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Hand forces are extremely difficult to measure due to the unique interaction they form with complex 

surfaces. These forces have been linked to an increased risk of developing musculoskeletal disorders even 

for low forces (2-10 N).  Currently available instrumentation does not measure hand forces well on 

curved surfaces.  This thesis presents the design and validation of a flexible piezoresisitive fabric tactile 

sensor for quantifying hand forces on curved surfaces. Results showed the sensor exhibited a stable, 

logarithmic calibration curve (R
2

 = 0.99) and a high resistance to creep, hysteresis and cyclic loading 

conditions. Validation testing illustrated a linear calibration relationship (R
2

 range = 0.970 – 0.978) with 

strong correlations between strain gauge and sensor predictions (R
2

 range = 0.959 - 0.998), indicating the 

sensor was an accurate predictor of contact forces applied by the hand. 
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Nomenclature 
 

MSD – Musculoskeletal Disorder 

PRFS – Piezoresistive Fabric Sensor 

EMG – Electromyography 

FSA/HSA – Force/Hand Sensing Application 

Sensel – One sensing element belonging to a matrix or group of sensing elements 

     Power Connection (5V in the case of the PRFS 1 and 2) 

  - Stress (Pascals) 

       – Total force obtain from summing each sensel at any given data point (Newtons) 

        
 - Percentage of total force applied on sensel x for a given data point. x is sensel 1,2,3,4. 

    – Force of sensel (x) where x is sensel 1, 2, 3 or 4 (Newtons) 

     - Net distance the resultant force is from the strain gauge (meters) 
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Chapter 1 :  Introduction 
 

1.0 Thesis Introduction 

The purpose of this thesis is to describe the development, fabrication and validation of a novel 

piezoresistive fabric sensor for the purpose of detecting and quantifying hand forces. This was 

accomplished with a neoprene embedded piezoresistive material that can adapt and conform to curved 

surfaces for use as a tactile pressure sensor. Recognizing that analysing hand forces is a complicated task, 

this chapter will provide a brief summary of the literature that has examined hand forces as 

musculoskeletal disorder (MSD’s) risk factors as well as research dedicated to the development of 

different assessment methods and devices used for quantifying hand forces. 

Current tactile technology design has proven inefficient at determining force distributions on complex 

geometries such as hand tools (Bao, Howard, Spielholz, & Silverstein, 2006; Lemerle, Klinger, Cristalli, 

& Geuder, 2008; Najarian, Dargahi, & Mehrizi, 2009). Ergonomic handle design continues to strive 

towards a perfect coupling scenario between hand and object, but due to the complex curvatures unique to 

each handle, an adaptable technology is required to precisely define these coupling forces (Cheng, Tsao, 

Lai, & Yang, 2011; Lemerle et al., 2008). This thesis presents a novel tactile sensing design to be used as 

an ergonomic tool, and it aims to illustrate the tactile sensor’s revolutionary abilities through the design 

process and validation testing.   

1.1 Motivation: Hand forces as an Occupational Risk Factor 

Assessing low-level hand forces for repetitive tasks has been a problem for many researchers and 

ergonomists. Understanding  the relationship between relative hand forces exerted and the muscle 

activation responsible for these exertions would greatly increase the accuracy and efficiency of 

assessment for risk of injury (Aldien, Welcome, Rakheja, Dong, & Boileau, 2004; Hoozemans & van 

Dieën, 2005; Welcome, Rakheja, Dong, Wu, & Schopper, 2004). Hand forces, specifically grip forces, 
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are known to be associated with the development of MSD’s due to repetitive muscle use and  forceful 

exertions over extended periods of time (Bao & Silverstein, 2005; Bao, Spielholz, Howard, & Silverstein, 

2006; Spielholz et al., 2008). The Canadian Ministry of Labour has recognised these risk levels of hand 

forces  and has set strict guidelines for manual lifting and forceful exertions from the hand when 

performing tasks  which put workers at risk for injury (Government of Ontario, 2012). A study by 

Attebrant et. al. (1997) showed that by changing equipment of an excavator cab like the arm rest, boom 

control and in particular, the lever which can involve different styles of grip, muscle load can be reduced 

or increased depending on what the preference of the equipment is (Attebrant, Winkel, Mathiassen, & 

Kjellberg, 1997). In addition,  recent studies have shown that hand forces play a vital role in whole-arm 

muscle use, including shoulder activity (Antony & Keir, 2010; Brookham, Wong, & Dickerson, 2010; 

Sporrong, Palmerud, & Herberts, 1996). Unfortunately, these studies did not quantify hand forces.  The 

ability to quantify hand forces can lead researchers to understand why hand and arm MSD’s develop (Y. 

Kong, Jang, & Freivalds, 2006; Silverstein, Fine, & Armstrong, 1986). 

1.2 Hand Force Determination Instrumentation 

The complex geometries of the tools a hand interacts with in the workplace greatly impede the efficiency 

of general-sized instrumentation to reliably assess hand forces (Bao, Spielholz, et al., 2006). Many hand 

tools use some form of ergonomic enhancement which is designed to reduce stress on the hand.  These 

enhancements, however, make it  more difficult to  measure these stresses, which is necessary to measure 

the effectiveness of the device and the efficiency of the tools (Flanagan, Tresilian, & Wing, 1993; S.-J. 

Lee, Kong, Lowe, & Song, 2009; Lin, Radwin, & Richard, 2001). Tools requiring measurement can range 

from power tools which transmit vibration (Burström & Lundström, 1994) to precision tools such as 

joysticks (Attebrant et al., 1997; Oliver, Rogers, Rickards, Tingley, & Biden, 2006). Each of these 

situations presents a unique hand grip, theoretically creating a unique distribution of forces on the hand, 

with unknown MSD risks (Karwowski & Marras, 1999). Studies have revealed two preferred methods for 

estimating hand forces.  The first is to simplify the object with which the hand is interfacing in order to 
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facilitate the implementation of some sort of instrumentation, for example, replacing the handle with a 

mock handle with built-in dynamometer (Bao & Silverstein, 2005; Duque, Masset, & Malchaire, 1995).  

The second method is to simplify the object interfaced so instrumentation, such as strain gauges, may be 

applied to the object to measure overall forces exerted by the hand as opposed to hand force distributions 

(Campbell, Nolan, Wharton, & Train, 2000; Johansson & Westling, 1988; Kinoshita, 1996; Y.-K. Kong 

& Lowe, 2005). These methods produce results that look at overall hand forces as opposed to the 

contributions of each finger during grasping. Some studies did succeed in measuring individual finger 

forces;  the instrumentation used, however, was designed specifically for the individual studies , thus 

limiting its use in other applications (Y.-K. Kong, Lee, Kim, & Jung, 2011; Niu, Latash, & Zatsiorsky, 

2009). As a result of this research, several technological advancements led to a type of sensing called 

tactile sensing, which is based on sensing contact stresses (discussed further in Chapter 2). 

Application of tactile sensing technology specific to hand forces has been extremely difficult due to the 

uniqueness of each interaction created between the hand and object during task execution (Dahiya & 

Valle, 2012; Dario, 1991; Najarian et al., 2009). Nevertheless, advancements in tactile sensing, such as 

the use of semi-conforming material, have made it easier to observe contact forces, and with higher 

accuracy (Cheng, Tsao, Lai, & Yang, 2011; de Cocq, van Weeren, & Back, 2006; Ferguson-Pell & Cardi, 

1993; Rodano, Squadrone, Sacchi, & Marzegan, 2002). These designs, however,  impose limitations in 

accurately quantifying hand force distribution since they are able to adequately conform to neither object 

nor hand in several applications without significantly simplifying the equipment or object (Lemerle et al., 

2008). There are two main techniques for tactile sensing: on-object implementation using a conforming 

pressure mapping mat (de Cocq et al., 2006; Ferguson-Pell & Cardi, 1993; NexGen
TM

 Ergonomics, 2007; 

Tactilus
TM

, 2012) or on-subject implementation using a glove-like system of sensors that gives readings 

of both position and force (Jung, You, & Kwon, 2006; Lemerle et al., 2008; NexGen Ergonomics, 2007). 
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1.2.1 Pressure Mats 

Recent studies have been conducted on top-end pressure mapping systems to review their validity and 

usefulness as force sensing tools. Two studies, which used the exact same methodology, investigated  

contact and push forces applied to a set of cylindrical handles of various sizes (Aldien et al., 2004; 

Welcome et al., 2004). They tested a split cylindrical handle with a force gauge at either end, coupled 

with a pressure sensing mat manufactured by Tekscan™. Results showed that, for simple cylinder 

variations, the pressure mat was able to provide good force predictions. However, the study noted that, 

due to the sensors’ fixed area and the simplicity of the cylindrical handles, the results cannot be used to 

validate the effects of grip on geometries outside the scope of the specific study (Aldien et al., 2004; 

Welcome et al., 2004). Another study investigated the dynamic loads applied by the hand on saw tools 

(Kuijt-Evers, Bosch, Huysmans, de Looze, & Vink, 2007). The measurements were obtained with a 

pressure mat applied directly to the surface of the palm while the subject carried out tasks using the tool. 

The study concluded that there was a slight correlation between applied pressure and discomfort rating, 

but with very unpredictable results that varied between handles. The study also showed that the sensor did 

not account for any type of finger forces involved in the gripping.  In addition, using a sensor made from 

a fixed square area is not ideal for complex curved surfaces such as saw handles (Kuijt-Evers et al., 

2007). Another study confirmed the conclusions of the study done by Welcome et al. (2004) using both 

glove-type instrumentation and a pressure mat (developed by Novel™) on three cylinders (Lemerle et al., 

2008). This study concluded that for flat surfaces the correlation between direct force measurement and 

the integration of the instrument signal was good. However, correlations decreased substantially as the 

curvature was increased with smaller handle sizes, causing the sensor to underestimate contact forces on 

highly curved surfaces. 

1.2.2 Glove Designs 

Another form of tactile sensing places the technology directly on the subject as opposed to the object. 

This is achieved through the implementation of small capacitive sensels on key areas of grip force 
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generation of the hand. This type of design, however, proved to be too invasive while the technology 

itself was unable to provide reliable results (Jung et al., 2006). The study done by Jung et. al. (2006) 

performed a critical review of the NexGen™ glove tactile sensing technology, testing the sensor for 

performance characteristics such as stability, repeatability, accuracy and linearity. Results showed that the 

sensor demonstrated poor repeatability (CV = 11%-19%) and accuracy (CV = 22% [average]), showing 

that the sensor could only be used as a relative comparison as opposed to an accurate representation of 

contact forces (Jung et al., 2006). Another study assessed the validity of two types of glove technologies 

on both flat surfaces and three sizes of cylindrical handles (Lemerle et al., 2008). Results indicated that 

force predictions were poor for both flat surface and handle contact forces, further concluding that the 

results were indicative of the difficulty quantifying positional force data due to the sensors’ tendency to 

move with respect to the hand. 

1.3 Epidemiological Studies 

Hand forces have also been used in many forms of observer assessments, or epidemiological assessments 

(McAtamney & Nigel Corlett, 1993). However, these tools lack the precision that instrumentation can 

obtain because, in most cases, the assessment is done by observing the task rather than physically 

acquiring force readings (Spielholz et al., 2008). The difficulty in obtaining an accurate depiction of 

forces can be seen especially when dealing with complex couplings of the hand (Kuijt-Evers et al., 2007). 

One study compared the effect of wrist posture on the relationship between the perceived psychophysical 

hand force rating given and the actual hand force applied (Lau, 2011). Results illustrated that as 

orientation changed, perceived forces at the hand were rated the same while the measured forces changed, 

implying that small changes in posture can lead to overlooked changes in hand forces exerted, putting 

these assessment tools at a disadvantage when assessing complex movements and awkward couplings of 

the hand (Antony & Keir, 2010; Bao, Howard, et al., 2006; Sporrong et al., 1996). Another study used 

different cylindrical handle diameters while observing and comparing subject comfort levels and actual 

finger forces using glove-implemented force sensing instrumentation (Y.-K. Kong & Lowe, 2005). The 
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results illustrated a low correlation between actual finger force exertion and the subject’s perceived 

comfort for the different diameters. In addition, hiring ergonomists to perform these assessments creates 

an added expense in looking at a variable that is extremely difficult to assess by observation. The study 

indicated that subjective ratings used in many epidemiological assessment tools can lead to errors in force 

exertion estimation, specifically for low-level forces where the subject’s perceived comfort levels may 

have little variation. Specific to hand forces, only a few assessment methods are used in the workplace 

which will be the focus of the following section. 

1.3.1  Rapid Upper Limb Assessment (RULA) 

Investigations of workers  with task-related injuries and upper limb disorders have led to the development 

of several risk assessment tests, one of which is RULA (McAtamney & Nigel Corlett, 1993). RULA 

requires operators to complete a task using awkward upper limb movements and postures in a variety of 

industry conditions. The assessment focuses on five areas of external load factors:  number of 

movements; static muscle work; force; postures associated with the task; and work time (McAtamney & 

Nigel Corlett, 1993). Although the assessment is designed for the upper body, it also takes into 

consideration the magnitude of the forces involved at the hand, i.e., no load, 2-10 kg loads, >10 kg loads. 

However, several studies (Aldien et al., 2004; Bao, Howard, et al., 2006; Lau, 2011) have illustrated the 

difficulty in assessing perceived hand forces in grasping tasks. These difficulties impose limitations on 

the accuracy of RULA for analysis of grasping. Recreation of the scenario using force instrumentation in 

most cases simplifies the object being grasped or task which compounds observation errors when related 

to the original task performed. RULA also does not consider the length of exposure, which is crucial to 

the understanding of low-level hand forces in highly repetitive tasks (Takala et al., 2010). 

1.3.2 Strain Index (SI) 

The Strain Index (SI) is a semi-quantitative task analysis tool whose purpose is to assess the risk factors 

associated with distal upper extremity disorders for a variety of task-based jobs.  It is focussed primarily 

on hand exertions, including both force and repetition (J. S. Moore & Garg, 1995). The tool uses 
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measurements of six different task variables:  intensity or force of exertion; duration of exertion cycle; 

efforts per minute; duration of task per day; speed of exertion; and wrist posture. For tasks involving low-

level hand forces, this assessment is used more than any other tool because of its focus on distal upper 

extremities such as the hand, as well as other contributing factors such as intensity, posture and duration 

of exertion (J. S. Moore & Garg, 1995).  

The Strain Index tool can limit the assessment process, as reported by Bao and Silverstein (2005).  The SI 

imposes a rating scale as opposed to a numerical result obtained from instrumentation (e.g. Kg, Newtons 

etc.).  The accuracy of these ratings depends on the experience of the observer, or on a subject’s analysis, 

relying on the experience of the subject performing the task (Bao & Silverstein, 2005). Another study 

done by Bao et. al. (2006) incorporated both SI scores and the ACGIH TLV (refer to Section 2.6.3) to 

assess the hand activity of six different jobs.  Results indicated that the correlations between hand force 

estimates and the actual assessments were poor to moderate, concluding that parameters were not 

interchangeable between the two methods, and variables should be used only in reference to the tool used 

(Bao, Howard, et al., 2006; Bao, Spielholz, et al., 2006). A follow-up to this study was done by Bao et. al. 

(2008), again using the same six jobs, using six different methods to calculate SI scores but for the 

purpose of examining the validity of the SI assessment technique. Results indicated a medium correlation 

between methods, meaning that almost half of the correlations were not comparable due to the limitations 

of both methods, as some methods of SI tend to overestimate job risk levels while others underestimate 

due to the different ways of obtaining the parameters and computations of the SI scores (Bao, Spielholz, 

Howard, & Silverstein, 2009). 

1.3.3 Hand Activity Level (HAL with ACGIH TLV) 

The American Conference of Industrial Hygienists (ACGIH) devised an assessment method for hand 

activity level (HAL) in an attempt to reduce the risk of developing hand, wrist, and forearm MSD’s.  

These guidelines use a visuo-analogue scale (VAS) to estimate the hand forces of various tasks, using 

normalized peak hand forces as the maximal effort observed.  The force levels are usually obtained 
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through instrumentation such as strain gauges or EMG, but often can be obtained from expert object 

assessment using subject exertion scales (Borg & Borg, 2002)(Marras & Karwowski, 2006). A scale 

relative to the subject is then created to account for both maximal effort and HAL. Peak hand forces are 

then compared to the Threshold Limit Value (TLV) and the Action Limit (AL) (Armstrong, 2008).  The 

assessment was developed for mono-task hand work which was performed in repetition for more than 

four hours a day, making it a widely-used assessment tool due to the high volume of tasks that meet its 

criteria (Bao, Spielholz, et al., 2006; Roman-Liu, Tokarski, & Wójcik, 2004). However, being an 

observational assessment, the tool has several limitations. 

Like the Strain Index, the HAL assessment uses relative scales in place of actual hand force values, 

limiting the accuracy of the tool to one of the five choices from the scale. One study performed an 

assessment of the tool to assess its validity using 908 workers across seven different jobs (Franzblau, 

Armstrong, Werner, & Ulin, 2005). Results from this study showed that in many instances of jobs 

exhibiting hand forces below the TLV limit, workers still reported symptoms and displayed signs of 

MSDs. The study noted that this may partly be due to restrictions of the scale’s ratings, indicating that in 

most cases a higher degree of accuracy is required for assessing hand forces. Another study by Bao et. al. 

