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Abstract 

Loss of limb results in loss of function and a partial loss of freedom. A powered prosthetic device 

can partially assist an individual with everyday tasks and therefore return some level of independence. 

Powered upper limb prostheses are often controlled by the user generating surface electromyographic 

(SEMG) signals. The goal of this thesis is to develop a virtual environment in which a user can control a 

virtual hand to safely grasp representations of everyday objects using EMG signals from his/her forearm 

muscles, and experience visual and vibrotactile feedback relevant to the grasping force in the process. 

This can then be used to train potential wearers of real EMG controlled prostheses, with or without 

vibrotactile feedback. To test this system an experiment was designed and executed involving ten 

subjects, twelve objects, and three feedback conditions. The tested feedback conditions were visual, 

vibrotactile, and both visual and vibrotactile. In each experimental exercise the subject attempted to grasp 

a virtual object on the screen using the virtual hand controlled by EMG electrodes placed on his/her 

forearm. Two metrics were used: score, and time to task completion, where score measured grasp 

dexterity. It was hypothesized that with the introduction of vibrotactile feedback, dexterity, and therefore 

score, would improve and time to task completion would decrease. Results showed that time to task 

completion increased, and score did not improve with vibrotactile feedback. Details on the developed 

system, the experiment, and the results are presented in this thesis. 
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Chapter 1 

Introduction and Motivation 

Lack of a limb, due to either traumatic or congenital amputation, limits an individual’s 

independence and quality of life. Prostheses restore some level of functionality and independence 

to amputees. Myoelectric control of upper-limb prostheses permits the user to control grasping 

using electromyography (EMG) signals obtained from the residual muscles. Feedback regarding 

task performance is typically visual, yet multiple studies have shown that some form of feedback, 

e.g., vibrotactile, force, or sub-cutaneous, in addition to traditional visual feedback, improved 

grasping performance [1]–[5]. Task performance, for subjects controlling a real or virtual 

prosthesis, is typically measured using a calculated score based on two metrics: speed of task 

completion, and the amount of grasp force produced for the task compared to the required force 

[1]–[3]. At the moment, there are no commercial upper-limb prostheses that provide additional 

feedback as a supplement to visual feedback [1]. 

 Vibrotactile feedback was chosen for this study due to the ease of its implementation. 

Feasibility of vibrotactile feedback was shown in previous studies [1], [5]–[10]. It is delivered via 

a vibration device, typically a linear resonant actuator (LRA), or an eccentric rotating mass motor 

(ERM). The main differences between the two types of device are the frequency response, and 

the axis of vibration. Due to the wider use of vibration devices with the development of 

smartphones and video game controllers, their cost has decreased and their variety has increased 

over the years. For vibrotactile feedback, the vibration device must be firmly attached to the skin 

to maximize perception. 

EMG controlled visual feedback virtual prosthesis systems have been developed for 

training, design, and experimentation with upper-limb powered prostheses [11]–[16]. However, 

none of these systems incorporate simple two-site differential EMG grasp control of a simulated 



 

2 

 

virtual hand, object interaction, and vibrotactile feedback. Such a system could be used to test the 

effectiveness of adding vibrotactile feedback to an upper limb prosthesis for grasping every-day 

objects. Further, such a system may be used as a virtual training environment (VTE) to learn 

myoelectric control of a prosthetic hand, with and without vibrotactile feedback as that feature 

can be easily disabled. 

 The goal of this research is to create a virtual training environment which can generate 

basic objects to represent everyday items with corresponding physical properties, and to test how 

well a user can grasp the objects with a myoelectrically controlled virtual hand. A well-performed 

grasp is defined as one which is done as quickly as possible, with the “proper” amount of applied 

force. A simple two-site control scheme, which provides a general grasping capability, is used. To 

test the system, a user will be asked to grasp a series of objects displayed on the computer screen. 

Two criteria will be measured: speed of task completion, and grasp dexterity. The system will 

provide either visual, vibrational, or visual plus vibrational feedback related to the total 

magnitude of the grasping force. Subjects will be tested on their ability to learn to control the 

grasping force of the virtual hand under all three feedback conditions. Ideally, with the 

introduction of the vibrotactile feedback device the speed of task completion will decrease, and 

grasp dexterity will be increased.  
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Chapter 2 

Literature Review 

2.1 Existing Commercial Products 

A notable example of a virtual prosthesis, called Virtu-Limb (Touch Bionics Inc.1), is 

used by prosthetists for device fitting and user training. The company provides a range of 

physical hand and finger prostheses. Each prosthetic device can perform multiple grasps such as a 

power grip, lateral grip, or index point, all of which can be changed using a mobile app. Further, 

different grasps can be accomplished by rotating the prosthetic hand with the working hand, or 

through control of the residual muscles. However, not all options are available on all devices. 

Virtu-Limb is designed to familiarize a user with the features of a prosthetic limb and simulate its 

use, but it does not have the capability of simulating virtual objects, nor does it provide any form 

of tactile feedback to the user. 

