrected sensor readings 
forces = data[['force_x', 'force_y', 'force_z']].values 
corrected_readings = data[['corrected_x', 'corrected_y', 'corrected_z']].values 
 
# Identifies the no-load (zero force) sensor readings to use for offset correction 
no_load_readings = corrected_readings[forces[:,0] == 0, :][0] 
corrected_readings_offset_corrected = corrected_readings - no_load_readings 
 
# Calculates the calibration matrix using the Least Squares method 
K_offset_corrected, _, _, _ = lstsq(corrected_readings_offset_corrected, forces, 
rcond=None) 
 
# Initialises Polynomial Regression for each axis (x, y, z) using the corrected 
sensor readings 
coefficients_poly = {} 
for axis, axis_name in enumerate(['x', 'y', 'z']): 
    poly_fit = Polynomial.fit(corrected_readings[:, axis], forces[:, axis], 2) 
    coefficients_poly[axis_name] = poly_fit.convert().coef 
 
# Load the validation data 
validation_data = pd.read_csv('validationDataCell2.csv') 
 
# Extract corrected sensor readings from the validation data 
validation_corrected_readings = validation_data[['corrected_x', 'corrected_y', 
'corrected_z']].values 
 
# Perform offset correction on the validation data 
validation_corrected_readings_offset_corrected = validation_corrected_readings - 
no_load_readings 
 
# Use the calibration matrix to estimate forces from validation data 
validation_estimated_forces_ls = 
np.dot(validation_corrected_readings_offset_corrected, K_offset_corrected.T) 
 
# Use polynomial regression coefficients to estimate forces from validation data 
validation_estimated_forces_poly = np.column_stack([ 
    np.polyval(coefficients_poly['x'][::-1], validation_corrected_readings[:, 0]), 
    np.polyval(coefficients_poly['y'][::-1], validation_corrected_readings[:, 1]), 
    np.polyval(coefficients_poly['z'][::-1], validation_corrected_readings[:, 2]) 
]) 
 
# Calculate MAE and RMSE for Least Squares and Polynomial Regression methods 
mae_ls = mean_absolute_error(forces, validation_estimated_forces_ls) 
rmse_ls = np.sqrt(mean_squared_error(forces, validation_estimated_forces_ls)) 
mae_poly = mean_absolute_error(forces, validation_estimated_forces_poly) 
rmse_poly = np.sqrt(mean_squared_error(forces, validation_estimated_forces_poly)) 
 
# Outputs 
K_offset_corrected, coefficients_poly, mae_ls, rmse_ls, mae_poly, rmse_poly 

Validation Results 



 

 

To assess the performance of the three calibration methods (single point, least squares, and 

polynomial regression) a separate validation dataset was used. This dataset consisted of 

sensor readings and corresponding known force measurements that were not used during the 

calibration process. The validation phase highlighted the performance of the Polynomial 

Regression method in terms of both Mean Absolute Error (MAE) and Root Mean Square 

Error (RMSE), as summarised in the following table:  

The Polynomial Regression method demonstrated consistent performance across different 

datasets and exhibited robustness against crosstalk. The Single-Point method showed slightly 

higher errors compared to the Least Squares method in the validation phase, indicating its 

limitations in compensating complex sensor behaviours. However, the improvements from 

the Least Squares method are limited. The validation data was processed using each 

calibration method to estimate the forces and evaluate the performance of each technique. 

These estimated forces were then compared to the actual force measurements to calculate 

the absolute errors. The subsequent figure present the absolute errors for each method, across 

all the validating measurement visualising the performance across a range of load conditions. 

Figure 125. Heatmap table comparison for the three calibration methods presented, showing the error on grams 
when loading the sensor after calibrated. 

Table 31. Validation Performance Comparison across different modelling techniques for load prediction. The table quantifies the 
models' accuracy using Mean Absolute Error (MAE), Root Mean Square Error (RMSE), and Maximum Error, all measured in grams 
(g). 



 

 

 

As illustrated in the heatmaps, error rates are notably lower for the Least Squares and 

Polynomial Regression methods compared to the Single-Point method, with the Polynomial 

Regression method demonstrating the lowest error percentages overall. 

The mean absolute error, even the highest performance calibration method can have a MAE 

of up to 7.5 grams. This affects measurements under the 100-gram range particularly 

negatively, where this error value of 7.5 grams could represent up to an 7.5% error. However, 

as we measure higher forces, this noise becomes less relevant and tend to remain at lower 

than 2% error over the loading reading. 