(2008) compared the reliability and validity of the HAL TLV and SI using  567 workers comprising 125 

different cycling tasks; exposure parameters were obtained by one novice and three experienced raters 

(Spielholz et al., 2008). Results indicated 56% agreement between the two methods when focussed on 

exposure rating. The authors also indicated that the methods had good inter-rater agreement, though it 

was added that the experience of the rater factors highly into the weight of the assessment, identifying that 

the tools should be mainly used by experienced ergonomists when used to accurately estimate exposure 

levels. 

1.4 Goals and Objectives 

The ultimate goal of this thesis is to recreate and improve an existing sensing technology so it can be used 

as a tool for ergonomic evaluation and analysis. This work encompasses the following objectives: 
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 Design a tactile sensor that can be used for quantifying hand forces on any surface. 

 Calibrate and test sensor’s performance characteristics on a flat surface for creep, hysteresis, 

reliability and cyclic fatigue to permit its use on a curved surface. 

 Validate the design on a joystick to demonstrate the sensor’s ability to quantify accurately hand 

forces involved in gripping and moving a joystick. 

1.5 Criteria and Constraints 

Several technologies which are used to measure surface tactile interactions already exist (Jensen, Radwin, 

& Webster, 1991; NexGen Ergonomics, 2007).  These designs, however, have proven to be inefficient for 

implementation on highly complex surfaces such as ergonomic tool handle designs (Aldien et al., 2004; 

Fellows & Freivalds, 1991; Lemerle et al., 2008). This thesis focussed on developing a tactile fabric 

sensor which could overcome the drawbacks of these devices. The following constraints provided 

direction to help improve on current designs:  

 The material of the sensor needed to be adaptable so it could be retrofitted to complex geometries 

 The sensor needed a high resistance to creep and cyclic fatigue  

 The sensor needed to have a stable calibration that was maintained between uses 

Several criteria were selected to regulate the scope of the project such that the design could achieve 

maximum efficiency for the lowest cost.  The design had to: 

 Minimize the effects of creep and hysteresis seen in many current technologies 

 Use cushioning material to maximize user comfort when making contact with the sensor 

 Allow simple customization of sensor size for surfaces of any size and shape 

1.6 Scope 

This thesis follows a design report format comprising five chapters: 
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In Chapter 1, current methods for hand force assessment were reviewed and the relevant literature review 

of current studies demonstrated a need for the introduction of a new, novel sensor design. Chapter 2 

provides a discussion and explanation of several types of currently used tactile technologies. This chapter 

provides a background of where current technology is headed so that the reader has preliminary 

information on how the construction and operation of the design was accomplished. Chapter 3 introduces 

the design and explains the construction, functionality and instrumentation, as well as the materials used 

for construction. Explanation of the testing procedures and equipment used is presented in Chapter 4, 

along with a presentation of the results from the tests and a discussion of the findings. The discussion 

includes the significance of each finding for both the flat surface testing and the validation on a curved 

surface in order to introduce a new viable method for measuring and analyzing hand forces. Chapter 5 

concludes with observations about the design of the PRFS 2 and results of the testing with projected 

future work on the design moving it forward from its current state. 
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Chapter 2 :  Literature/Technology Review 

 

2.0 Introduction 

Using technology to sense low-level hand loads in job-related tasks is difficult.  Designs currently in use 

cannot adequately conform to highly curved surfaces, limiting the effectiveness for tasks that incorporate 

awkward and complex coupling of the hand and object (Harsanyi, 2000). In a study done by Aldien et. al. 

2004, the use of a force sensing array for sensing the contact forces applied by a gripping hand on simple 

cylindrical handles of varying size demonstrated this lack of flexibility (Aldien et al., 2004). Although the 

results obtained were a sufficient representation of the contact force distribution, it was also clear that the 

technology used was limited in its application to very simple geometries.  Due to its fixed sensing area, 

researchers encountered problems with the sensor overlapping smaller handles.   

Current designs involved in sensing hand grip force distribution have been a large problem in ergonomic 

analysis due to technology being inadequate for the highly complex coupling imposed by modern 

ergonomic handle designs (Jung et al., 2006; Karwowski & Marras, 1999; Webster, 1999). These handles, 

while allowing a more snug fit for the hand, introduce complex geometries which make observing and 

assessing coupling force distributions of the hand/object very difficult (Jung et al., 2006; Tuijthof et al., 

2003). Human grip is one of the most complicated interactions to assess in ergonomics, with such factors 

to be considered as posture of the grip, geometry of the object being gripped, the type of grip used, and 

numerous other physiological and psychological variables which contribute to force distribution 

characteristics at the interface (Campbell et al., 2000; Komi, Roberts, & Rothberg, 2008; S.-J. Lee, Kong, 

Lowe, & Song, 2009; Lin et al., 2001; Wood & Goodale, 2010). A study done by Eltaib and Hewit 

demonstrated a prime example of the need for quality tactile instrumentation.  Surgeons performing 

minimal access surgery used an array of designs which were unable to yield consistent results between 

tools from the same tests because the application required a tool to conform exactly to the geometry of the 

body part being manipulated. These results illustrate the need for a tool that is simple and flexible to 
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conform to the required application and to observe accurately hand force distributions (Eltaib & Hewit, 

2003). 

Many tasks involving constant low-level hand loads require the worker to continuously activate 

prehensile muscles to maintain the applied load required.  This constant muscle activation leads to 

increased risk of injury and/or the development of MSDs  (Attebrant, Winkel, Mathiassen, & Kjellberg, 

1997; Bao, Howard, et al., 2006; Bao, Spielholz, et al., 2006; A. Moore, Wells, & Ranney, 1991). The 

size and shape of the object, i.e., its geometry, determines the nature of the grip. Such geometries create a 

unique coupling relationship between hand and object, which is very difficult to quantify and is largely 

responsible for MSD’s originating from the hand/wrist areas. (Bao & Silverstein, 2005).  

Contact force distributions, referred to as tactile interactions, remains a major problem of ergonomic 

analysis today. Most research has been geared towards using instrumentation of fixed areas and bulky 

sensing elements, making it extremely difficult to conform to complex geometries often involved in the 

workplace. The current research is aimed at focusing on implementing a novel design which can be 

adapted to any surface for sensing hand force distributions. However, this technology is better understood 

through discussion of the current research devoted to tactile instrumentation and sensing. 

2.1 Overview: Tactile Sensing 

Tactile sensing can be defined as contact force prediction, or touch sensing and has been used primarily in 

robotic automation.  It gives an extra sense  to an artificial intelligence to use in becoming aware of its 

surroundings via touch (Ascari, Corradi, Beccai, & Laschi, 2007; Kerpa, Weiss, & Worn, 2003). Sensors 

utilize a model to detect surface stress similar to the one illustrated by Figure 2.1. The deformation caused 

by surface stress allows the force sensing array (FSA) on the bottom to observe this deformation as a 

distributed force across its sensing elements. Pressure can be determined from the relationship   
 

 
 

knowing both the point forces and inter-sensel distances.  
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Figure 2.1: General tactile interaction of contact force (Webster, 1999) 

Though heavily geared towards robotic implementation, the main focus of tactile sensing has been human 

touch, and thus it remains highly involved in human interactions research (Ferguson-Pell & Cardi, 1993). 

Since the majority of tactile sensing research was motivated by applying the instrumentation to robotic 

sensing (Dario, 1991), the same theoretical aspect has overlapped to research on human interaction, where 

numerous designs have been placed on the subject rather than on the object. Recently, the focus of tactile 

technology has been heavily geared towards human interaction in the workplace (Karwowski & Marras, 

1999; Kroemer, Kroemer, & Kroemer-Elbert, 1994). Human interaction, particularly gripping objects of 

complex geometries, has been an area of difficulty and concern when considering both worker safety and 

implementation of tactile technology for ergonomic analysis. 

Advancements in tactile technology have developed in recent years making it easier to observe the hand 

forces workers exert on certain objects, but these technologies have significant limitations (Campbell et 

al., 2000; Jung et al., 2006; S.-J. Lee et al., 2009). Nevertheless, discussion of the different types of tactile 

sensing is necessary to understand the diversity of research involved, specifically the method in which 

surface stress is measured. 
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2.2 Tactile Technology 

2.2.1 Piezoresistive Sensing 

Piezoresistivity is defined as a material’s ability to change its internal resistance in response to an applied 

mechanical stress (Kanda, 1991). Many modern materials exhibit some amount of piezoresistivity. 

However, many of them are too rigid to be used as compliant tactile sensing elements for ergonomic 

analyses (Min-Hang Bao, 2000). Numerous models have been formulated to determine and quantify 

piezoresistivity in various materials.  The effect is most easily observed in semi-conductive polymeric 

materials due to an obvious change in resistance with very little mechanical stress applied, i.e., it is easily 

deformed and has a high internal material resistance density (Beebe, Denton, Radwin, & Webster, 1998; 

Kanda, 1991). The following model determines an ideal, uniform material’s electrical resistivity ( ):  

   
 

 
 Equation 2.1 

where   is the electrical resistance of the material;   is the cross-sectional area of the specimen involved; 

and   is the length of the material (Zumbahlen, 2008). This relationship gives a general overview of how a 

material’s resistance can be modelled. Changing the material’s properties, such as thickness and 

orientation (placed on a flat or curved surface), forces the modelling process to rely on empirical 

observation for an accurate depiction of piezoresistivity rather than allowing it to depend on a theoretical 

approach (Gautschi, 2006). Without this kind of real time data collection, understanding of the 

piezoresistive effect is limited; What is needed is a comprehensive examination such as that used for 

semiconductors, in which many factors, including temperature, thickness and purity contribute to the 

dynamics of this effect (Kerr & Milnes, 1963; Keyes & Pollak, 1960).  

Figure 2.2 illustrates the basic functionality of piezoresistivity in semiconductors: 
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Figure 2.2: Basic functionality of piezoresistive semiconductors. As pressure is applied to the n-well, 

internal resistance drops, generating a change in potential difference across the contacts 

(Bartholomeyczik, 2006) 

Noticing that the piezoresistive material acts as a variable resistor, the following diagram is a general 

representation of piezoresistive instrumentation, demonstrating the general theory behind piezoresistive 

instrumentation via the mechanism shown in Figure 2.3: 

 

Figure 2.3: A 3x3 resistive transducer for modelling piezoresistivity (Webster, 1999) 

Figure 2.3 illustrates the parallel connection of the piezoresistive elements, allowing for equal distribution 

of the power (   ), which allows the change in resistance to be modelled with respect to each element. 
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This change in resistance leads to a change in output voltage (  ), modelled with the following 

relationship: 

 
    

  

  
     Equation 2.2 (Webster, 1999) 

 

The resistance of the active sensel (  ) can be determined through the use of a DAQ or voltmeter once 

the reference resistor value (  ) is known. Depending on material and methodology, the range of surface 

forces detected can vary. The use of a piezoresistive material can offer a wide range of applications (Min-

Hang Bao, 2000; Porter, Eastman, Macomber, Delinger, & Zhine, 2003). The design proposed in this 

thesis uses this technology to solve a continuing problem of accommodating hand forces to curved 

surfaces. 

2.2.2 Piezoelectric Sensing 

A material is piezoelectric if, when a mechanical stress is applied to the surface, the resulting material 

strain induces a voltage or charge to accumulate within the material (Webster, 1999).  This charge can be 

quantified by placing leads across the material as indicated in Figure 2.4.These materials are usually non-

conductive and extremely dense, making them very hard and rigid.  A small strain causes a large internal 

charge to accumulate.  Due to the low amount of piezoelectricity found in elemental materials, synthetic 

sensing elements are often made to help increase the material’s piezoelectric range (Tressler, Alkoy, & 

Newnham, 1998). The density of the elemental materials also dictate their being used mainly for heavier 

tactile sensing applications such as push and pull forces (Steinem & Janshoff, 2007).  
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Figure 2.4: Piezoelectric sensor in its simplest form (Webster, 1999) 

The most effective piezoelectric materials are crystals and ceramics because of their lattice crystalline 

structure. Aside from being extremely dense, this structure has the capability of producing an 

accumulated charge when strained (Gautschi, 2006). With even minor strains resulting in an accumulated 

charge of a useful magnitude (Tani, Takeuchi, & Saito, 2000; Zhao, Zhang, & Li, 2007), they have been 

more widely used than any other type of material. This effect can be better understood with the general 

model for piezoelectric materials, where    represents the output voltage generated;    is the 

piezoelectric constant of the material;   is the thickness of the piezoelectric material; and Ɛ is the 

permittivity: 

 
            

 

 
  Equation 2.3 (Webster, 1999) 

This model has appeared along with the piezoelectric constant in the literature (Webster, 1999; Zhao et 

al., 2007), or along with demonstration in experimental trials (Broadhurst, Davis, McKinney, & Collins, 

1978; Fredriksson, Kihlman, Rodahl, & Kasemo, 1998).  
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The extremely stable dynamic response of quartz crystal prompts the wide use of piezoelectric sensors 

made from this material. The highly sensitive response to extremely low-level forces (< 1N) indicates 

performance is particularly useful for dynamic loading scenarios such vibration or shaking (Fredriksson et 

al., 1998). However, the crystal’s material properties mean that using arrays of these sensing elements for 

conforming to object geometries is very costly and not ideal in that more conforming material will be 

required. The primary applications of piezoelectric sensors must have a dynamic, oscillating aspect to the 

application to effectively detect and quantify the phenomena. Some designs have been successful in 

assessing contact forces using these materials, though the density and rigidity of these materials render 

them nearly impossible to use on complex surfaces unless each sensor is placed individually, a process 

which results in greatly diminished efficiency and effectiveness of the design (Dargahi, 2000). 

2.2.3 Capacitive Sensing 

Capacitive sensing is a technology frequently used for tactile designs due to the stable performance of the 

capacitive units which can be explained through theory of application. An example of capacitance 

technology is a condenser microphone, which utilizes a pressure-sensitive variable capacitor as the main 

source for sensing (Figure 2.5). The capacitor, which is placed at the mouthpiece of the microphone, is 

highly sensitive to changes in air pressure such that as air hits the capacitor, the plates move in and out, 

increasing and decreasing the voltage observed at the output (Rossing, 2007). 

 

Figure 2.5: Basic circuit diagram of a condenser microphone (Rossing, 2007) 
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As shown, the variable capacitor acts as the sensing unit, causing fluctuations of voltage throughout the 

circuit as pressure is applied to the plates. In capacitive tactile sensors, the applied load is induced on a 

capacitive array connected with an elastomeric layer which aids in accurate deformation of the sensels by 

holding them together (Chase & Luo, 1995; Rossing, 2007; Webster, 1999). This permits a more accurate 

depiction of pressure dynamics on the sensor. This is illustrated in Figure 2.6 where the basic element for 

a capacitive sensel (left) is composed of a dielectric material between two plates/electrodes. As a force F 

is applied to the plates, the dielectric material deforms, causing a change in capacitance and thus an 

increase or decrease in voltage which is observed with a connected microcontroller (Chase & Luo, 1995). 

A multiplexing unit can be used to cascade the sensels into a reduced number of inputs into the 

microcontroller without reducing the sensels being recorded. 

 

Figure 2.6: Basic capacitive sensing element composition with sensing array layout and 

corresponding circuit diagram for measuring capacitor     (Webster, 1999) 

Complex geometries, however, pose a large problem for this technology due to the rigidity of most 

capacitive tactile sensors.  Moreover,  capacitive leakage causes sensing units to discharge over prolonged 

strain (Sato, Ogata, Ohno, & Ikeo, 1980). Some polymeric material has been shown to exhibit capacitive 

properties, used as a semi-conducting polymer placed across each sensel of the matrix. However, designs 

incorporating these specific polymers have produced results similar to previous capacitive designs and 

provide unsuitable conformity for complex geometries (H.-K. Lee, Chang, & Yoon, 2006). 
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2.3 Examples of Human Tactile Sensing Technology 

For hand force determination, current products implement the use of the types of technologies previously 

discussed in section 2.2 (i.e. piezoresistive) as the active method for sensing tactile interactions from the 

hand. These designs can be either implemented as individual sensors placed on the areas of interest of the 

subject (NexGen
TM

 Ergonomics, 2007), or they use a conforming material for on-object sensing 

(NexGen
TM

 Ergonomics, 2007). 

2.3.1 Pressure Sensing Mats 

Pressure sensing mats use an array of sensing elements within a mat-like structure to observe the position 

and magnitude of contact forces on the surface of the device.  Depending on how the sensing material is 

implemented, the mats may be useful only for certain types of human tactile sensing, or mainly for 

robotic sensing  (Chase & Luo, 1995; Reston & Kolesar, 1990). These mats present the latest 

technological advances in tactile technology alongside being the most commercially successful as well 

(Najarian, Dargahi, & Mehrizi, 2009). 

NexGen™ Ergonomics produced the Hand Sensing Array (HSA), which is a piezoresistive pressure 

sensing mat used for observing and determining distributed pressures from contact forces on different 

surfaces. The outer material is flexible and allows the sensor to conform to simple curved surfaces such as 

cylindrical handles.  The smaller version has a spatial resolution of either 8x8, the larger 24x24 

(NexGen
TM

 Ergonomics, 2007). Figure 2.7 shows the four-way stretch Lycra design by NexGen™ 

Ergonomics that allows the sensor to conform to simple curved surfaces (Jahansson & Nilsson, 2006) 
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Figure 2.7: HSA Equipment with on-board DAQ and pre-amplifier equipment [Taken from: 

(NexGen
TM

 Ergonomics, 2007)] 

The inside sensing area is composed of small sensors arranged intricately in well-formed array 

(NexGen
TM

 Ergonomics, 2007). The design includes a signal pre-amplifier and on-board digital 

Butterworth signal filter with customized cut-off frequencies (Jahansson & Nilsson, 2006). Tekscan™, 

another leading company in ergonomic analysis instrumentation design, produced a pressure mat with 

characteristics similar to the FSA; thus the review for both versions will be combined. 

The use of Lycra as the sensing element causes the FSA/HSA mats to have poor creep and hysteresis 

characteristics, resulting in the need for on-board compensation. This modifies the coefficients of the 

calibration equation dynamically with respect to time (de Cocq, van Weeren, & Back, 2006; Ferguson-

Pell & Cardi, 1993; Jahansson & Nilsson, 2006). Unfortunately, creep and hysteresis increase in 

magnitude with periodic use, reducing the efficiency of the filter after prolonged use. In addition, cost 

forms a major drawback as the device and additional instrumentation are both highly expensive. Table 2.1 

illustrates the cost of buying and operating a sensor: 
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Table 2.1: Price list for purchase of Hand Sensing Array (HSA) from NexGen™ with respective 

operating instrumentation cost (Appendix C) 

Item Description Cost ($) 

NEX-HSA-B Hand sensor array item. (single) 1,875.00 

NEX-BASE-T5E 

Base system used to power and 

operate sensor equipment. 

7,050.00 

  Total: 8,925.00 

 

Another company specializing in tactile technology, Tactilus™, utilizes a similar technology, 

implementing a piezoresistive-based elastomer as a sensor. This product’s performance has been tested on 

a number of applications and has been well-received (Bloss, 2011). Due to the use of a piezoresistive 

elastomer as the basis of sensing, however, creep and hysteresis remain a problem. As with previous 

technologies, instrumentation was used to compensate for this effect, however creep and hysteresis 

become increasingly difficult to compensate for due to the continuous degradation of the material used as 

the sensing element (Shabshin, Zoizner, Herman, Ougortsin, & Gefen, 2010).  The design uses minimal 

cushioning of the elastomer;  it is possible that, with the addition of increased cushioning, the effects of 

creep and hysteresis can be reduced without removing too much sensitivity (Mootanah & Bader, 2006). 

Pressure sensing mats utilize a fixed geometry of sensor arrangements, creating large stress 

concentrations on complex geometries such as ergonomic grip handles and joysticks. Inaccuracies result 

because the mats cannot conform and adapt to more complex shapes.  

2.3.2 Glove Sensors 

Glove sensors place sensors on the areas of the hand which receive the highest amount of contact.  

Implementing the design directly on the subject, these designs are slightly invasive.  Similar types of  

glove sensors using a piezoresistive sensing technique for contact force prediction (Figure 2.8) have been 

developed by NexGen™ and Tekscan™ (NexGen
TM

 Ergonomics, 2007; Tekscan™, 2007).  
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Figure 2.8: Example of glove implemented force sensing technology (Tekscan™, 2007) 

Although they seem conceptually sound, these sensors have had only moderate success when assessed in 

an ergonomic research setting. A study was performed on the NexGen™ glove technology where sensor 

stability, repeatability, accuracy and linearity were determined. The glove was used to apply pressure to a 

dynamometer acting as the standard, while both sensors captured data simultaneously. Results showed 

that the sensor demonstrated poor repeatability (Coefficient of Variation (CV) = 11-19% average between 

trial values) and accuracy (under-estimated actual force values by 22% on average). This demonstrated 

that the sensor should be used to provide a relative comparison between different tasks as opposed to 

providing absolute contact forces (Jung et al., 2006).  

2.4 Sensor Performance Characteristics 

It is important to understand under which circumstance a material should be used since some materials 

perform better than others in certain situations. For example, conductive polymer tactile sensors use the 

piezoresistive effect of materials such as silicon to produce a linear relationship between resistance and 

force (Beebe et al., 1998; Jensen, Radwin, & Webster, 1991). However, polymers can exhibit other 

undesired characteristics when directly deformed. The current research presented in this thesis will 
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discuss three types of undesirable behaviours of polymers and how the current design proposed in this 

research plans to overcome these behaviours. 

2.4.1 Material Creep 

Creep is the progressive straining and increasing deformity of a material under a constant load over time  

(Meyers & Chawla, 2008). This property occurs most commonly in semiconducting polymers which 

exhibit viscoelastic properties, i.e., those sharing properties of both a viscous fluid and elastic material, 

and show a response like that in Figure 2.9 (Meyers & Chawla, 2008).  

 

Figure 2.9: Typical creep response curve illustrating the different phases of deformation a material 

undergoes (NDT Resource Center, 2012) 

Though manufacturers of tactile instruments have implemented digital and analog instrumentation filters 

to compensate for this effect, the magnitude of creep increases when these mats are applied to curved 

surfaces. The material will also experience creep dynamics unlike those accounted for on a flat surface 

when placed on curved surfaces. This effect is caused by the material changing its structural orientation 

when placed on curved surfaces (Jahansson & Nilsson, 2006; Meyers & Chawla, 2008). However, the use 

of a cushioning material such as a rubber can provide resistance to creep under direct loading (Mootanah 
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& Bader, 2006; Porter et al., 2003). It has also been found that increasing the volume of the piezoresistive 

material used provides an increased resistance to creep (Kalantari, Dargahi, Kövecses, Mardasi, & Nouri, 

2012). 

2.4.2 Hysteresis 

Hysteresis refers to the difference in performance of a material from strain during loading and unloading. 

Similar to creep, its condition is dependent on the material which is being strained (Meyers & Chawla, 

2008). If the loading phase produces a response curve different from that of the unloading phase, the 

material is said to exhibit hysteresis. As illustrated in Figure 2.10, the loading phase produces an overall 

logarithmic response with the initial part of the curve exhibiting a linear response (curve 1). However, 

unloading of the material demonstrates a significantly different response (curve 3), a concave path called 

a hysteresis response. 

 

Figure 2.10: Hysteresis study showing the difference of loading response (1) and unloading response 

(3) of a polymer fiber (Northolt, Baltussen, & Schaffers-Korff, 1995) 
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The difference between loading and unloading characteristics is mainly attributed to the viscous 

properties of polymers, but may vary with other influences, such as the geometry of the surface on which 

it is loaded, temperature and dimensions of the material (Hoshi & Shinoda, 2005; Northolt et al., 1995).  

As with creep, manufacturers of tactile instruments have tried to compensate for material hysteresis and 

have had to limit the uses of the sensor to avoid increasing the effect of material hysteresis (Jahansson & 

Nilsson, 2006). Also similar to creep, application of a cushioning material to the surface of the polymer 

can provide resistance to the effects of hysteresis by using a compliant layer to deflect mechanical stress 

on the surface to the material underneath (Mootanah & Bader, 2006; Porter et al., 2003). 

2.4.3 Cyclic Fatigue 

Cyclic fatigue is the change or deterioration in performance of a material undergoing repetitive loading 

and unloading, causing progressive deterioration in sensor response and sensitivity. Many tactile sensors 

utilize sensing elements which are directly exposed to external forces, causing the response of the sensor 

to diminish each time it is placed under stress outside of the material’s plastic region (Northolt et al., 

1995). This effect is most often seen in directly exposed polymers. Though some designs exhibit this 

behaviour (Chaykina, Griebel, Gorbatenko, & Zentner, 2011; Vinogradov, Schumacher, & Rassi, 2005), 

several companies have produced equipment capable of withstanding 100,000+ cycles without observable 

sensel deterioration (NexGen
TM

 Ergonomics, 2007; Tactilus
TM

, 2012; Tekscan™, 2007). These designs 

embed stronger materials, making them more resistant to wear and tear but the durability comes at a cost 

of reducing sensor sensitivity to low level forces (Dahiya & Valle, 2012). 

Effects of cyclic fatigue can vary depending on the variable or material property being measured such as 

the piezoresistivity decrease seen in Figure 2.11. However since such effects are generally observed from 

loads directly applied to the sensing material, cyclic loading on a cushioning material would allow the 

sensels to maintain their integrity for larger frequencies of use while still providing detection of lower 

level forces. 
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Figure 2.11: Example of minor cyclic fatigue seen in the design of a new directional tactile sensor 

using silicone (Chaykina et al., 2011) 

2.5 Summary 

The different types of tactile technologies such as piezoresistive, piezoelectric and capacitive sensing 

reviewed here have been used in different commercial devices. None of these devices have been able to 

adequately quantify hand forces, however. The main cause appears to be the inability of the sensors to 

conform adequately to the complex surfaces with which a hand has to interface. In addition, performance 

characteristics such as creep, hysteresis and cyclic fatigue have been problematic for designs 

incorporating non-cushioned materials. An adaptable and flexible tactile sensor for quantifying hand 

forces is needed. 
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Chapter 3 :  Design and Fabrication of a Piezoresistive Fabric Sensor for 

Tactile Applications 

 

3.0 Introduction 

This chapter describes the development of a piezoresistive fabric sensor (PRFS), starting with a tester 

sensor (PRFS 1), and leading to the final product of the research (PRFS 2).  It will cover methods of 

manufacture, materials required, and operation of the design, explaining why certain components were 

chosen and how they enhance the overall design. This section will also describe the instrumentation 

required to power and operate the PRFS 1 and 2. The sensor consists of a skin-style, conductive fabric 

that uses the piezoresistive effect.  The fabric can conform to different geometries while still maintaining 

a high level of sensitivity to low level hand forces.  

3.1 Tester Sensor (PRFS 1) 

Construction methods and materials used in the PRFS 1 will be explained, emphasizing the simplicity of 

the design and how each component combines to form a sensor capable of measuring hand forces on an 

array of complex geometries.  

Figure 3.1 shows the PRFS 1, a 2x2 sensor constructed to test the validity of the design on flat surfaces. 
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Figure 3.1: Diagram of PRFS 1 indicating the active pressure mini-sensors (sensels) and leads 

3.1.1 Sensor Materials 

The sensor is made of four components – Neoprene, Velostat™, conductive thread, and conductive 

stretch fabric. The sensor was adapted from an existing technology, materials identical to those in 

previous designs were chosen because they have been shown to be durable and effective (Bertuleit, 1991; 

Perner-Wilson & Satomi, 2009; Yeh, Hwang, & Cheng, 2007). 

Neoprene was used for the outer material because it conforms easily to complex geometries.  It remains 

flush with the surface of the object being tested, and, since it will not wrinkle like most materials, 

unwanted signal artefacts are greatly reduced (Luckett, 1972; Yeh et al., 2007). Neoprene is usually sold 

with a layer of stretchable foam already attached; this layer can be deformed easily and is very creep-

resistant.  Neoprene foam is known to have a very high resilience to force, so deformation will be 

permanent only on exposure to extreme loading (Yeh et al., 2007). The neoprene and foam combination 

will cushion the piezoresistive material from the inside while remaining able to conform to any geometry. 
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Another characteristic of neoprene is its dispersal of pressure from contact forces.  The forces applied on 

the neoprene face (A) induce a deflection that can be detected by the piezoresistive material on the 

opposite face.  As the following diagram shows, though there is a deflection on the bottom layer (B), it 

will not be as great as the initial deflection created from the contact force (Figure 3.2).  The resulting 

deformation of the neoprene can therefore be measured by the piezoresistive material.   

 

Figure 3.2: Example of the deformation of neoprene and foam caused by an applied force on the 

surface 

Velostat™ (3M, London, Ontario), was the piezoresistive material chosen for the construction of the 

PRFS 1 and the original material used by Perner-Wilson & Satomi, 2009 in the instructables.com version.  

As thin as paper, it comprises a carbon-impregnated anti-static polyethylene film (Perner-Wilson & 

Satomi, 2009). Being infused with carbon gives it greater strength than regular polymers (Meier, 1992), 

and while cushioned by the neoprene layers, enables dispersion of forces applied to help preserve 

structural integrity. The material also lasts through repeated cycles and large loading (Del Prete, 



31 
 

Monteleone, & Steindler, 2001). Similar characteristics are required if alternatives for Velostat™ are used 

(Perner-Wilson & Satomi, 2009).  

Since Velostat™ is piezoresistive, the size and shape of the Velostat™ can be adapted for use in various 

applications.  Thicker and thinner material can be used respectively for heavier and lighter touch 

requirements. Sheet Velostat™ is also able to conform to the geometry of any object. One study designed 

a sensor using Velostat™ as the sensing element which tested for its metrological properties using a drill 

machine style force head to apply forces perpendicular to its surface as the sensor was laid underneath the 

force head. Results revealed great performance of the Velostat™ under calibration, hysteresis, drift 

(creep), repeatability, dynamic response and sensitivity threshold (Del Prete et al., 2001). It has even been 

employed to measure the foot pressure of a walking infant (van Donselaar & Chen, 2011).     

The third component , conductive thread acts as wiring for the sensor, used mainly to transfer voltage 

(Perner-Wilson & Satomi, 2009). Conductive threads have been used in many fabric designs that require 

voltage to be passed along, both for voltage modelling and as conduits for signal carriers.  The silver 

plated nylon thread chosen for construction of the PRFS 1 and 2 (Figure 3.3) was selected not only for its 

widespread availability, but also for its long record of reliable results (Linz, Kallmayer, Aschenbrenner, & 

Reichl, 2006; Ouyang & Chappell, 2008). The thread can be embedded in neoprene and maintain its 

integrity inside of the sensor, even while conforming to any geometry on which the sensor is placed. 
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Figure 3.3 (a) and (b): Conductive thread used in sensor construction (a) with schematic of thread 

embedment (b) 

Stretch conductive fabric was used for the leads of the sensor (Perner-Wilson & Satomi, 2009).  Similar 

to the other components of the sensor, it can conform to any geometry while still maintaining its integrity, 

stretching up to 100% of its original length as illustrated in Figure 3.4. The leads receive voltage carried 

by the conductive thread.  If the Velostat™ placed between neoprene layers is deformed, any voltage 

passing through can be picked up between two pieces of conductive thread, and the potential difference 

can be read.  Stretch conductive fabric is suitable because it can be cut into any size.  As well as being 

highly conductive, it has a very low resistance when un-stretched, and can be sewn with conductive 

threads to pass on readings generated by operation.   
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Figure 3.4: Diagram illustrating the stretch potential of the conductive fabric used for building the 

leads  

3.1.2 Unit Construction for PRFS 1 

There were steps in the construction of the PRFS 1 unit. Two pieces of neoprene were cut – one 4x5 cm 

and the other 4x3.5 cm. The shorter piece was laid over top of the longer one, with a 1.5 cm overlap for 

installation of leads with an average sensel size of 90mm
2
 with a +/- 1 mm

2
 variation.  The smaller top 

layer was designated the power layer, the larger lower layer assigned to pick up the change in resistance 

through the Velostat™. Conductive thread was stitched into the power layer in the pattern shown in 

Figure 3.5. The thread forms a complete “X”, half of which is exposed on top of the neoprene, and half on 

the bottom. The power layer supplied the PFRS 1 with a voltage which had been transferred through the 

deformed Velostat™, resulting in a change in potential difference. The sensel side received the new 

voltage created by the change in potential difference, and carried it to the lead, where it could be read by 

the DAQ. 
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Figure 3.5: Diagram of inter-sensor construction and operation. The red section uses one single 

thread throughout while the blue section has four different threads for each sensel 

The smaller piece, on the left, has four exposed sections of thread which are associated with four sensor 

areas.  The rest of the thread is embedded in the neoprene, where it isolates the voltage carried by the 

thread from the     lead.  

The exposed thread is the conduit between the top layer and bottom layer (right). The bottom layer has 

four individual threading sections, each representing one output.  Each thread from the bottom layer is 

exposed to its respective thread from the top layer, creating a bridge between the layers.  Each thread is 

isolated to avoid crosstalk between sensel outputs. 

When all the layers, including the Velostat™, are pressed together, each sensel records a partial voltage 

from the 5V input voltage (   ).  Any mechanical pressure deforms the layers, and the Velostat™ creates 

a drop in material resistance which corresponds to an increase in output voltage. 

When the neoprene is about 2.5mm thick, it can accommodate forces in the 0-60 N range which contains 

the range for human grip (Bao & Silverstein, 2005; Hansson, 1990). This thickness ensures that the 

deformation caused by surface stress at that magnitude of force can be distributed to the Velostat™. The 
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PRFS 2 can be adapted to various applications easily; in tests where higher sensitivity is required, a 

thinner layer of neoprene would result in a higher sensitivity to light touch, where a thicker layer would 

be better used for high impact or heavy loading tests. However, with thicker pieces, there is a decrease in 

sensitivity at the low-level force range, making the thickness of neoprene application dependant. 

The conductive fabric was then cut into small rectangles to be leads, and the ends of the threads from the 

sensels were sewn onto their corresponding conductive fabric leads (Figure 3.6). The leads were 

dimensioned to accommodate alligator clips. To avoid crosstalk, leads were spaced equally, providing 

room for both the lead and alligator clip. Both sides were then sewn together to press the Velostat™ flush 

to the sensels in the middle.  

 

Figure 3.6: Constructed PRFS 1 

The PRFS 1 comprises four sensels, each connected to a corresponding lead on the right (Figure 3.6). 