The calibration and validation process for the custom-built 3-axis load cell provides a 

comprehensive overview of the performance of the three calibration methods. The Polynomial 

Regression method was found to be the most effective, offering slightly improved accuracy 

compared to the Least Squares and Single-Point methods. However, it is crucial to 

acknowledge that even the best-performing method has its limitations, particularly when 

measuring low forces, as demonstrated by the data in. Future work will focus on addressing 

these challenges by enhancing the ADC noise immunity and increasing the sampling rate to 

acquire more data for better noise filtering and compensation. 

Additionally, regular validation and performance monitoring of the calibrated sensor are 

essential to ensure consistent and accurate force measurements over time. The long-term 

performance of these sensors has not been extensively studied. Establishing a systematic 

Figure 126. Heatmap table comparison for the three calibration methods presented, showing the error as a 
percentage of the load applied to the axis. 



 

 

approach to recalibration and performance evaluation will be crucial in maintaining the 

sensor's precision and reliability across various applications.  



 

 

22  Appendix – FARE-KE 6-
Axis Load Cell Assembly  
This appendix complements the discussions in Chapter 8, specifically addressing the assembly 

of the 6-axis force and torque sensor used in the HapticWhirl project. The aim is to provide 

a detailed inventory of parts, along with step-by-step assembly and calibration instructions, 

enabling individuals to independently assemble a F/T plate. The equations below are 

fundamental for calculating the forces and torques (moments) applied by haptic devices: 
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Comprehensive guidelines for assembling this open-source sensor are provided, with the latest 

version of this document and source materials accessible via the project’s GitHub repository. 

This document includes visual aids for assembly and calibration, with general information 

about component fabrication and procurement detailed in the "BOM.md" file on GitHub. 

Further details, including CAD files, are available in the Source/CAD folder. 

The document is structured to first list all components necessary for assembling the 

force/torque plate, followed by step-by-step assembly instructions. Separate documentation 

covers the connection of electronics, firmware configuration, and calibration procedures. 



 

 

23  Appendix – FARE-KE 6-
Axis Load Cell Multipoint 
Calibration 
Multi-axis force-torque sensors are integral in diverse applications such as robotics, 

biomechanics, and industrial automation. These sensors provide crucial data by measuring 

forces and torques along multiple axes, aiding in control, monitoring, and analysis. However, 

ensuring accurate and reliable measurements necessitates thorough calibration. 

 

The calibration process defines a precise relationship between raw digital sensor readings and 

the actual force/torque values they represent. This relationship is typically encapsulated by 

a calibration matrix that transforms the raw sensor data into quantifiable force and torque 

measurements, taking into account factors such as sensor sensitivity, crosstalk effects, and 

nonlinear response characteristics. 

Calibrating multi-axis force-torque sensors involves addressing challenges like nonlinearities  

(where the sensor’s output does not linearly correlate with the applied force or torque) and 

crosstalk, which occurs when a force or torque applied on one axis affects the measurements 

on other axes. These phenomena can significantly impact the accuracy and reliability of 

sensor measurements if not carefully addressed during calibration. 

 



 

 

Single-Point Calibration Methods 

Calibration methods for multi-axis force-torque sensors often employ single-point calibration 

techniques. These methods involve applying a single known force/weight and torques and 

using the corresponding sensor readings to compute the calibration matrix. The calibration 

process determines the elements of the calibration matrix that best fit the relationship 

between the applied forces/torques and the sensor readings. The single-point calibration 

matrix is typically obtained by solving a system of linear equations: 
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Here, , ,x y zF F F  denote the applied forces, , ,x y z    the applied torques, ijk  the elements of 

the calibration matrix, and 1 2 6, , ,r r r  the raw sensor readings. 

Single-point calibration methods have limitations in capturing the full range of sensor 

behaviour and accounting for nonlinearities across the entire measurement range. However, 

on industrial sensors, this approach has been proven to reduce the effects of cross-talk to less 

than 0.5% of the sensor's full-scale capacities [348], [349]. 

The force/torque (F/T) plate under study is constructed using four pre-calibrated 3-axis load 

cells. These load cells are rigidly assembled to form a 3-axis four-cell torque measurement 

plate. By combining 3-axis load cells in this configuration, we can provide orthogonal force 

measurements along the x, y, and z axes, representing a total of 12 independent channels of 

forces on each axis. In this case, the cells are calibrated before mounting. Once mounted on 

the measuring plate, the readings from these 12 channels are combined to calculate the force 

and torque on each axis as follows: 
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Here, , ,x yF F  and zF  represent the net forces in the x, y, and z directions, respectively. 

Similarly, , ,x yM M  and zM  denote the net moments about the corresponding axes. The 

subscripts $A, B, C,$ and D  identify the individual load cells. W  and L  signify the width 

and length of the measurement plate, respectively.  

The coordinate origin is defined at the centre of the plate, where the load cells are rigidly 

mounted. This 6-axis load cell design, unlike highly precise industrial builds, exhibits higher 

crosstalk and lower linearity. Consequently, it is crucial to employ calibration approaches 

that mitigate these limitations. We employ multipoint calibration, which involves collecting 

data at multiple force and torque levels across the sensor's measurement range. This method 

allows us to capture the sensor's nonlinear behaviour and enhance the calibration matrix's 

capability to compensate for crosstalk effects. Benefits of multipoint calibration include: 

• Improved accuracy: Multipoint calibration captures the sensor's nonlinear 

behaviour, thereby providing more accurate force and torque estimates 

compared to single-point calibration methods. 

• Enhanced robustness: This calibration approach is less sensitive to measurement 

noise and outliers, utilising multiple data points to compute a more reliable 

calibration matrix. 

• Better compensation for crosstalk effects: By considering interactions between 

different measurement axes, multipoint calibration significantly reduces errors 

attributable to crosstalk. 

In the following sections, we explore the methodology, experimental setup, and results of 

the multipoint calibration approach, assessing its performance on accuracy and reliability of 

multi-axis force-torque sensor measurements.  

Methodology 

Our proposed multipoint calibration approach aims to enhance the accuracy and robustness 

of multi-axis force-torque sensor calibration by using data collected at various force/torque 

levels. The key steps in the methodology include: 

1. Data Collection: 

Apply known forces and torques at multiple calibration points across the sensor's 

measurement range. Record the corresponding raw sensor readings for each point. The 

collected data is organised into matrices: F  for applied forces/torques and R  for raw sensor 



 

 

readings. The reading vector can be visualized as a 6x6 matrix for each calibration point i , 

denoted as iR : 

 

(Primary) (Secondary) (Secondary)

(Secondary) (Primary) (Secondary)

(Secondary) (Secondary) (Primary)

x y z

x y z

i

x y z

F F M

F F M

F F M

 
 
 

=  
 
 
 

R  

In this matrix, the primary effects are on the diagonal, while the off-diagonal terms reflect 

crosstalk effects. 

2. Calibration Matrix Computation 

The objective is to derive a calibration matrix K  that converts uncalibrated force/torque 

readings into precise measurements. The least squares method is utilised to compute K , 

minimising the discrepancy between the product of raw sensor readings R  and the 

calibration matrix K , and the known applied forces and torques F . This is mathematically 

represented as: 

 
2

1

min
i

n

i i i
i=

− K F R K  

where xn  is the total number of calibration points. 

The least squares method seeks to find the calibration matrix K  that best fits the 

relationship between the raw sensor readings and the known applied forces and torques. To 

compute K  using the least squares method, the raw sensor readings R  and the 

corresponding known forces and torques F  from all calibration points are organised into 

matrices. Let calR  denote the matrix of raw sensor readings from the calibration points, and 

calF  denote the matrix of corresponding known forces and torques. The least squares solution 

for the calibration matrix K  is given by: 

 1
cal cal cal cal( )T T−=K R R R F  

This equation identifies the calibration matrix that minimises the sum of squared differences 

between the predicted forces and torques ( calR K ) and the actual known forces and torques 



 

 

( calF ) across all calibration points. The resulting calibration matrix K  can be used to 

estimate the forces and torques for a given set of raw sensor readings R : 

 estimated =F RK  

Since the least squares method incorporates all calibration points in computing the 

calibration matrix, no additional optimization is required. This method effectively minimises 

the overall error across all points, accounting for the sensor's nonlinear behaviour and 

crosstalk effects. By leveraging data from multiple points across the measurement range, the 

least squares method offers a robust and efficient calibration for the multi-axis force-torque 

sensor. 

In the subsequent sections, we will explore the experimental setup, results, and performance 

evaluation of the multipoint calibration strategy using the least squares method on the 

custom-designed 6-axis load cell. 