These sensels have an equal sensing area so that, given equal loading and placement pressure, the 

readings are as equal as possible.  The high density of sensels in the PRFS 1 can provide accurate 

depiction of hand forces. 
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3.2 Prototype Sensor (PRFS 2) 

Based upon the design of the PRFS 1, the next prototype was designed and built to allow the 

determination of point forces from the hand on a curved, complex geometry.  This section describes the 

construction of the PRFS 2, which was specifically developed to be used to determine contact forces on a 

mock-up excavator cab joystick.   

3.2.1 Sensor Materials 

The conductive thread 117/17 2ply was obtained from Sparkfun Electronics.  Neoprene was ordered from 

foamorder.com™, and stretch conductive fabric was ordered from LessEMF™. The piezoresistive 

Velostat™ was replaced by LINQSTAT™ VCF, a material similar to Velostat™ manufactured by 3M™ 

for the purpose of providing an alternative piezoresistive solution. The LINQSTAT™ closely resembles 

the composition of Velostat™ and is more cost effective solution without sacrificing the quality of 

material. These materials are similar enough to those described in the construction of the PRFS 1 to 

enable the design to contour to complex shapes while still maintaining material integrity. 

3.2.2 Construction of PRFS 2  

The main features of the PRFS 2 closely resembled the PRFS 1, but with some distinct differences to 

make the design more useful as a tool for ergonomic sensing of hand forces. The PRFS 1 was flexible, but 

not large enough to wrap around a joystick.  The PRFS 2 was scaled up to a 4x4 sensing matrix, with 

sixteen sensing areas instead of four (Figure 3.7).    
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Figure 3.7: Picture of prototype sensor on a flat surface to show areas of sensel location (orange 

boxes) 

The PRFS 2 also had to be able to conform and adapt to numerous complex surfaces and geometries.  

Though several existing technologies do this, they all come in stock sizes and cannot be adapted to 

measure forces on specific objects adequately. The adaptability of the PRFS 2 design was tested on the 

curvature of an actual excavator joystick used by forestry industry workers to predict hand forces 

produced from joystick actuation (Figure 3.8). Operators use a variety of grips to operate joysticks and so 

were a good choice to test the PRFS 2. A custom-sized piece of layered neoprene was cut and sewn 

together to enable a snug fit on the bottom part of the joystick.  The height of the bottom section of the 

joystick handle, and the circumference of the handle near the lower end of the shaft (Figure 3.9), represent 

the approximate gripping and manoeuvring area of the joystick.   
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Figure 3.8: Mock-up cab setup with focused area of grasping on joystick 

3.3 Instrumentation 

This section describes the equipment used to collect and analyze the data obtained from the PRFS 2.  

3.3.1 Data Acquisition System 

The PRFS 2 used an Arduino™ Mega 2560 DAQ board, a programmable microcontroller and data 

acquisition instrument proven reliable for its use in recent studies. (Barbadillo, Dautenhahn, & Wood, 

2011; Duhamel, Perez-Arancibia, Barrows, & Wood, 2012; Lian, Hsiao, & Sung, 2013). Illustrated in 

Figure 3.9, the highlighted areas were the only used pieces of the microcontroller. 
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Figure 3.9: Diagram of Arduino™ Mega 2560 with points of interest identified 

Analog inputs 0-3 were used as the main inputs from both PRFS 1 and 2. For the PRFS 2, the four sensels 

which were on the side of the joystick being pushed were used.  The microcontroller was programmed to 

sample at 40 Hz, which corresponds to 10 Hz for each input since they must be acquired individually. The 

microcontroller was programmed using a coding language called Processing. The full program can be 

observed in Appendix A. The microcontroller sent the data from the sensor to the computer through an 

assigned serial port (COM port). The Mega 2560 has enough analog inputs to accommodate the sixteen 

sensels of the PRFS 2 and in cases where the PRFS 2 might require more, a multiplexing chip could be 

used to increase the number of sensels detected without increasing the number of physical inputs. 

However, the purpose of the current research is to provide a proof of concept for the sensor. 

3.3.2 Signal Conditioning 

 Velostat™/LINQSTAT™ is highly resistant to noise, eliminating the need for filtering the signal 

produced (Jeong, Lee, & Kim, 2011). Pull-up resistors attached between the PRFS and Arduino™ were 

used to establish a controlled current flow from the Arduino™ to the PRFS and act as a voltage divider 

which permitted the sensitivity of the PRFS to be changed externally. However, since the difficulty of 



40 
 

optimizing the pull-up resistor values was difficult with varying sizes of Velostat™, four generic 20kΩ 

pull-up resistors were used for, one for each sensel. These resistor values were chosen based on the 

resistors used by Pernier-Wilson & Satomi (2009). With the voltage divider, voltage decreases slightly 

due to this effect, and can be observed as a proportional relationship between the sensel resistance (   ), 

pull-up resistance (  ) and the power supply voltage (   ): 

 

   
      

  

       
  

Equation 3-1 

 

Where    
 is the voltage observed across the pull-up resistor. The following flow chart may add some 

insight to how the signal flows (Figure 3.10). The power is generated directly from the microcontroller to 

the PRFS, while the signal flows from the PRFS to the pull-up board to allow current control of the signal 

which is then sent to the microcontroller. 

 

Figure 3.10: Flow diagram of electrical circuitry used to power and acquire signal from PRFS 1 

and 2 

Figure 3.11 presents a more detailed description of Figure 3.10, illustrating that each sensel is connected 

in series to an individual pull-up resistor. 
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Figure 3.11: Schematic of the pull-up circuitry used for connecting the sensor to the Arduino™ 

The pull-up circuitry is connected between the sensor and microcontroller, shown in the black rectangular 

box representing a perforated soldering board.  Solid blue squares represent connections.  Figure 3.12 

represents the actual pull-up circuit board used for conditioning the logic. The board itself is only 25 cm
2
 

(5x5), making it easy to seal and package. 
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Figure 3.12: Physical pull-up board used for conditioning of signal logic 

Once the signal has passed the pull-up circuit, the microcontroller (   ) reads and stores the data, which 

can be modelled by the following relationship, where the value of    
 is the voltage across the pull-up 

resistor: 

 

        
 

  

    
  

Equation 3-2 

 

3.3.3 Signal Recording 

The program software RS232 Data Logger™ (Eltima™ Software, Bellevue, Washington) was used as a 

third-party program to record the data from the microcontroller to a text file, as the Arduino™ compiler 

will not acquire data through the on-board serial monitoring function.  The Data Logger program allows 

several port attributes to be customized and was able to record all required information from the PRFS 2. 

Figure 3.13 represents the main window of the program and the settings used to acquire the data streamed 

from the microcontroller. 
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Figure 3.13: Main window of data logging program used (RS232 Data Logger™) 

3.4 Data Processing and Sorting 

The data received from the microcontroller is sent in packets of four, one number for each sensel value. 

Once captured by the data logging software, the data must be split into channels to correspond to the 

sensel from which each originated.  This is accomplished with the use of the spreadsheet program 

Microsoft™ Excel.  

Once in Excel, the data are separated by a delimiter which must be removed so the data can be processed. 

The data follows a 1-2-3-4-1-2-3-4 pattern, corresponding to sensels 1-4.  Every fourth value from the 

original string is put into an array of its own, producing four columns of data which correspond to the 

four sensels.  Any offset is a result of mild deformation of the Velostat™ required to maintain contact 

with the contact threads and must be removed.  Table 3.1 illustrates the process of augmenting the data 

into 4 separate datasets. Steps of the process are from the left (first step) to the right (final step). 
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Table 3.1: Example of the steps for augmenting the data into 4 datasets, representing the 4 active 

sensels 

First 8 

data 

points 

Raw 

Data 
Removed 

Delimiter 

and 

Format as 

Number 

Remove 

every 4
th
 

value (1
st
 

sensel) 

Remove every 

4
th
 value starting 

at 2
nd

 value (2
nd

 

sensel) 

Remove every 

4
th
 value starting 

at 3
rd

 value (3
rd

 

sensel) 

Remove every 

4
th
 value 

starting at 4
th
 

value (4
th
 

sensel) 
1 236 236 236 (1) 208 (2) 285 (3) 174 (4) 

2 208 208 236 (5) 210 (6) 282 (7) 174 (8) 

3 285 285     

4 174 174     

5 236 236     

6 210 210     

7 282 282     

8 174 174     

 

3.5 Conclusions 

Any sensor measuring low level hand forces must be adaptable to both the geometry of an object and the 

hand interacting with the object.  Materials chosen for the PRFS 2 are flexible and compliant enough to 

be wrapped around curved surfaces.  Construction of the PRFS 2 is simple and adaptable, utilizing a 

polymeric material which exhibits highly similar piezoresistive properties to that of Velostat™.  Since 

Velostat™ and LINQSTAT™ are resistant to electrical noise, only pull-up instrumentation was required 

for keeping the microcontroller signal active (logic 1). The final product incorporates a tester sensor 

(PRFS 1) used for the preliminary study and a final prototype (PRFS 2) used in the determination of hand 

forces on a joystick.  
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Chapter 4 :  Sensor Calibration and Validation 

 

4.0 Introduction 

Ergonomic evaluation is an important component of assessing job safety, as many occupations require 

repeated muscle use over long periods of time. In many cases, evaluation can be difficult due to the 

dynamic nature of the tasks and odd geometries of the implement that the human interacts with (Attebrant 

et al., 1997; Bovenzi, Zadini, Franzinelli, & Borgogni, 1991; Murphy & Oliver, 2008). Both the position 

and magnitude of these forces impose risks of potential injury, making the importance of detecting and 

quantifying these hand forces paramount with the link to the development of acute and chronic MSD’s 

even under low-level force exertions from the hand over a prolonged period (Aldien et al., 2004; Bao, 

Howard, et al., 2006; Bao & Silverstein, 2005). An example of this can be seen in joystick controlled 

mobile machines which require operators move the joysticks continuously over the course of their shifts. 

It is difficult to accurately determine the joystick actuation forces which the hand exerts on the joystick 

with modern instrumentation without replacing the entire handle with a mock instrumented handle, which 

diminishes the applicability of the results to that of the actual handle which is used (Dong et al., 2007; 

Murphy & Oliver, 2008). 

The development of pressure mats which can conform to very simple geometries such as cylinders has 

been accomplished which can give reliable position and force data from a hand (NexGen
TM

 Ergonomics, 

2007; Tactilus
TM

, 2012; Tekscan
TM

, 2007). However, these instruments are not specifically sized for any 

one geometry, and have been shown to provide poor results on surfaces more complex than simple 

cylindrical handles (Campbell et al., 2000). Other methods have involved the use of glove sensors, 

applying the array of sensors to the surface the hand instead of the object (NexGen
TM

 Ergonomics, 2007). 

However, results have illustrated that these sensors are unreliable (22% average under-estimated force 

with a coefficient of variation = 11-19% between trial values) and are only suited to be used as a relative 
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comparison rather than an actual depiction of hand forces (Jung et al., 2006). These results illustrate the 

ineffectiveness of many technologies to detect forces on geometries more complex than a simple cylinder. 

The purpose of this chapter is to provide a method to validate the piezoresistive fabric sensor developed 

for the purpose of detecting and quantifying hand forces. The PRFS 1 was created for preliminary testing 

to illustrate the technology’s response characteristics on a flat surface, allowing an insight to whether the 

technology should be implemented on curved surfaces. This included testing for material creep, 

hysteresis, cyclic loading conditions and the reliability of the calibrations between uses. The development 

of the PRFS 2 was aimed specifically for being applied to the surface of a joystick handle for predicting 

contact forces. This included calibrating the PRFS 2 and validating using another method of predicting 

hand forces. This chapter will discuss the methods involved in the preliminary and validation testing 

sections, while providing the results of those tests and discussing the significance that each result has in 

current literature. 

4.1 Methods  

4.1.1 PRFS 1 Calibration  

For the flat surface calibration of the 2x2 PRFS 1, a known force of 0-60N was applied to each sensel 

(individual sensing unit) of the sensor by an Instron™ Model #5969 Materials Testing Machine (Instron, 

Norwood, Mass.) (Figures 4.1 and 4.2). 

The PRFS 1 was connected to the pull-up circuitry and pre-programmed microcontroller.  Code for the 

microcontroller can be seen in Appendix A.  The sensor was placed directly on the calibration jig such 

that the four sensors were covered and depressed equally by the prongs.  To calibrate all four sensels in 

one trial, an attachment to disperse the pressure evenly to all four sensels was used for the Instron™ as 

shown in Figure 4.3.  This attachment was custom made for the PRFS 1 testing (University of Guelph 

Machine Shop, Guelph, Ontario). 
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Figure 4.1: Close up of calibration setup for the PRFS 1 on calibration jig (Instron attachment) 

 

Figure 4.2: Full calibration setup with key components highlighted 
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Figure 4.3: Close-up of aluminum calibration jig used for flat surface testing protocols showing 

attachment faces 

A small preload of 4N was applied to keep the PRFS 1 in place on top of the jig (Figure 4.1).  Once the 

preload was applied, both the data logging and Instron™ programs were run simultaneously, recording 

both sets of data to their respective text files. Forces of 4-60N were then applied to the PRFS 1 using the 

Instron™.  This process was repeated for a total of four trials to ensure consistency. Sampling rates were 

5 Hz for the Instron™ and 10 Hz for each sensel. These sampling rates were deemed  to be sufficient 

based on literature values for similar instrumentation (Abu-Faraj, Harris, Abler, & Wertsch, 1997; Jensen 

et al., 1991).  Known force values obtained from the Instron™ and corresponding voltages from the PRFS 

1 were used to build the calibration coefficients. Data collected from the PRFS 1 was separated into 

corresponding sensel outputs and synchronized with the Instron™ data with the curve fitting process 

starting at the point of preload (4N). 
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4.1.2 Sensor Reliability  

The sensor as a tool for measuring and quantifying hand forces is required to produce consistent results 

through frequent uses. This sensor reliability test was designed to quantify differences observed between 

calibration curves over a period of time. 

The testing protocol carried out for observing PRFS 1 reliability involved performing two calibrations of 

the PRFS 1. These calibrations were performed under the same conditions, but separated by a span of five 

weeks of continuous use. The calibration curves were then compared to each other using their logarithmic 

coefficients and R
2
 values. 

4.1.3 Creep 

Creep is the progressive straining and increasing deformity) of a material under a constant load over time 

(Meyers & Chawla, 2008). To test for creep, the PRFS 1 was held in place by hand until the Instron™ 

applied a 4N force.  This force was applied over a 200-300 second period based on previous research on 

polymer creep which showed that creep occurred within the initial stages (85-90% within the first minute) 

of applying a constant force (Kalantari et al., 2012; H.-K. Lee et al., 2006). The forces chosen for creep 

testing were based on both the thickness of the Velostat™ and the forces applied on a joystick based from 

research done by Oliver, Rogers, Rickards, Tingley & Biden (2006). The study illustrated that the peak 

torques (un-sustained) observed at the end of the joystick movement can reach upwards to 2.86 N-m or 

roughly 20 N or force (Oliver et al., 2006). The PRFS 1 was to exhibit creep resistance to forces up to but 

not including the un-sustained 20 N of force on the joystick. However, the Velostat™ used was only 200 

microns thick, restricting its use to lower-level force applications without additional reinforcement from 

the neoprene foam. Currently, the only available thickness of Velostat™ is 100-200 microns, requiring 

custom orders of thicker material to adequately compensate for heavier force applications (3M, 2013; 

Kalantari et al., 2012). Interestingly, this thickness was also used in a previous study to test for 

mechanical properties of Velostat™ where it showed that even at 4N of force, the material displayed 
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significant creep effects (Kalantari et al., 2012). However, the current design added neoprene to help 

remove the material creep sustained from lower-level forces. 

The testing protocol for characterizing creep involved using forces of 5, 10 and 15 N. Creep was 

determined by comparing the initial force reading after the force was applied and final force reading in 

each trial. Figure 4.4 represents the laboratory setup for the creep test which was the same setup used for 

calibration. For the 15 N trial, an additional layer of Velostat™ and neoprene were used to remedy the 

creep that may be seen for higher forces (Del Prete et al., 2001; NDT Resource Center, 2012). 

 

Figure 4.4: Creep test set-up using the Instron™ and calibration jig with a 4N force being applied.  

The Instron™ head is stationary.  

 

4.1.4 Hysteresis 

Hysteresis refers to the difference in performance of a material from strain during loading and unloading 

scenarios (Meyers & Chawla, 2008). Polymeric materials exhibit hysteresis due to their viscoelastic 

behaviour when stressed (Grosch, Harwood, & Payne, 1968; Northolt et al., 1995).  Testing for hysteresis 
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was required to ensure that the sensor would work for both loading and unloading. Although it was 

assumed the Velostat™ would exhibit some hysteresis due to its viscoelastic properties, it was expected 

that the cushioning of the neoprene foam which allows dispersion of the contact force would allow the 

piezoresistive effect of the thin Velostat™ film to remain in the elastic region for higher forces (Tan, 

Miao, Barbastathis, & Triantafyllou, 2010). Velostat™ can be made thicker for higher force applications 

as needed. 

A Chatillon™ DFS II digital force gauge (DFG) (AMETEK, Brampton, Ont.) was used to measure the 

loading and unloading characteristics when testing for hysteresis (Figure 4.5). This instrument was 

validated previously and has a history of reliability in measuring both compression and tension forces 

with a high degree of accuracy (Kriet J, 2003; Melas et al., 2012).  