Experimental Setup 

The calibration was conducted using a 6-axis F/T plate assembled from four 3-axis load cells. 

Recorded readings were obtained from the 12 channels to compute the forces and torques. 

The force plate was carefully positioned to ensure proper alignment with the desired 

measurement axes. For force measurements, the plate was placed sideways and levelled to 

maintain a flat and vertical orientation, aligning the applied forces with the axes being 

measured.  

To measure forces, weights were suspended from the centre of the origin, aligning the applied 

force with the x and y axes. For the z-axis, the force plate rested flat, and weights were 

placed on a platform mounted over the plate's origin, ensuring even weight distribution. The 

3-axis load cells, already calibrated in Newtons, recorded the loaded weights as follows: 0.59 

N, 1.42 N, 2.01 N, 2.80 N, 3.92 N, 6.72 N, 11.33 N, 15.89 N, and 21.68 N. For torque 

measurements, a 115 mm lever-arm was attached to the plate’s centre. Weights were 

suspended from the arm's end to generate torques of 0.09 Nm, 0.21 Nm, 0.30 Nm, 0.42 Nm, 

0.59 Nm, 1.01 Nm, 1.70 Nm, 2.38 Nm, and 3.25 Nm. Zero values were also recorded, resulting 

in a total of 10 calibration points for each force and torque component. 



 

 

Fx Fy Fz Mx My Mz known_Fx known_Fy known_Fz Known_Mx Known_My known_Mz 

-0.026 -0.049 0.013 0.001 0.002 0.002 0 0 0 0 0 0 

-0.006 0.563 0 -0.01 0.002 -0.002 0 0.5886 0 0 0 0 

0.042 2.04 -0.031 -0.045 0.002 -0.011 0 2.0111 0 0 0 0 

0.026 0.007 -0.076 0.001 0 -0.005 0 0 0 0 0 0 

0.048 0.608 -0.107 -0.093 0.002 -0.012 0 0.5886 0 -0.0883 0 0 

0.072 2.055 -0.166 -0.32 0.005 -0.026 0 2.0111 0 -0.3017 0 0 

Table 32. shows an example of the calibration data collected for the force and torque measurements. 

It is important to note that when applying a load to measure torque, the weights will also 

be measured as a force aligned with that axis. For example, when measuring torque on the 

x-axis, the y-axis force component will also experience load, as illustrated in Table 32. In the 

following sections, we will explore data processing, calibration matrix computation using 

Python, and performance evaluation based on the collected calibration data. 

Data Preparation and Calibration Matrix Computation 

To obtain the calibration matrix using the method previously described, a Python script is 

provided that handles all functionality and includes some data validation. This script 

segments the collected data into calibration and validation sets to evaluate the calibration 

matrix's performance on alternative data points.  

```python 
calibration_rows = [] 
validation_rows = [] 
 
for i in range(0, len(data), 10): 
    axis_data = data.iloc[i:i+10] 
    calibration_rows.extend(axis_data.index[1:10:2])  # odd-indexed rows starting 
from index 1 
    validation_rows.extend(axis_data.index[2:10:2])   # even-indexed rows starting 
from index 2 
 
# Specify calibration data based on indices 
calibration_data = data.loc[calibration_rows] 
validation_data = data.loc[validation_rows] 
``` 

The script processes data in chunks of 10 rows, each chunk representing calibration points 

for each axis. Odd-indexed rows (starting from index 1) are designated for calibration, while 

even-indexed rows (starting from index 2) are used for validation. This segregation ensures 

that both data sets are distinct. Calibration data is then selected using 

data.loc[calibration_rows], and validation data is accessed via data.loc[validation_rows]. Next, 

the script extracts the sensor readings (R) and the corresponding known forces/torques (F) 

that have been applied to each axis from the calibration data: 

```python 



 

 

R_cal = calibration_data.iloc[:, :6].values 
F_cal = calibration_data.iloc[:, 6:].values 
``` 

The iloc function selects the first 6 columns of the calibration data, corresponding to sensor 

readings ( R ), with the subsequent columns representing the known forces/torques ( F ). The 

values attribute then converts this selected data into NumPy arrays for processing. The 

calibration matrix is computed using the least squares method: 

```python 
K_cal, _, _, _ = lstsq(R_cal, F_cal, rcond=None) 
``` 

The lstsq function from the numpy.linalg module addresses the linear least squares problem 

by taking sensor readings ( calR ) and the known forces/torques ( calF ) as inputs, returning 

the calibration matrix ( calK ) that minimises the sum of squared residuals between the 

predicted and actual forces/torques. This calibration matrix represents the linear 

transformation that maps raw sensor readings to calibrated force/torque values, 

incorporating adjustments for the sensor's sensitivity, crosstalk effects, and inherent biases. 

Calibration Matrix Results 

Using the calibration data from the sensor and the Python script described previously, we 

obtained the following calibration matrix: 

 cal

0.9996 0.0102 0.0126 0.0004 0.0217 0.0051

0.0303 0.9946 0.0150 0.0258 0.0010 0.0049

0.0091 0.0159 0.9946 0.0011 0.0094 0.0000

0.1138 0.1117 0.1168 1.1472 0.0196 0.0137

0.4016 0.0569 0.5885 0.0120 1.1564 0.0466

0

− −

−

− − − −
=

− − − −

− −

−

K

.0173 0.0068 0.1061 0.0170 0.0043 1.0059

 
 
 
 
 
 
 
 

−  

 

To assess the calibration matrix's performance, we conducted various tests comparing the 

corrected readings' accuracy to the original readings obtained during calibration. First, we 

evaluated calibration effectiveness using Mean Absolute Percentage Error (MAPE) and R-

squared metrics. The results indicated that the readings obtained during calibration, which 

combined data from the twelve readings of the calibrated four 3-axis load cells, already 

achieved an 2R  value of 0.98. However, after applying the calibration matrix, the sensor 

accuracy further improved to an 2R  value of 0.999. 

 



 

 

Metric Raw Readings Calibration 

MAPE (%) 2.814737 1.849263 

R-squared 0.983804 0.999691 

Table 33 Mean Absolute Percentage Error (MAPE) and R-squared metrics before and after using the calibration matrix. 

Next, histograms and box plots illustrated the distribution of errors between the raw and 

corrected data Figure 127. The histograms shows a notable convergence of the calibrated 

readings towards zero error, signifying a substantial reduction in error magnitude relative to 

the raw data. The box plots confirmed these results, showing that the interquartile range 

(IQR) of the calibrated data was significantly narrower and the median closer to zero, 

suggesting enhanced accuracy. 

 

Figure 127.  Error Distribution for Raw and Calibrated Readings histogram and Error Distribution (Box Plot) for Raw and Calibrated 
Readings 

To visualise the error across the loading range and identify any outliers, we plotted scatter 

plots illustrating raw and calibrated readings across the six axes in comparison to the known 

applied force. For all axes, the calibrated values were closer to the linear model representative 

of the sensor's response, indicating higher accuracy after calibration. 



 

 
The Mean Absolute Error (MAE) showed in more detail the magnitude of improvement in 

Figure 130. Scatter plots for Actual vs. Estimated Fx, Fy, Fz, Mx, My, and Mz, with readings on Newton and Newton/meter respectively. 

Figure 128. MAE by Axis for Raw vs. Calibrated bar chart. 

Figure 129. As axis are actuated, they have an undesired effect on other axis called crosstalk. This plot shows the crosstalk effect on the 
Fz axis above and the Mz axis below when another axis are actuated. On orange are the raw values when compensated with the calibration 
matrix K_cal. 



 

 

each axis in Newtons for the force axes and Newton-meters for the torque axes. Overall, 

calibrated readings offered lower error readings compared to the raw readings. 

However, this analysis primarily assessed the calibration matrix's effect on overall accuracy 

without specifically addressing its impact on crosstalk compensation. Consequently, 

additional tests were conducted to evaluate the calibration matrix's influence on crosstalk. 

the crosstalk behaviour in the 6-axis load cell design, we plotted the crosstalk errors and 

compared them to the readings after applying the compensation matrix across all calibration 

points. The calibration sequence, depicted in the graph, began with applying a force along 

Fy, followed by Mx, Fx, My, Mz, and finally Fz. This plot highlights the crosstalk on the Fz 

and Mz axes and demonstrates how crosstalk intensity escalates with increased load on the 

principal axis. The compensated readings, shown in orange, indicate a substantial reduction 

in crosstalk across these axes, with similar outcomes observed for the other axes. 