 

Figure 4.5: Chatillon™ DFS II gauge used for hysteresis determination 
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Software specific to the Chatillon™ gauge, the NEXYGEN™ package, was used to acquire data trials 

from the internal memory of the DFS II. This software can also separate and manipulate the number of 

data points to match the sampling rate of the pressure sensor, allowing simple synchronization. This 

device was used in placement of the Instron™ for its ease of quantifying both loading and unloading in 

the same trial and to simulate hysteresis found from actual usage of the sensor.  

The testing protocol for hysteresis followed a similar methodology to that of (Ferguson-Pell & Cardi, 

1993). This required the PRFS 1 to be placed on a flat surface while the DFS II applied a steady 

perpendicular force on each sensel, capturing both loading and unloading data for a total of four trials 

(one for each sensel) (Figure 4.6). The sampling rate of the DFS II was set to twice that of one sensel 

(approximately 22 Hz) to ensure ease of data synchronization for both the DFS II and PRFS 1. 

Synchronization at the start of each dataset was achieved by applying an initial impulse to both the PRFS 

1 and the gauge at the same time.  Once the start and end of the impulse for both were defined, time 

signatures could be synchronized.  

 

Figure 4.6: Illustration of hysteresis testing for one sensel 
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Calculation of hysteresis can be defined quantitatively as the area underneath each curve for both loading 

and unloading. The following equation expresses an estimate of differences using the Rectangle Midpoint 

Rule method to integrate each curve, where   and      represent DFS II and PRFS 1 data respectively 

and   represents the number of equal intervals the function is split into (Hoffman & Frankel, 2001). 

 
     

  

  

     
      

 
                                         Equation 4.1 

The second part of testing for hysteresis involved observing the rate of loading and unloading and the 

effect of it on the PRFS 1 output. Since Velostat™ is considered viscoelastic, its output is rate dependent 

under direct loading conditions (Beer & Dewolf, 2004). However since the Velostat™ is being subjected 

to an indirect form of loading and deformation, it is expected to produce similar results between loading 

rates. The same testing protocol was implemented for 3 separate loading and unloading rates to observe 

any differences in sensor performance or rate dependence. For both tests, additional Velostat™ was 

placed in the sensor to help reinforce the material strength and to ensure that the Velostat™ would not 

come away from the threads during unloading. 

4.1.5 Cyclic Loading 

Cyclic fatigue/loading is the change in performance of a material undergoing repetitive loading and 

unloading. In the case of sensor instrumentation, this refers to observing any changes in the sensor’s 

response and sensitivity to the same loading scenarios compounded (Meyers & Chawla, 2008). It may 

also refer to a materials inability to re-establish its initial condition prior to reloading which diminishes 

the usefulness of the material as a sensing element. In order to determine the degree of change from 

loading to loading, the PRFS 1 was subjected to repetitive loading using the same force profile each time. 

A sensor is needed to provide output that is consistent between repeated loadings and maintains a constant 

start and end point to the same loading profile.  
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Due to the inability to perform the same loading profile each time with the DFS II, testing for cyclic 

loading of the PRFS 1 was achieved by the use of both the calibration jig and Instron™ instead.  Repeated 

loading of 0-60N was applied to each sensel for 20 cycles per sensel. This protocol was repeated three 

times for each sensel. Each trial utilized an initial preload to ensure the specimen would remain stationary 

on the jig prior to executing the test. Once preloaded, the neoprene of the PRFS 1 became compliant to 

the surface of the calibration jig prongs and was able to remain stationary throughout the trial. Unloading 

of the PRFS 1 was achieved by resetting the Instron load cell head after each cycle to its original position 

to ensure a consistent rate of unloading of the Instron™ and sensor. It was determined that the sensor did 

not need any specific rate of loading or unloading as the rate of loading and unloading of a polymer 

undergoing elastic deformation has no bearing on the output response characteristics (Grosch et al., 1968; 

Meyers & Chawla, 2008; Northolt et al., 1995). The chosen rate of loading and unloading for the PRFS 1 

was 60 seconds and 5 seconds respectively. Loading required more time since one minute was the 

minimum length in time for applying a steady loading profile. The PRFS 1 output was observed for 

changes and deviations of start and finish points between loadings to assess the effect of repetitive loading 

on the Velostat™ (Chaykina et al., 2011). 

4.1.6 PRFS 2 Calibration 

Following the preliminary testing of the PRFS 1 on flat surfaces, a custom version of the PRFS 1, the 

PRFS 2, was created and custom fitted to a mock-up joystick from an excavator.  The sensor was applied 

to the joystick using a snug fit to fully cover the circumference of the handle.  It also conformed 

completely to the lower part of the handle (Figure 4.7), the main site of hand grip for this type of joystick 

(Murphy & Oliver, 2008). After the PRFS 2 was applied, calibration was performed to ensure accurate 

measurement of on-object contact forces. 
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Figure 4.7: Sensor placement on joystick for calibration 

To calibrate the PRFS 2 for each surface to which it is applied, the Chatillon™ DFS II was used as the 

calibration standard for this test because it could apply a known load on each sensel (Meyers & Chawla, 

2008). The joystick was held stationary by extending it fully in one direction, ensuring no further 

movement of the joystick in that direction.  A load was then applied to each of the sensels with the DFS II 

for a total of four trials. To synchronize both the DFS II and sensel data, an impulse load was applied to 

the PRFS II by the DFS II which spanned one second. Data within the one second span were accounted 

for and represented the profile of an applied force to be compared to. 
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4.1.7 PRFS 2 Validation 

4.1.7.1 Test Protocol 

After establishing calibration coefficients from the on-joystick calibration process, it was necessary to 

validate the PRFS 2 on the joystick surface while a subject was actuating the joystick. This was 

accomplished with the use of the strain gauge mounted joystick base and the use of the PRFS 2 during 

user actuation of the joystick. The strain gauge in use was a half-bridge configuration for the side-to-side 

movement of the joystick as observed in Figures 4.8 and 4.9 which illustrate the position of the strain 

gauges and movement direction used in the validation trails: 

 

Figure 4.8: Location of strain gauges for determining net force applied to handle during joystick 

actuation 
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Figure 4.9: Specified direction of movement of joystick based on pressure concentrations 

Prior to validation, the mounted strain gauge was calibrated. The calibration process involved securing the 

joystick on its side to the edge of a table (Figure 4.10) and hanging weights of known mass from the top 

of the handle using a hooking device. A total of 6 different combinations of weights were used to produce 

a calibration curve for the strain gauge output. Following the calibration procedure for the strain gauges, 

the joystick was re-affixed to the chair base to be used with the sensor mounted on the handle. 
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Figure 4.10: Surface mounted joystick setup for calibrating strain gauges 

Both the sensor and strain gauge were then used simultaneously for a total of five trials. These trials 

included individual point loading of each of the four sensels connected via direct finger depression of the 

sensel while the final trial was used to capture all four fingers depressing the sensels. During these trials, 

the applied force on the sensel from the finger forces caused the joystick to reach its maximum deviation, 

approximately 20
O
 from the neutral position. All forces applied to the surface of the sensor and joystick 

mimed the direction of the weight used to calibrate the joystick to ensure accurate representation of force 

from the strain gauge. 

4.1.7.2 Data Processing 

The torque values obtained from the strain gauge during trial testing were required to be transformed into 

point force readings to be accurately compared to the sensor output. This was accomplished by using the 
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distance between the point of origin (placement of strain gauges) and the sensel for each trial (Figure 

4.11). 

 

Figure 4.11: Distances between sensing elements and strain gauge for point force determination 

(distances in cm) 

Utilizing the distance between the sensel location and strain gauge enables point force determination 

using the torque readings obtained from the strain gauge data via the following relationship: 

       Equation 4.2 

The point force (F) can therefore be calculated using the moment (M) and the distance from the strain 

gauge and sensel (d). This allows the point forces obtained from each sensel to be compared to the strain 

gauge output for each of the four point loading trials.  
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An augmented version of Equation 4.1 was used for the final trial involving the use of all four fingers to 

move the joystick. The net force applied on the sensels was calculated using the sum of all four finger 

forces for each data point via the following relationship: 

                            Equation 4.3 

Since all four sensels were active during this trial, a net resultant force location used for determining point 

loading from the strain gauge data is required. This was accomplished by determining the percent of total 

force contribution for each sensel to the net force observed, calculated using the relationship: 

 
        

  
  

      
 Equation 4.4 

Where   represents the sensel number. The percent total torque of each sensel was then used to define the 

location of the net force applied on the handle, which is represented by     in the following relationship: 

                 
               

              
              

  Equation 4.5 

 

The resultant distance calculated was then applied to Equation 4.2 to determine the point load force using 

the strain gauge torque. These loads were then plotted alongside each other to observe similarities 

between models. Secondary analysis included plotting both sensel and strain gauge data against each 

other to obtain a correlation of the values to help better understand how close each value was to its 

counterpart. 

4.2 Results 

4.2.1 Flat Calibration 

Results from the flat calibration testing show the sensing elements of the PRFS 1 follow a logarithmic 

scale with a range of R
2

 values from 0.9789 to 0.9911 which are presented in Figure 4.12. 
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Figure 4.12: Calibration of all four sensels of the PRFS 1 

 

4.2.2 Sensor Reliability 

Two calibrations of the same sensel (sensel 1) performed over a period of five weeks apart had similar 

calibration curves, as observed in Figure 4.13.  
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Figure 4.13: Reliability results from calibration of sensel 1 performed in week 1 (red line) and week 

5 (blue line) 

4.2.3 Creep 

Creep performance testing showed that the design performed very well under constant loading, illustrated 

by Figures 4.14 through 4.16 for loads of 4, 10, and 15 N respectively for sensel 1: 
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Figure 4.14: Sensel 1 output characteristics for a force of 5 N 

 

Figure 4.15: Sensel 1 output characteristics for a force of 10 N 
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Figure 4.16: Sensel 1 output characteristics for a force of 15 N 

There was a deviation of no more than 4, 8 and 10mV for the 5, 10 and 15 N trials. This equates to 4.4%, 

6.4% and 6.4% deviation from initial to final over a 4 minute period. 

4.2.4 Hysteresis 

Figures 4.17 through 4.19 illustrate very small differences between loading and unloading for 5, 2, and 1 

second loading/unloading of the PRFS 1. The percent difference for curves of the 5, 2 and 1 second rate 

loadings are 5.8%, 2.4% and 3.0%. Signal returned to its original value as well, illustrating no plastic 

deformation of the material.  
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Figure 4.17: Loading/Unloading of PRFS for rate of 5 seconds 

 

Figure 4.18: Loading/Unloading of PRFS for rate of 2 seconds 
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Figure 4.19: Loading/Unloading of PRFS for rate of 1 second 

Comparisons between loading and unloading characteristics for the three rates are seen in Figures 4.20 

and 4.21, illustrating that the PRFS 1 is not rate dependent. 

 

Figure 4.20: Comparison of 3 different rates of loading of the PRFS 1 
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Figure 4.21: Comparison of 3 different rates of loading of the PRFS 1 

4.2.5 Cyclic Loading 

Analysis of 19 of the 20 cycles for maximum and minimum value differences showed an average 5mV 

difference between curve ranges, equating to an average of <2% difference as observed in Figure 4.22.   
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Figure 4.22: Sensor characteristics under cycling loading conditions applied by the Instron™ 

The testing also revealed that the output profile for loading and unloading remained relatively unchanged 

throughout the trials, which can be seen in Figure 4.23 which depicts the loading differences between 

cycles 1, 10 and 20. 
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Figure 4.23: Comparison of loading differences during cyclic loading  

4.2.6 On-Joystick Sensor Calibration and Strain Gauge Calibration 

The calibration curves for each active sensel of the PRFS 2 constructed illustrate high linearity of data 

points while placed on the joystick’s curved handle. The relationships start to exhibit logarithmic 

behaviour near the end of each trial. However the justification to choose a linear fit over a logarithmic fit 

is that for this region of force, Velostat™ has been observed to exhibit a linear relationship with contact 

forces and is demonstrated by Figures 4.24 through 4.27. 
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Figure 4.24: Calibration curve derived from sensel 1 data and DFS II of point force load 

 

Figure 4.25: Calibration curve derived from sensel 2 data and DFS II of point force load 
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Figure 4.26: Calibration curve derived from sensel 3 data and DFS II of point force load 

 

Figure 4.27: Calibration curve derived from sensel 4 data and DFS II of point force load 
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Strain gauge calibration revealed a very strong linear relationship with output voltage and torque 

readings, as observed in Figure 4.28: 

 

Figure 4.28: Strain gauge calibration for five weight torque loads and no-load 
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Figure 4.29: Point load joystick actuation for top sensel position (sensel 1) 

 

Figure 4.30: Point load joystick actuation for second highest sensel position (sensel 2) 
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Figure 4.31: Point load joystick actuation for second lowest sensel position (sensel 3) 

 

Figure 4.32: Point load joystick actuation for lowest sensel position (sensel 4) 
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Summed forces obtained from all 4 sensels during the fifth trial were compared to the strain gauge output, 

revealing that both force predictors (sensor and strain gauge) produced almost identical curves (Figure 

4.33). 

 

Figure 4.33: Summed sensel output force predicted model contrasted to strain gauge predicted 

model 

The results of plotting the sensel and strain gauge data against each other illustrate strong linear 
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2
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Figure 4.34: Linear correlation of sensel 1 data versus strain gauge output for point loading of 

joystick 

 

Figure 4.35: Linear correlation of sensel 2 data versus strain gauge output for point loading of 

joystick 

y = 1.0384x - 1.2671 
R² = 0.9585 

-5 

0 

5 

10 

15 

20 

25 

30 

0 5 10 15 20 25 30 

St
ra

in
 G

au
ge

 F
o

rc
e

 (
N

) 

Sensel 1 Force (N) 

Correlation of Strain Gauge and Sensel 1 Forces 

y = 1.2319x + 0.1715 
R² = 0.9975 

0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

0 2 4 6 8 10 12 14 16 

St
ra

in
 G

au
ge

 F
o

rc
e

 (
N

) 

Sensel 2 Force (N) 

Correlation of Strain Gauge and Sensel 2 Forces 



77 
 

 

Figure 4.36: Linear correlation of sensel 3 data versus strain gauge output for point loading of 

joystick 

 

Figure 4.37: Linear correlation of sensel 4 data versus strain gauge output for point loading of 

joystick 
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The results of plotting summed sensel forces and strain gauge data against each other also illustrate a 

strong linear model with an R
2
 = 0.9941 as observed in Figure 4.38: 

 

Figure 4.38: Linear correlation of summed sensel forces versus strain gauge output for full hand 

actuation of joystick 
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4.3.1 Flat Calibration and Reliability 

The stability of the logarithmic calibration coefficients yielded by design was evident in the negligible 

differences of the coefficient values obtained over a span of five weeks of continuous use of the sensor. 

The consistency observed over this span of time agrees with other studies, illustrating that polymeric 

materials undergo elastic deformation and maintain their original composition for extended periods of 

time so long as the material is not plastically deformed (Kalantari et al., 2012; H.-K. Lee et al., 2006; 

Northolt et al., 1995). The logarithmic response of the PRFS 1 reflects results similar to other studies of 

polymeric materials undergoing deformation and is also due to how the electrical resistance of the 

material behaves (Kalantari et al., 2012; Kanda, 1991; H.-K. Lee et al., 2006). The dimensions of the 

Velostat™ are in direct correlation to its piezoresistive response and dictate the response sensitivity of the 

PRFS 1. By increasing the thickness of the Velostat™ and allowing flush contact with the threads at all 

times between the neoprene layers, this alteration will decrease the overall sensitivity of the PRFS 1, but 

the calibration will remain in the linear region of the piezoresistive effect for a greater range of forces 

(Kerr & Milnes, 1963; Keyes & Pollak, 1960). 

Most current technologies exhibit a linear calibration curve (Herrera, 2011; NexGen
TM

 Ergonomics, 2007; 

Tactilus
TM

, 2012; Tekscan
TM

, 2007), however the logarithmic response of the PRFS 1 was shown to 

exhibit a stable output response over a period of five weeks with frequent use. Due to the dimensions of  

Velostat
TM

 having a direct effect on its piezoresistivity, applying it to surfaces of different geometrical 

proportions would require recalibration of the PRFS 1 for a specific surface type (Dahiya, Metta, Valle, & 

Sandini, 2010; Dahiya & Valle, 2012; Dario, 1991). However, once calibrated, the PRFS 1 was able to 

maintain a stable, usable calibration model throughout the testing procedure, making it an ideal design for 

on-object hand force sensing with its multi-surface ability. The differences observed between sensel 

calibrations can be attributed to the physical materials that compose the sensel and the fact that no two 

sensels are completely alike due to human error in the manufacturing of the sensor. The length of exposed 

thread may vary slightly among sensels as well as impurities in the Velostat™ such as crinkles in the 
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material can change the sensitivity and range of the sensel since both item have internal resistances that 

are based on physical properties (3M, 2013; Bertuleit, 1991; Inaba et al., 1996). 

4.3.2 Creep 

For the levels of 5, 10 and 15 N of force applied to a single sensel, the sensor exhibited 4.4%, 6.4% and 

6.4% deviation from initial to final values respectively, which illustrates very little effects of material 

creep. This finding partially agrees with the literature; where a polymer’s potential to exhibit creep 

increases as the force increases (Maalej et al., 1988; Meyers & Chawla, 2008). However, it should be 

noted that due to the cushioning of the neoprene, Velostat™ is capable of withstanding an increased 

amount of force without an increase in material creep being present since the neoprene foam allows a 

much wider dispersion of force on the Velostat™, allowing a less direct method of applying the force to 

the Velostat™ (Porter et al., 2003; Shehab, 2011).  