Raw Force/Torque Crosstalk Calibrated Force/Torque Crosstalk (N) 

Fx(N) Fy(N) Fz(N) Mx(Nm) My(Nm) Mz(Nm) Fx(N) Fy(N) Fz(N) Mx(Nm) My(Nm) Mz(Nm) 

0.026 0.049 0.013 0.001 0.002 0.002 0.026 0.049 0.013 0.000 0.003 0.002 

0.006 0.000 0.000 0.01 0.002 0.002 0.023 0.000 0.011 0.003 0.003 0.001 

0.015 0.000 0.018 0.029 0.001 0.002 0.025 0.000 0.008 0.004 0.002 0.006 

0.042 0.000 0.031 0.045 0.002 0.011 0.015 0.000 0.006 0.001 0.003 0.000 

0.055 0.000 0.048 0.059 0.000 0.002 0.022 0.000 0.001 0.004 0.001 0.013 

0.107 0.000 0.074 0.093 0.000 0.022 0.000 0.000 0.005 0.006 0.000 0.001 

0.180 0.000 0.129 0.156 0.000 0.037 0.004 0.000 0.011 0.006 0.001 0.001 

0.301 0.000 0.22 0.258 0.001 0.062 0.01 0.000 0.021 0.004 0.000 0.001 

0.453 0.000 0.283 0.362 0.001 0.089 0.017 0.000 0.004 0.007 0.000 0.003 

0.594 0.000 0.363 0.483 0.003 0.116 0.002 0.000 0.015 0.003 0.001 0.000 

Table 34. Crosstalk Error From Raw Readings and calibrated Values after applying the calibration matrix to the loading values along 
the Fy axis.  

After calibration, there was a clear reduction in crosstalk error across all axes. The calibration 

proved particularly effective in mitigating crosstalk on the Mx axis, reducing errors to near 

zero, on other axes, the crosstalk magnitudes were significantly lowered. Overall, the 

calibration matrix substantially reduced crosstalk, particularly along the torque axes, where 

the standard deviation decreased by a factor of 10 for all metrics used to assess crosstalk 

errors. 

 



 

 

 Statistic Fx Fy Fz Mx My Mz 

Std Dev raw 0.1139 0.0821 0.3907 0.0846 0.0979 0.0528 

Std Dev Cal 0.0224 0.0377 0.0343 0.0154 0.0085 0.0043 

Mean Raw 0.0683 0.0541 0.2465 0.0332 0.0538 0.0369 

Mean Cal 0.0172 0.0231 0.0310 0.0072 0.0049 0.0045 

Max Raw 0.5940 0.4120 2.2360 0.4830 0.4100 0.2580 

Max Cal 0.0861 0.1700 0.1287 0.0783 0.0517 0.0158 

Table 35. Standard deviation, mean values and max error for the error on the raw readings, and the errors after applying the calibration 
matrix to the data.  

In conclusion, the assessment of the calibration matrix, as applied to the sensor data, 

highlights its effectiveness in improving measurement accuracy and reducing crosstalk across 

multiple axes. The statistical analysis, demonstrating decreases in standard deviation, mean 

errors, and maximum error values post-calibration, confirms the calibration matrix's role in 

enhancing sensor performance and the capabilities of the proposed 6-axis design. It is 

important to note that the calibration and subsequent error evaluations were conducted with 

forces and torques applied separately to individual axes. This method ensures precise 

calibration but does not consider scenarios where multiple axes are actuated simultaneously. 

While no adverse effects on calibration accuracy have been observed under these conditions, 

the possibility remains. Future work will compare these results with those obtained using 

industrial-grade sensors under multi-axis loading conditions to provide deeper insights into 

the robustness of the calibration matrix and the sensor's reliability in more complex 

operational environments. 



 

 

24  Appendix – FARE-KE 
Analysis Implementations 
Step and ramp response analiysst can be found on the directory 

Haptic_Device_Testing 

https://github.com/telenaco/FARE-KE/tree/main/Haptic_Device_Testing


 

 

25  Appendix – FARE-KE 
ADC Libraries  
All the filest for the ADC microcontroller, libraries, dependencies and examples can be found 

on the repository (MCP356xScale, MCP356x3axis and MCP356x6axis)  

https://github.com/telenaco/FARE-

KE/tree/main/MCP356x_Arduino_Library/lib/mcp356x/src 

 

https://github.com/telenaco/FARE-KE/tree/main/MCP356x_Arduino_Library/lib/mcp356x/src
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