The 15 N force trial involved the use of an additional layer of neoprene and Velostat™ in order to 

compensate for the larger 15 N load which was expected to exhibit a higher degree of creep and is 

intended to portray the ability of the sensor to reduce creep by designing it to withstand higher forces 

without deforming greatly and sacrificing significant sensitivity to lower forces. The results of the test 

agree with the literature where the thicker or more reinforced the polymeric material, the greater the 

resistance to creep and overall deformation to applied forces (Meyers & Chawla, 2008; NDT Resource 

Center, 2012). Since the PRFS 1 was able to use variable thicknesses of Velostat™ and neoprene, it has 

the ability to compensate for creep caused from prolonged exposures to higher forces.  

4.3.3 Hysteresis 

Hysteresis tests illustrated a slight difference between loading and unloading curves, equating to 5.8%, 

2.4% and 3.0% for 5, 2, and 1 second tests respectively. This finding coincides with the literature where it 

is usual for polymeric materials to exhibit a difference in loading and unloading conditions after 

significant force is applied (Northolt et al., 1995). This observation can be attributed to the cushioning by 
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the neoprene which allows a ‘smeared’ effect of the force on the piezoresistive polymer, reducing high 

levels of direct deformation to permit a greater overall deformation (Shehab, 2011). This, alongside the 

carbon-infused structure of Velostat™ which increases its overall durability (Meier, 1992) and additional 

layering of Velostat™ to increase overall thickness, can permit a logarithmic response for loading and 

unloading. The PRFS 1 response also returned to its original value after unloading demonstrating that the 

material underwent no permanent deformation. 

4.3.4 Cyclic Loading  

The PRFS 1 was tested for cyclic loading, illustrating negligible differences between loading and 

unloading models for twenty consecutive cycles as well as only slight differences between loading curves 

at the beginning and end of the cyclic loading testing. This also indicated that the piezoresistivity did not 

diminish for repetitive loading.  This agrees with previous literature;  in any loading scenario that does not 

plastically deform the Velostat™, the material will return to its initial state (Meyers & Chawla, 2008). As 

with most sensors that seal the sensing element (NexGen
TM

 Ergonomics, 2007; Tactilus
TM

, 2012), the 

PRFS 1 rarely demonstrates cyclic fatigue because the actual sensel is never subjected to a direct force.  

With the neoprene acting as a shield to protect the sensing Velostat™, the sensor is expected to maintain 

quality performance for any 8 hour period of continuous use (Chaykina et al., 2011; Kalantari et al., 2012; 

Northolt et al., 1995). Neoprene also serves as a guard against moisture and temperature effects of the 

human hand since its primary use has been wetsuits which have been shown to provide insulation from 

both (Proulx, Ducharme, & Kenny, 2003). 

Direct contact with even relatively small forces can cause many polymeric materials to exhibit significant 

degradation after repeated use.  The material’s integrity can be permanently damaged, making these 

materials almost useless in situations where direct contact is unavoidable (Northolt et al., 1995). In this 

study, however, it was hypothesized that with the addition of a conforming and cushioning material, the 

polymeric material would be able to retain its range of sensitivity without damage. The findings indicate 

that for 20 cycles of loading and unloading of the cushioned material, there was no observable material 
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degradation or decreasing piezoresistivity, which would result in decreased sensitivity. This finding 

agrees with the literature specific to polymeric interactions, which shows that if the material is not 

deformed to the point of plastic deformation, it will return to its original state while maintaining integrity 

(Meyers & Chawla, 2008; Northolt et al., 1995).  

4.3.5 On-Joystick Sensor Calibration 

Once the PRFS 1 was proven to provide quality results on flat surfaces, the design was enhanced so that it 

could conform adequately to the curved surfaces of a joystick while maintaining all sensing abilities. This 

version was designated PRFS 2. The calibration coefficients of the PRFS 2 while wrapped around the 

joystick were best fit by a line up to an average of 25 N of force. The linear response agrees with the 

literature, where theory suggests that altering the geometry and surface application of a piezoresistive 

material alters the characteristics of internal strain, and a simple change in geometry can change a 

logarithmic response to a linear response (Meyers & Chawla, 2008). The linear response can also be 

explained by the very nature of any polymeric material’s linear response to low level forces (Maalej et al., 

1988; Meyers & Chawla, 2008).  Typical hand forces on a joystick would range from 0-20N, the range 

for which the piezoresistive material’s response will be linear (Oliver et al., 2006).   

4.3.6 On-Joystick Sensor Validation 

Knowing where the point force is applied, the torque obtained from the strain gauge can be transformed 

into a point load using the distance from the strain gauge and modelled alongside the sensel data (Beer & 

Dewolf, 2004). Results of the point loading trials with the sensor on the joystick showed that, for each 

trial, both the sensel and strain gauge portrayed a highly similar model of force prediction. Peak values 

ranged from 17.5 N to 25 N, with sensels 2 and 3 portraying a peak force of 20 N each. This finding 

agrees with values recorded by (Oliver et al., 2006) where peak forces at the end of the joystick 

movement can reach torques of 2.86 N-m or 20 N of a point force. Results also indicates that the PRFS 2 

has the potential to exhibit a stable and reliable loading and unloading response, which agrees with 
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research showing that piezoresistive polymeric materials that remain in the linear region exhibit 

exceptional response for loading and unloading (Meyers & Chawla, 2008).  

Correlations constructed from both the sensel and strain gauge data illustrated a strong linear relationship 

between both force predictors for the point loading trials (R
2
 range = 0.959 – 0.998). Some of the error 

from sensel 1 is thought to arise from the change in geometry at the top of the joystick handle. This 

seemed to cause the sensing area to slip off slightly, producing errors in recorded forces observed which 

is known to happen in other devices which cannot completely conform to the object’s geometry (Aldien et 

al., 2004; Lewis & Narayan, 1993). However, the errors did not seem to be sufficient to diminish the 

ability of the sensel to produce a model similar to that of the strain gauges and maintain a high correlation 

(R
2
 = 0.9585). A solution for this would have been to flare the neoprene end out so that it would make 

flush contact with the joystick handle. 

Joystick hand forces obtained for both the summed sensel forces and strain gauge readings were expected 

to show the same force prediction models. The correlation for the trial involving the four sensels revealed 

a linear fit for the data (R
2
 = 0.9941). This agrees with the theoretical approach that the forces applied 

along the side of an object in the same direction produce a resultant force on the side of the object equal 

to the sum of those forces (Beer & Dewolf, 2004). In the case of the joystick, the resultant force distance 

is calculated using the sum of the sensel forces and knowing the location of each sensel with respect to 

the strain gauge. This distance is applied to the strain gauge to find the point force. This also illustrates 

the potential to determine from the sensel data how the resulting force moves along the handle of the 

joystick throughout the day. As the hand moves on the joystick, the resultant force location changes, 

which can be calculated knowing the location of each sensel and the net force applied. Such data would 

allow insight to worker preferences, levels of exertion and overall hand loads which can be used by 

ergonomists to assess risk factors of job tasks (Bao, Howard, et al., 2006; Bao & Silverstein, 2005; Bao et 

al., 2009; Franzblau et al., 2005; McAtamney & Nigel Corlett, 1993; Sauter, Murphy, & Hurrell, 1990). 
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4.4 Conclusions 

Many precision jobs involving joystick actuation produce hand forces that are associated with a 

significant risk of developing MSD’s so that the capability of the PRFS 2 to measure those forces 

accurately becomes highly important to injury prevention. Validation of both the PRFS 1 and the PRFS 2 

was necessary to ensure that the design could be used as an efficient ergonomic analysis tool for low level 

hand forces.  Each preliminary test was designed to quantify performance characteristics such as creep, 

hysteresis, cyclic loading and reliability. This ensured that no undesirable characteristics were present in 

the early stages of development. The PRFS 1 produced a stable calibration curve with negligible effects 

from creep and cyclic fatigue. Hysteresis was observed for higher level forces, however with the linear 

calibration relationship of the sensor on the joystick, the dynamic response would remain uninhibited by 

hysteresis. For the PRFS 2, on-joystick calibrations for each sensel yielded linear coefficients, 

demonstrating its potential for measuring low level hand forces on curved surfaces.  Point force loading 

of each sensel and full hand actuation of the joystick revealed strong linear correlations between sensel 

and strain gauge data, illustrating the ability of the PRFS 2 reliably measure contact forces on a moving 

object. 

4.5 Summary of Results 

Both the PRFS 1 and 2 illustrated stable, reliable results both on a flat and curved surface. Table 4.1 

presents the name of each test, the type of sensor used during that test (PRFS 1 or 2), and a description of 

the main goal or purpose of the test. 
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Table 4.1: Summarization of testing protocols with description of the purpose of the test and sensor 

used during testing 

Test Sensor Used Goal/Purpose of Test Results 

Flat Calibration PRFS 1 

Obtain calibration 

coefficients for PRFS 1 

under flat surface conditions. 

For 0-60 N of force, sensor 

exhibited calibration coefficients 

with logarithmic fit (R
2
 range = 

0.979 – 0.991). 

Reliability PRFS 1 

Compare calibrations of 

PRFS 1 five weeks apart for 

assessing stability of 

calibrations between uses. 

Minor differences observed with no 

signs of significant differences 

between calibration curves. 

Creep PRFS 1 

Observe sensor under 

constant load to quantify 

amount of material creep. 

4.4%, 6.4% and 6.4% deviation 

from initial and final values 

observed for forces of 5, 10 and 15 

N. 

Hysteresis PRFS 1 

Load and unload sensor to 

observe differences between 

datasets. 

5.8%, 2.4% and 3.0% difference 

from loading and unloading curves 

for 5, 2 and 1 second rates of 

loading/unloading.  

Cyclic Loading PRFS 1 

Load sensor multiple times 

(20 times) to quantify 

differences between 

maximum and minimum 

sensor values. 

Negligible differences of loading 

and unloading characteristics 

between loadings for 20 cycles. 

On-Joystick 

Calibration 
PRFS 2 

Analyze calibration 

coefficients for each sensel 

while sensor is placed on 

joystick geometry. 

Sensels produced linear 

relationships for calibration 

coefficients (R
2
 range = 0.971 – 

0.979) 

On-Joystick 

Validation 
PRFS 2 

Compare forces obtained 

from both the sensor and 

strain gauge during joystick 

actuation. 

Strong correlations produced from 

PRFS 2 and strain gauge data for 

both point force loading (R
2
 range 

= 0.959 – 0.998) and whole hand 

actuation of joystick (R
2
 = 0.9941) 
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Chapter 5 :  Synthesis, Conclusions and Future Work 

 

5.0 Purpose 

Ergonomic evaluation is an important component of assessing job safety, as many occupations require 

repeated muscle use over long periods of time. In many cases, evaluation can be difficult due to the 

dynamic nature of the tasks and odd geometries of the implement that the human interacts with (Attebrant 

et al., 1997; Bovenzi et al., 1991; Murphy & Oliver, 2008). The development of pressure mats which can 

conform to very simple geometries such as cylinders has been accomplished which can give reliable 

position and force data from a hand (NexGen
TM

 Ergonomics, 2007; Tactilus
TM

, 2012; Tekscan
TM

, 2007). 

However, these instruments are not specifically sized for any one geometry, and have been shown to 

provide poor results on surfaces more complex than simple cylindrical handles (Campbell et al., 2000). 

This thesis presents a novel tactile sensing design to be used as an ergonomic tool. This design 

incorporates the use of a piezoresistive carbon-fused polymer as its sensing element encased in a 

conformable fabric.  Preliminary testing and implementation of new design (PRFS 2) to validate its use 

on the surface of a joystick handle was performed to illustrate its capabilities on curved surfaces. 

5.1 Synthesis of Important Findings 

This report presents a fabrication of an existing technology to be used as a force sensing mat for use on 

any complex geometry for the purpose of quantifying low-level hand forces. To validate the design as an 

ergonomic tool, the constructed PRFS 1 was used to complete the preliminary testing of the sensor to 

ensure it was capable of producing quality results on a curved surface, such as a joystick handle. It is 

important to discuss and synthesize the major findings of this thesis for the purpose of highlighting the 

outstanding areas and where the future work needs to be projected towards. This chapter is designed to 

summarize and synthesize the critical findings of this thesis. 
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Flat calibration of the sensor illustrated a strong logarithmic response. The stability and reliability of these 

calibrations were tested, illustrating that after five weeks, the curve was stable. This implies that PRFS 1 

has the ability to retain a calibration through frequent use. Creep testing showed that the PRFS 1 

exhibited very small amounts of creep, and when reinforced with more outer layers and thicker 

piezoresistive material, can exhibit an even high degree of resistance to creep deformation. Hysteresis 

tests showed that the PRFS 1 illustrated very slight differences in loading and unloading curves for 3 

different rates of loading, which implies an overall high resistance to hysteresis. Cyclic loading testing 

presented results that illustrated there was no difference in loading and unloading models between cycles 

of use, further indicating that the PRFS 1 could be used repetitively throughout a working day.  

While placed on the handle of the joystick, the PRFS 2 produced calibration coefficients that produced a 

strong linear relationship. Validation using point force loads showed that each sensel produced a model of 

force prediction similar to the strain gauge model. When correlated to each other, the regressed model for 

each sensel compared to the strain gauge produced an almost perfect linear relationship. This technology 

has been shown to produce reliable and accurate results on complex surfaces for the purpose of detecting 

and quantifying hand forces. 

5.2 Value of Research 

Modern pressure mat systems cannot adequately adapt to the increasingly complex geometries involved 

in hand tasks (Aldien et al., 2004; Bao, Howard, et al., 2006; Bao & Silverstein, 2005; Campbell et al., 

2000). These tools use fixed areas not adequately configured for many geometries and can cause 

overlapping and artifacts (ie. Mechanical stress from the handle and not the hand) (Campbell et al., 2000; 

Seo & Armstrong, 2008). The design proposed in this research shows a technology that can be made to 

adapt to any surface while having the ability to be augmented for compensating for both higher and lower 

force ranges. This includes utilizing a thinner piece of neoprene to allow an easier conformity to a surface 

while still allowing the use of thicker Velostat
TM

 (>200 µm thick), increasing the applications for which 

the technology can be used on. 
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The connection between the development of MSD’s and joystick use in mobile machines creates an 

urgent need for a technology that can adhere and conform to any size of joystick (Attebrant et al., 1997; 

Bao, Howard, et al., 2006; Seo & Armstrong, 2008). This also infers that the technology needs to be 

robust enough to handle constant and repetitive loads for prolonged periods of time while providing 

reliable data that can be used to assess risk levels accurately (Dahiya et al., 2010; Shabshin et al., 2010; 

Webster, 1999). The technology proposed in this report creates a solution for determining the dynamic 

forces that are present as the joystick is actuated. Validation tests revealed that once calibrated on the 

object, the PRFS 2 had the ability to accurately predict surface forces, both in magnitude and position 

which makes it very useful ergonomic tool for assessing hand forces which up to now have been difficult 

to quantify (Bao, Howard, et al., 2006; Spielholz et al., 2008). Applications which could use such a 

technology include, but are not limited to:  

 Ergonomics 

 Sports Medicine and Biomechanics 

 Rehabilitation  

 Education 

5.3 Conclusions 

The ability of the PRFS 1 to fulfill the criteria of the design set out while subjected to the preliminary 

tests was very successful. The validation process involving the use of the PRFS 2 placed on the handle of 

the joystick illustrated a high ability to measure forces applied to the handle of a joystick accurately for 

both point loading and full hand actuation. These results, coupled with ability to augment the properties 

and dimensions of the sensor for adapting to different surface geometries and to compensate for higher or 

lower force applications allows the technology to be used on almost any surface for detecting and 

quantifying hand forces.  
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The applications for this type of sensor are limitless due to its ability to be adapted to any surface with 

ease. However, for the scope of the project, the PRFS 2 was designed to be used as an ergonomic tool for 

detecting and quantifying low level hand forces on complex geometries. 

5.4 Contributions 

This thesis provided the following previously unavailable contributions to the literature: 

1. A unique fabrication and modification of an existing technology that can be applied on many 

complex surfaces for force sensing applications; 

2. Validation of the design, illustrating the success of the sensor performance in various conditions, 

as well as providing a prediction of force magnitudes during joystick actuation; 

3. Illustration of the sensor’s adaptability to nearly any shape with simple customization. 

5.5 Future Work 

Testing has proven the validity and potential of the technology, but the design is still in preliminary 

stages. The sensor can be improved in several different ways to optimize efficiency and accuracy: 

 The sensing material Velostat™/LINQSTAT™ is hypothesized to be more efficient as a sensing 

material if cut to the specific sizes of the sensels as opposed to one piece covering all 

 A better sealing method for the Velostat™/LINQSTAT™ is needed so that it is in constant 

contact with the threads at all times to provide a more stable signal when unloading  

 The amount of sensels can be increased from 16 to 144 utilizing only 16 analog inputs to the 

microcontroller with a multiplexing chip 

 The sensor should be sealed to be moisture-proof and temperature-proof 

 A Bluetooth or RF (radio frequency) unit could be used to collect data wirelessly  



90 
 

5.6 References 

3M. (2013). 3M Electronics Manufacturing : 3M
TM

 Velostat
TM

 1704 Conductive Film, 1,14m x 45,7m x 

100µ. Retrieved September 8, 2013, from 

http://www3.3m.com/catalog/uk/en002/electronics_mfg/static_control_packaging/node_J712RN

C8ZTbe/root_K3BHNB8005gv/vroot_5KR9K2C2KZge/gvel_JQGPTT9723gl/theme_uk_staticc

ontrolpackaging_3_0/command_AbcPageHandler/output_html 

 

Abu-Faraj, Z., Harris, G., Abler, J., & Wertsch, J. (1997). A Holter-type, microprocessor-based, 

rehabilitation instrument for acquisition and storage of plantar pressure data. Journal of 

Rehabilitation Research and Development, 34, 187–194. 

 

Aldien, Y., Welcome, D., Rakheja, S., Dong, R., & Boileau, P.-E. (2004). Contact pressure distribution at 

hand–handle interface: role of hand forces and handle size. International Journal of Industrial 

Ergonomics, 35(3), 267–286. doi:10.1016/j.ergon.2004.09.005 

 

Antony, N. T., & Keir, P. J. (2010). Effects of posture, movement and hand load on shoulder muscle 

activity. Journal of Electromyography and Kinesiology, 20(2), 191–198. 

doi:10.1016/j.jelekin.2009.04.010 

 

Armstrong, T. J. (2008). ACGIH TLV for Hand Activity Level (2nd ed.). Boca Raton, Florida, USA: CRC 

Press. 

 

Ascari, L., Corradi, P., Beccai, L., & Laschi, C. (2007). A miniaturized and flexible optoelectronic 

sensing system for tactile skin. Journal of Micromechanics and Microengineering, 17(11), 2288–

2298. doi:10.1088/0960-1317/17/11/016 

 

Attebrant, M., Winkel, J., Mathiassen, S. E., & Kjellberg, A. (1997). Shoulder-arm muscle load and 

performance during control operation in forestry machines: effects of changing to a new arm rest, 

lever and boom control system. Applied Ergonomics, 28(2), 85–97. 

 

Bao, S., Howard, N., Spielholz, P., & Silverstein, B. (2006). Quantifying repetitive hand activity for 

epidemiological research on musculoskeletal disorders–Part II: comparison of different methods 

of measuring force level and repetitiveness. Ergonomics, 49(4), 381–392. 

 

Bao, S., & Silverstein, B. (2005). Estimation of hand force in ergonomic job evaluations. Ergonomics, 

48(3), 288–301. doi:10.1080/0014013042000327724 

 

Bao, S., Spielholz, P., Howard, N., & Silverstein, B. (2006). Quantifying repetitive hand activity for 

epidemiological research on musculoskeletal disorders – Part I: Individual exposure assessment. 

Ergonomics, 49(4), 361–380. doi:10.1080/00140130500520214 

 

Bao, S., Spielholz, P., Howard, N., & Silverstein, B. (2009). Application of the Strain Index in multiple 

task jobs. Applied Ergonomics, 40(1), 56–68. doi:10.1016/j.apergo.2008.01.013 

 

Barbadillo, G., Dautenhahn, K., & Wood, L. (2011). Using FSR sensors to provide tactile skin to the 

humanoid robot KASPAR. Retrieved from https://uhra.herts.ac.uk/dspace/handle/2299/6381 

 

Bartholomeyczik, J. (2006). Advanced CMOS-based Stress Sensing. Der Andere Verlag. 

 



91 
 

Beebe, D. J., Denton, D. D., Radwin, R. G., & Webster, J. G. (1998). A silicon-based tactile sensor for 

finger-mounted applications. Biomedical Engineering, IEEE Transactions on, 45(2), 151–159. 

 

Beer, & Dewolf, J. &. (2004). Mechanics Of Materials (In Si Units) (3rd ed.). New York, NY, USA: Tata 

McGraw-Hill Education. 

 

Bertuleit, K. (1991). Silver Coated Polyamide: A Conductive Fabric. Journal of Industrial Textiles, 20(3), 

211–215. doi:10.1177/152808379102000307 

 

Bloss, R. (2011). Real-time pressure mapping system. Sensor Review, 31(2), 101–105. 

doi:10.1108/02602281111109943 

 

Borg, E., & Borg, G. (2002). A Comparison of AME and CR100 for Scaling Perceived Exertion. Acta 

Psychologica, 109(2), 157–175. 

 

Bovenzi, M., Zadini, A., Franzinelli, A., & Borgogni, F. (1991). Occupational musculoskeletal disorders 

in the neck and upper limbs of forestry workers exposed to hand-arm vibration. Ergonomics, 

34(5), 547–562. doi:10.1080/00140139108967336 

 

Broadhurst, M. G., Davis, G. T., McKinney, J. E., & Collins, R. E. (1978). Piezoelectricity and 

pyroelectricity in polyvinylidene fluoride #x2014;A model. Journal of Applied Physics, 49(10), 

4992 –4997. doi:10.1063/1.324445 

 

Brookham, R. L., Wong, J. M., & Dickerson, C. R. (2010). Upper limb posture and submaximal hand 

tasks influence shoulder muscle activity. International Journal of Industrial Ergonomics, 40(3), 

337–344. doi:10.1016/j.ergon.2009.11.006 

 

Burström, L., & Lundström, R. (1994). Absorption of vibration energy in the human hand and arm. 

Ergonomics, 37(5), 879–890. doi:10.1080/00140139408963697 

 

Campbell, S. C., Nolan, P. F., Wharton, R. K., & Train, A. W. (2000). Measurement of forces exerted in 

the manual handling of small cylindrical objects. International Journal of Industrial Ergonomics, 

25(4), 349–358. 

 

Chase, T. A., & Luo, R. C. (1995). A thin-film flexible capacitive tactile normal/shear force array sensor. 

In , Proceedings of the 1995 IEEE IECON 21st International Conference on Industrial 

Electronics, Control, and Instrumentation, 1995 (Vol. 2, pp. 1196 –1201 vol.2). 

doi:10.1109/IECON.1995.483967 

 

Chaykina, A., Griebel, S., Gorbatenko, N., & Zentner, L. (2011). Directional Tactile Sensor Composed of 

Conductive Polymer for Monolithic Compliant Mechanism. 56th International Scientific 

Colloquium. Retrieved from http://www.db-thueringen.de/servlets/DerivateServlet/Derivate-

24704/ilm1-2011iwk-101.pdf 

 

Cheng, M.-Y., Tsao, C.-M., Lai, Y.-Z., & Yang, Y.-J. (2011). The development of a highly twistable 

tactile sensing array with stretchable helical electrodes. Sensors and Actuators A: Physical, 

166(2), 226–233. doi:10.1016/j.sna.2009.12.009 

 

Dahiya, R. S., Metta, G., Valle, M., & Sandini, G. (2010). Tactile Sensing; From Humans to Humanoids. 

IEEE Transactions on Robotics, 26(1), 1–20. doi:10.1109/TRO.2009.2033627 

 



92 
 

Dahiya, R. S., & Valle, M. (2012). Robotic Tactile Sensing: Technologies and System (1st ed.). New 

York, New York, USA: Springer. 

 

Dargahi, J. (2000). A piezoelectric tactile sensor with three sensing elements for robotic, endoscopic and 

prosthetic applications. Sensors and Actuators A: Physical, 80(1), 23–30. doi:10.1016/S0924-

4247(99)00295-2 

 

Dario, P. (1991). Tactile sensing: Technology and applications. Sensors and Actuators A: Physical, 26(1–

3), 251–256. doi:10.1016/0924-4247(91)87001-J 

 

De Cocq, P., van Weeren, P. R., & Back, W. (2006). Saddle pressure measuring: Validity, reliability and 

power to discriminate between different saddle-fits. The Veterinary Journal, 172(2), 265–273. 

doi:10.1016/j.tvjl.2005.05.009 

 

Del Prete, Z., Monteleone, L., & Steindler, R. (2001). A novel pressure array sensor based on contact 

resistance variation: Metrological properties. Review of Scientific Instruments, 72(2), 1548 –1553. 

doi:10.1063/1.1340561 

 

Dong, H., Loomer, P., Barr, A., LaRoche, C., Young, E., & Rempel, D. (2007). The effect of tool handle 

shape on hand muscle load and pinch force in a simulated dental scaling task. Applied 

Ergonomics, 38(5), 525–531. doi:10.1016/j.apergo.2006.09.002 

 

Duhamel, P.-E. J., Perez-Arancibia, N. O., Barrows, G. L., & Wood, R. J. (2012). Altitude feedback 

control of a flapping-wing microrobot using an on-board biologically inspired optical flow 

sensor. In 2012 IEEE International Conference on Robotics and Automation (ICRA) (pp. 4228–

4235). doi:10.1109/ICRA.2012.6225313 

 

Duque, J., Masset, D., & Malchaire, J. (1995). Evaluation of handgrip force from EMG measurements. 

Applied Ergonomics, 26(1), 61–66. doi:10.1016/0003-6870(94)00003-H 

 

Eltaib, M. E. ., & Hewit, J. . (2003). Tactile sensing technology for minimal access surgery––a review. 

Mechatronics, 13(10), 1163–1177. doi:10.1016/S0957-4158(03)00048-5 

 

Fellows, G. L., & Freivalds, A. (1991). Ergonomics evaluation of a foam rubber grip for tool handles. 

Applied Ergonomics, 22(4), 225–230. doi:10.1016/0003-6870(91)90225-7 

 

Ferguson-Pell, M., & Cardi, M. D. (1993). Prototype Development and Comparative Evaluation of 

Wheelchair Pressure Mapping System. Assistive Technology, 5(2), 78–91. 

doi:10.1080/10400435.1993.10132213 

 

Flanagan, J. R., Tresilian, J., & Wing, A. M. (1993). Coupling of grip force and load force during arm 

movements with grasped objects. Neuroscience Letters, 152(1–2), 53–56. doi:10.1016/0304-

3940(93)90481-Y 

 

Franzblau, A., Armstrong, T. J., Werner, R. A., & Ulin, S. S. (2005). A Cross-Sectional Assessment of 

the ACGIH TLV for Hand Activity Level. Journal of Occupational Rehabilitation, 15(1), 57–67. 

doi:10.1007/s10926-005-0874-z 

 

Fredriksson, C., Kihlman, S., Rodahl, M., & Kasemo, B. (1998). The Piezoelectric Quartz Crystal Mass 

and Dissipation Sensor:  A Means of Studying Cell Adhesion. Langmuir, 14(2), 248–251. 



93 
 

doi:10.1021/la971005l 

 

Gautschi, G. (2006). Piezoelectric Sensorics: Force, Strain, Pressure, Acceleration and Acoustic 

Emission Sensors, Materials and Amplifiers (1st ed.). New York, New York, USA: Springer. 

 

Government of Ontario, M. of L. (2012). Musculoskeletal Disorders / Ergonomics. Retrieved December 

17, 2012, from http://www.labour.gov.on.ca/english/hs/topics/pains.php 

 

Grosch, K. A., Harwood, J. A. C., & Payne, A. R. (1968). Hysteresis in Polymers and its Relation to 

Strength. Rubber Chemistry and Technology, 41(5), 1157–1167. doi:10.5254/1.3539181 

 

Hansson, J.-E. (1990). Ergonomic design of large forestry machines. International Journal of Industrial 

Ergonomics, 5(3), 255–266. doi:10.1016/0169-8141(90)90061-6 

 

Harsanyi, G. (2000). Sensors in Biomedical Applications: Fundamentals, Technology and Applications. 

Boca Raton, Florida, USA: CRC Press. 

 

Herrera, R. (2011). Tactile Afferent Simulation from Pressure Arrays. In R. Groß, L. Alboul, C. 

Melhuish, M. Witkowski, T. Prescott, & J. Penders (Eds.), Towards Autonomous Robotic Systems 

(Vol. 6856, pp. 416–417). Springer Berlin / Heidelberg. Retrieved from 

http://www.springerlink.com/content/wx55u7502927p23g/abstract/ 

 

Hoffman, J. D., & Frankel, S. (2001). Numerical Methods for Engineers and Scientists, Second Edition,. 

CRC Press. 

 

Hoozemans, M. J. M., & van Dieën, J. H. (2005). Prediction of handgrip forces using surface EMG of 

forearm muscles. Journal of Electromyography and Kinesiology, 15(4), 358–366. 

doi:10.1016/j.jelekin.2004.09.001 

 

Hoshi, T., & Shinoda, H. (2005). Tactile sensing using nonlinear elasticity (pp. 2978–2981). Retrieved 

from 

http://pdf.aminer.org/000/352/505/model_and_processing_of_whole_body_tactile_sensor_suit_fo

r.pdf 

 

Inaba, M., Hoshino, Y., Nagasaka, K., Ninomiya, T., Kagami, S., & Inoue, H. (1996). A full-body tactile 

sensor suit using electrically conductive fabric and strings (Vol. 2, pp. 450–457). Retrieved from 

http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=570816 

 

Jahansson, A., & Nilsson, L. (2006). Evaluation of Discomfort Using Real-time Measurements of Whole 

Body Vibration and Seat Pressure Distribution While Driving Trucks (Masters Thesis). Lulea 

University of Technology, Gothenburg, Sweden. 

 

Jensen, T. R., Radwin, R. G., & Webster, J. G. (1991). A conductive polymer sensor for measuring 

external finger forces. Journal of Biomechanics, 24(9), 851–858. 

 

 

 

Jeong, E., Lee, J., & Kim, D. (2011). Finger-gesture Recognition Glove using Velostat (ICCAS 2011). In 

2011 11th International Conference on Control, Automation and Systems (ICCAS) (pp. 206–210). 

 



94 
 

Johansson, R. S., & Westling, G. (1988). Coordinated isometric muscle commands adequately and 

erroneously programmed for the weight during lifting task with precision grip. Experimental 

Brain Research, 71(1), 59–71. doi:10.1007/BF00247522 

 

Jung, K., You, H., & Kwon, O. (2006). Evaluation of the FSA Hand Force Measurement System. 

Proceedings of the Human Factors and Ergonomics Society Annual Meeting, 50(24), 2577–2581. 

doi:10.1177/154193120605002413 

 

Kalantari, M., Dargahi, J., Kövecses, J., Mardasi, M. G., & Nouri, S. (2012). A New Approach for 

Modeling Piezoresistive Force Sensors Based on Semiconductive Polymer Composites. 

IEEE/ASME Transactions on Mechatronics, 17(3), 572 –581. 

doi:10.1109/TMECH.2011.2108664 

 

Kanda, Y. (1991). Piezoresistance effect of silicon. Sensors and Actuators A: Physical, 28(2), 83–91. 

doi:10.1016/0924-4247(91)85017-I 

 

Karwowski, W., & Marras, W. S. (1999). The Occupational Ergonomics Handbook. Boca Raton, Florida, 

USA: CRC Press. 

 

Kerpa, O., Weiss, K., & Worn, H. (2003). Development of a flexible tactile sensor system for a humanoid 

robot (Vol. 1, pp. 1–6). Retrieved from 

http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1250596 

 

Kerr, D. R., & Milnes, A. G. (1963). Piezoresistance of Diffused Layers in Cubic Semiconductors. 

Journal of Applied Physics, 34(4), 727 –731. doi:10.1063/1.1729524 

 

Keyes, R. W., & Pollak, M. (1960). Effects of Hydrostatic Pressure on the Piezoresistance of 

Semiconductors: i-InSb, p-Ge, p-InSb, and n-GaSb. Physical Review, 118(4), 1001–1007. 

doi:10.1103/PhysRev.118.1001 

 

Kinoshita, H. (1996). Grip posture and forces during holding cylindrical objects with circular grips. 

Ergonomics, 39(9), 1163–1176. 

 

Komi, E. R., Roberts, J. R., & Rothberg, S. J. (2008). Measurement and analysis of grip force during a 

golf shot. Proceedings of the Institution of Mechanical Engineers, Part P: Journal of Sports 

Engineering and Technology, 222(1), 23–35. doi:10.1243/17543371JSET9 

 

Kong, Y., Jang, H., & Freivalds, A. (2006). Wrist and tendon dynamics as contributory risk factors in 

work-related musculoskeletal disorders. Human Factors and Ergonomics in Manufacturing & 

Service Industries, 16(1), 83–105. doi:10.1002/hfm.20043 

 

Kong, Y.-K., Lee, K.-S., Kim, D.-M., & Jung, M.-C. (2011). Individual finger contribution in 

submaximal voluntary contraction of gripping. Ergonomics, 54(11), 1072–1080. 

doi:10.1080/00140139.2011.620176 

 

Kong, Y.-K., & Lowe, B. D. (2005). Optimal cylindrical handle diameter for grip force tasks. 

International Journal of Industrial Ergonomics, 35(6), 495–507. doi:10.1016/j.ergon.2004.11.003 

 

Kriet J, Y. C. (2003). Evaluation of pericranial skull adherence during healing in the rabbit model. 

Archives of Facial Plastic Surgery, 5(1), 67–69. 

 



95 
 

Kroemer, K. H. E., Kroemer, H. B., & Kroemer-Elbert, K. E. (1994). Ergonomics: how to design for ease 

and efficiency. Upper Saddle River, New Jersey, USA: Prentice Hall. 

 

Kuijt-Evers, L. F. M., Bosch, T., Huysmans, M. A., de Looze, M. P., & Vink, P. (2007). Association 

between objective and subjective measurements of comfort and discomfort in hand tools. Applied 

Ergonomics, 38(5), 643–654. doi:10.1016/j.apergo.2006.05.004 

 

Lau, M. H. (2011). An Investigation of Factors that Affect Subjective Assessment of Wrist Posture and 

Applied Hand Force. Retrieved from http://deepblue.lib.umich.edu/handle/2027.42/84427 

 

Lee, H.-K., Chang, S.-I., & Yoon, E. (2006). A Flexible Polymer Tactile Sensor: Fabrication and Modular 

Expandability for Large Area Deployment. Journal of Microelectromechanical Systems, 15(6), 

1681 –1686. doi:10.1109/JMEMS.2006.886021 

 

Lee, S.-J., Kong, Y.-K., Lowe, B. D., & Song, S. (2009). Handle grip span for optimising finger-specific 

force capability as a function of hand size. Ergonomics, 52(5), 601–608. 

doi:10.1080/00140130802422481 

 

Lemerle, P., Klinger, A., Cristalli, A., & Geuder, M. (2008). Application of pressure mapping techniques 

to measure push and gripping forces with precision. Ergonomics, 51(2), 168–191. 

doi:10.1080/00140130701528602 

 

Lewis, W. G., & Narayan, C. V. (1993). Design and sizing of ergonomic handles for hand tools. Applied 

Ergonomics, 24(5), 351–356. doi:10.1016/0003-6870(93)90074-J 

 

Lian, K.-Y., Hsiao, S.-J., & Sung, W.-T. (2013). Intelligent multi-sensor control system based on 

innovative technology integration via ZigBee and Wi-Fi networks. Journal of Network and 

Computer Applications, 36(2), 756–767. doi:10.1016/j.jnca.2012.12.012 

 

Lin, J.-H., Radwin, R. G., & Richard, T. G. (2001). Dynamic biomechanical model of the hand and arm 

in pistol grip power handtool usage. Ergonomics, 44(3), 295–312. 

doi:10.1080/00140130010010649 

 

Linz, T., Kallmayer, C., Aschenbrenner, R., & Reichl, H. (2006). Fully untegrated EKG shirt based on 

embroidered electrical interconnections with conductive yarn and miniaturized flexible 

electronics. In International Workshop on Wearable and Implantable Body Sensor Networks, 

2006. BSN 2006 (p. 4 pp.–26). doi:10.1109/BSN.2006.26 

 

Luckett, R. L. (1972). Fabrication of Flexible Conforming Laps. Optical Engineering, 11(4), 114114–

114114–. doi:10.1117/12.7975911 

 

Maalej, N., Bhat, S., Zhu, H., Webster, J. G., Tompkins, W. J., Wertsch, J. J., & Bach-y-Rita, P. (1988). 

A conductive polymer pressure sensor (pp. 770–771). Retrieved from 

http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=95022 

 

Marras, W. S., & Karwowski, W. (2006). Fundamentals and Assessment Tools for Occupational 

Ergonomics: The Occupational Ergonomics Handbook. Boca Raton, Florida, USA: CRC Press. 

 

McAtamney, L., & Nigel Corlett, E. (1993). RULA: a survey method for the investigation of work-related 

upper limb disorders. Applied Ergonomics, 24(2), 91–99. doi:10.1016/0003-6870(93)90080-S 

 



96 
 

Meier, U. (1992). Carbon Fiber-Reinforced Polymers: Modern Materials in Bridge Engineering. 

Structural Engineering International, 2(1), 7–12. doi:10.2749/101686692780617020 

Melas, N., Perdikides, T., Saratzis, A., Saratzis, N., Kiskinis, D., & Deaton, D. H. (2012). Helical 

EndoStaples enhance endograft fixation in an experimental model using human cadaveric aortas. 

Journal of Vascular Surgery, 55(6), 1726–1733. doi:10.1016/j.jvs.2011.11.048 

 

Meyers, M. A., & Chawla, K. K. (2008). Mechanical Behavior of Materials (2nd ed.). New York, New 

York, USA: Cambridge University Press. 

 

Min-Hang Bao (Ed.). (2000). Chapter 6 Piezoresistive pressure transducers. In Handbook of Sensors and 

Actuators (Vol. Volume 8, pp. 241–280). Elsevier Science B.V. Retrieved from 

http://www.sciencedirect.com/science/article/pii/S1386276600800201 

 

Moore, A., Wells, R., & Ranney, D. (1991). Quantifying exposure in occupational manual tasks with 

cumulative trauma disorder potential. Ergonomics, 34(12), 1433–1453. 

doi:10.1080/00140139108964888 

 

Moore, J. S., & Garg, A. (1995). The strain index: A proposed method to analyze jobs for risk of distal 

upper extremity disorders. American Industrial Hygiene Association Journal, 56(5), 443. 

 

Mootanah, R., & Bader, D. L. (2006). Pressure Sensors. In Wiley Encyclopedia of Biomedical 

Engineering. John Wiley & Sons, Inc. Retrieved from 

http://onlinelibrary.wiley.com/doi/10.1002/9780471740360.ebs0958/abstract 

 

Murphy, T., & Oliver, M. L. (2008). Development and design of a dynamic armrest for hydraulic-

actuation joystick controlled mobile machines. Applied Ergonomics, 39(3), 316–324. 

doi:10.1016/j.apergo.2007.09.002 

 

Najarian, S., Dargahi, J., & Mehrizi, A. (2009). Artificial Tactile Sensing in Biomedical Engineering. 

New York, NY, USA: McGraw-Hill Prof Med/Tech. 

 

NDT Resource Center. (2012). Creep and Stress Rupture. NDE/NDT Resource Center. Retrieved from 

http://www.ndt-ed.org/EducationResources/CommunityCollege/Materials/Mechanical/Creep.htm 

 

NexGen
TM

 Ergonomics. (2007). Glove Pressure Mapping System (GPMS). Ergonomic Products - GPMS. 

Retrieved from http://www.nexgenergo.com/ergonomics/nexglove.html 

 

Niu, X., Latash, M. L., & Zatsiorsky, V. M. (2009). Effects of grasping force magnitude on the 

coordination of digit forces in multi-finger prehension. Experimental Brain Research, 194(1), 

115–29. doi:http://dx.doi.org/10.1007/s00221-008-1675-3 

 

Northolt, M. G., Baltussen, J. J. M., & Schaffers-Korff, B. (1995). Yielding and hysteresis of polymer 

fibres. Polymer, 36(18), 3485–3492. doi:10.1016/0032-3861(95)92020-F 

 

Oliver, M., Rogers, R., Rickards, J., Tingley, M., & Biden, E. (2006). Effect of stiffness and movement 

speed on selected dynamic torque characteristics of hydraulic-actuation joystick controls for 

heavy vehicles. Ergonomics, 49(3), 249–268. doi:10.1080/00140130500489865 

 

Ouyang, Y., & Chappell, W. J. (2008). High Frequency Properties of Electro-Textiles for Wearable 

Antenna Applications. IEEE Transactions on Antennas and Propagation, 56(2), 381 –389. 



97 
 

doi:10.1109/TAP.2007.915435 

 

Perner-Wilson, H., & Satomi, M. (2009). DIY Wearable Technology. Retrieved from 

http://lizarum.com/assignments/physical_computing/soft_circuits/2010/sensors/flex/resources/Per

ner-Wilson.09.DIY.ISEA.pdf 

 

Porter, T. L., Eastman, M. P., Macomber, C., Delinger, W. G., & Zhine, R. (2003). An embedded 

polymer piezoresistive microcantilever sensor. Ultramicroscopy, 97(1–4), 365–369. 

doi:10.1016/S0304-3991(03)00062-7 

 

Proulx, C. I., Ducharme, M. B., & Kenny, G. P. (2003). Effect of water temperature on cooling efficiency 

during hyperthermia in humans. Journal of Applied Physiology, 94(4), 1317–1323. 

doi:10.1152/japplphysiol.00541.2002 

 

Reston, R. R., & Kolesar, E. S. (1990). Robotic tactile sensor array fabricated from a piezoelectric 

polyvinylidene fluoride film. In Aerospace and Electronics Conference, 1990. NAECON 1990., 

Proceedings of the IEEE 1990 National (pp. 1139 –1144 vol.3). 

doi:10.1109/NAECON.1990.112928 

 

Rodano, R., Squadrone, R., Sacchi, M., & Marzegan, A. (2002). Pressure distribution on bicycle saddles. 

In Proc Int Society Biomechanics of Sports Congress, Milan (pp. 1–11). Retrieved from 

http://selleroyal.com/news/Study_Rodano_2002-11.pdf 

 

Roman-Liu, D., Tokarski, T., & Wójcik, K. (2004). Quantitative assessment of upper limb muscle fatigue 

depending on the conditions of repetitive task load. Journal of Electromyography and 

Kinesiology, 14(6), 671–682. doi:10.1016/j.jelekin.2004.04.002 

 

Rossing, T. D. (2007). Springer Handbook of Acoustics. Boston, Massachusetts, USA: Springer. 

 

Sato, K., Ogata, Y., Ohno, K., & Ikeo, H. (1980). Mechanism of Ceramic Capacitor Leakage Failures due 

to Low DC Stress (pp. 205 –212). Presented at the Reliability Physics Symposium, 1980. 18th 

Annual. doi:10.1109/IRPS.1980.362940 

 

Sauter, S. L., Murphy, L. R., & Hurrell, J. J. (1990). Prevention of work-related psychological disorders: 

A national strategy proposed by the National Institute for Occupational Safety and Health 

(NIOSH). American Psychologist, 45(10), 1146–1158. doi:10.1037/0003-066X.45.10.1146 

 

Seo, N. J., & Armstrong, T. J. (2008). Investigation of Grip Force, Normal Force, Contact Area, Hand 

Size, and Handle Size for Cylindrical Handles. Human Factors: The Journal of the Human 

Factors and Ergonomics Society, 50(5), 734–744. doi:10.1518/001872008X354192 

 

Shabshin, N., Zoizner, G., Herman, A., Ougortsin, V., & Gefen, A. (2010). Use of weight-bearing MRI 

for evaluating wheelchair cushions based on internal soft-tissue deformations under ischial 

tuberosities. The Journal of Rehabilitation Research and Development, 47(1), 31. 

doi:10.1682/JRRD.2009.07.0105 

 

Shehab, H. M. (2011). Study of creep characteristics of multi-layered corrugated fibre board protective 

cushions. Victoria University. Retrieved from http://vuir.vu.edu.au/17749/ 

 



98 
 

Silverstein, B. A., Fine, L. J., & Armstrong, T. J. (1986). Hand wrist cumulative trauma disorders in 

industry. British Journal of Industrial Medicine, 43(11), 779–784. doi:10.1136/oem.43.11.779 

 

Spielholz, P., Bao, S., Howard, N., Silverstein, B., Fan, J., Smith, C., & Salazar, C. (2008). Reliability 

and Validity Assessment of the Hand Activity Level Threshold Limit Value and Strain Index 

Using Expert Ratings of Mono-Task Jobs. Journal of Occupational and Environmental Hygiene, 

5(4), 250–257. doi:10.1080/15459620801922211 

 

Sporrong, H., Palmerud, G., & Herberts, P. (1996). Hand grip increases shoulder muscle activity: An 

EMG analysis with static handcontractions in 9 subjects. Acta Orthopaedica, 67(5), 485–490. 

 

Steinem, C., & Janshoff, A. (2007). Piezoelectric Sensors. New York, New York, USA: Springer. 

 

Tactilus
TM

. (2012). Tactile Surface Sensor | Real-time Surface Pressure Mapping Technology | Pressure 

Pad | Force Sensitive Resistor | Matrix Tactile Sensor | Pressure Mapping System FSR. Tactilus
TM

 

Real-Time Surface Pressure Mapping Technology. Retrieved from http://tactilus.net/ 

 

Takala, E. P., Pehkonen, I., Forsman, M., Hansson, G. A., Mathiassen, S. E., Neumann, W. P., … Winkel, 

J. (2010). Systematic evaluation of observational methods assessing biomechanical exposures at 

work. Scand J Work Environ Health, 36(1), 3–24. 

 

Tan, C. W., Miao, J. M., Barbastathis, G., & Triantafyllou, M. (2010). A diaphragm-based pressure 

sensor packaged using liquid crystal polymer and silicone oil for underwater applications. In 5th 

Asia-Pacific Conference on Transducers and Micro-Nano Technology, Perth, Australia. 

Retrieved from http://seagrant.mit.edu/publications/MITSG_10-29.pdf 

 

Tani, T., Takeuchi, T., & Saito, Y. (2000, July 25). Crystal-oriented ceramics, piezoelectric ceramics 

using the same, and methods for producing the same. Retrieved from 

http://www.google.ca/patents?id=v3IDAAAAEBAJ 

 

Tekscan
TM

. (2007). Pressure Sensor Model 4256E. Tekscan
TM

: Pressure Mapping, Force Measurement, 

& Tactile Sensors. Retrieved from http://www.tekscan.com/4256E-pressure-sensor 

 

Tressler, J. F., Alkoy, S., & Newnham, R. E. (1998). Piezoelectric Sensors and Sensor Materials. Journal 

of Electroceramics, 2(4), 257–272. doi:10.1023/A:1009926623551 

 

Tuijthof, G. J. M., Engelen, S. J. M. P. van, Herder, J. L., Goossens, R. H. M., Snijders, C. J., & Dijk, C. 

N. van. (2003). Ergonomic handle for an arthroscopic cutter. Minimally Invasive Therapy & 

Allied Technologies, 12(1-2), 82–90. doi:10.1080/13645700310002585 

 

Van Donselaar, R., & Chen, W. (2011). Design of a smart textile mat to study pressure distribution on 

multiple foam material configurations. In Proceedings of the 4th International Symposium on 

Applied Sciences in Biomedical and Communication Technologies (pp. 129:1–129:5). New York, 

NY, USA: ACM. doi:10.1145/2093698.2093827 

 

Vinogradov, A. M., Schumacher, S. C., & Rassi, E. M. (2005). Dynamic response of the piezoelectric 

polymer PVDF. International Journal of Applied Electromagnetics and Mechanics, 22(1), 39–52. 

 

Webster, J. G. (1999). The Measurement, Instrumentation, and Sensors Handbook. Boca Raton, Florida, 

USA: Springer. 

 



99 
 

Welcome, D., Rakheja, S., Dong, R., Wu, J. Z., & Schopper, A. W. (2004). An investigation on the 

relationship between grip, push and contact forces applied to a tool handle. International Journal 

of Industrial Ergonomics, 34(6), 507–518. doi:10.1016/j.ergon.2004.06.005 

 

Wood, D. K., & Goodale, M. A. (2010). Selection of wrist posture in conditions of motor ambiguity. 

Experimental Brain Research, 208(4), 607–620. doi:10.1007/s00221-010-2509-7 

 

Yeh, M.-H., Hwang, W.-S., & Cheng, L.-R. (2007). Microstructure and mechanical properties of 

neoprene–montmorillonite nanocomposites. Applied Surface Science, 253(10), 4777–4781. 

doi:10.1016/j.apsusc.2006.10.064 

 

Zhao, P., Zhang, B.-P., & Li, J.-F. (2007). High piezoelectric d33 coefficient in Li-modified lead-free 

(Na,K)NbO3 ceramics sintered at optimal temperature. Applied Physics Letters, 90(24), 242909–

242909–3. doi:doi:10.1063/1.2748088 

 

Zumbahlen, H. (2008). Linear Circuit Design Handbook. Boston, Massachusetts, USA: Newnes. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



100 
 

Appendix A : Programming Code for Arduino™ 
 

/* 

*  Partial code extracted from ap_ReadAnalog copyleft 2005 by Melvin Ochsmann for Malmo University 

*  Partial code extracted from _4AnIN copyleft 2008 by Hannah Perner-Wilson 

*  Current version created by: Luke Harris (University of Guelph) 

*/ 

 

/* This program pulls inputs from the analog inputs 0-3 on the Arduino Mega 2560 

*  board and prints them sequentially via serial connection 

*/ 

 

/* When used with prototype, array of 4 vertical sensels used at once for 

*  directional forces along joystick 

*/ 

 

// holding variable for analog pin reads (stores analog value) 

 int value0 = 0; //up 

int value1 = 0; //right 

int value2 = 0; //down 

int value3 = 0; //left  

 

// analog inputs from pins 0-3 (4 total) 

int analog_in0 = 0; // sensel 1 

int analog_in1 = 1; // sensel 2   

int analog_in2 = 2; // sensel 3   

int analog_in3 = 3; // sensel 4 

// start program to acquire data from sensor  

 

void setup(){ 

 

// sets pins on board to ON, allow data transfer   

pinMode(analog_in0, INPUT);   

pinMode(analog_in1, INPUT);   

pinMode(analog_in2, INPUT);   

pinMode(analog_in3, INPUT);   

 

// begin sending over serial port   

 

Serial.begin(9600); 

} 

void loop(){ 

 

// read the value on analog input   

value0 = analogRead(analog_in0);   

value1 = analogRead(analog_in1);   

value2 = analogRead(analog_in2);   

value3 = analogRead(analog_in3); 
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// serial printing of value     

Serial.print(1, BYTE);      

Serial.print(value0);  

Serial.print(10, BYTE);  

Serial.print(2, BYTE);   

Serial.print(value1); 

Serial.print(10, BYTE); 

Serial.print(3, BYTE);  

Serial.print(value2); 

Serial.print(10, BYTE); 

Serial.print(4, BYTE);  

Serial.print(value3); 

Serial.print(10, BYTE); 

 

// Arduino overload delay for safe databit transfer 

delay(100);   

} 
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Appendix B : Instron™ Attachment Drawing 
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Appendix C : NexGen™ Equipment Expenses 
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