 Their full hand replacements include: i-limb revolution, i-limb quantum, and i-limb ultra. 

Two out of three product lines offer multiple control modalities [17]. The i-limb revolution can be 

controlled with a phone application and via proximity-activated, programmable Bluetooth-

enabled devices called grip chips. The i-limb quantum can be controlled by the same modalities 

as the i-limb revolution, and by gesture control. By moving the device in one of four directions: 

up, down, left, or right, a different grip style can be selected. All three devices can be controlled 

by myoelectric signals. This modality relies on one to two EMG channels with electrode 

placements selected by a prosthetist for hand flexion and extension. With this modality a user can 

select a number of ‘triggers,’ with each one performing a particular grasp. A trigger is a sequence 

of contractions of the flexor and extensor muscles that signify a particular grasp type. It is 

                                                      

1 http://www.touchbionics.com/products 
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important to note that the contraction sequence and grasp type are programmable. Overall, Touch 

Bionics provides a variety of solutions to accommodate many personal preferences. 

 Another example of a powered prosthetic is the OttoBock Michelangelo hand2. Similar to 

the i-limb models it has multiple grip patterns. However only the thumb, pointing, and middle 

fingers can be moved independently. The ring and pinky fingers can only follow the other fingers. 

The control scheme from the Michelangelo hand was used at Vienna University of Technology to 

produce a full 4x4 meter 3D virtual training environment in which a person is free to move [18]. 

Arm and head tracking is performed by the University’s ioTracker system and visualized in a 

game engine on a head mounted display. Neither the Michelangelo hand nor the 3D training 

environment provides any form of tactile feedback. Therefore, it is necessary to firstly find out 

the state of experimental powered prosthetics and whether tactile feedback is beneficial. 

                                                      

2 http://www.ottobock.ca/prosthetics/upper-limb-prosthetics/solution-overview/michelangelo-

prosthetic-hand/ 
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2.2 Physical Experimental Prosthesis 

The human hand has 27 degrees of freedom (DOF): four degrees per finger (one per 

interphalangeal joint, and two for the metacarpophalangeal joint), five degrees of the thumb, and 

six degrees of wrist rotation [19]. Fingers, finger links, and joints are labeled below in Figure 1. A 

prosthesis may include some or all of these DOFs, or add additional DOFs such as 360-degree 

wrist rotation. The design depends on the hand’s purpose, cost restrictions, and current electro-

mechanical limitations. To create a usable prosthesis, device control must be intuitive, have an 

acceptably small amount of delay, and provide useful feedback. A number of prosthetic designs 

have been tested with and without feedback [4]–[6], [20]–[25]. 

Figure 1: Anatomy of the hand. From American Society for Surgery of the Hand.3 

 

                                                      

3 http://www.assh.org/ 
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Verma et al. [22] present a good example of a relatively simple prosthesis design. The 

team used a single actuator with a set of clutches, and limit switches to be able to produce 

multiple grip strengths and several degrees of freedom of a prosthetic hand. Depending on the 

clutch setting the prosthesis could either rotate the wrist joint or activate its gripper. Control was 

implemented using a standard two-site antagonistic muscle EMG acquisition technique, that has 

been reported in several other studies [2], [5], [8], [12]–[14], [16], [20]. In this case, thresholds 

were set to distinguish the intended strength of the grasp [22]. Huang et al. [23] used an 

anthropomorphic hand with three motors: two for the index finger and thumb respectively and 

one motor for the other three fingers. The prosthesis acquired EMG from two antagonistic 

muscles. After processing, control was performed using 45 trained support vector machine 

(SVM) classifiers, a type of binary classification algorithm, to identify whether the hand is being 

flexed, extended, or at rest. The classifiers also identified one of ten intended grasps. 

The human hand needs to perform both low-force and high-force tasks. Low-force tasks 

are delicate and precise and are typically done using the index finger and thumb. The majority of 

every-day tasks can be done with only those two fingers, which is why devices such as those 

presented in Farrell et al. [20] and Verma et al. [22] are useable as they resemble a robotic claw. 

High-force tasks are not as common and require additional fingers for a larger total force, hence a 

single additional motor for the other three fingers is sufficient [23]. CyberHand is a more 

sophisticated device with six motors, one for each finger and two for the thumb [26]. It has 16 of 

the natural hand’s 27 DOFs. The CyberHand uses an unspecified classifier-based control 

algorithm. 

 An intuitively controlled prosthesis is desirable for obvious reasons, but this is not a 

simple task. Problems arise with EMG acquisition, muscle cross-talk, mechanical noise and 

ambient noise. Muscle cross-talk is unintentional signal interference at the electrode site from 

neighbouring muscles when attempting to read SEMG signals. With current conventional 
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technology, at best only two robust myoelectric channels are available for prosthesis grasp 

control.  

The other limitation for the number of myoelectric channels is the subject’s ability to 

control individual muscle groups. More channels would require higher muscle dexterity, resulting 

in longer user-training times, and overall less dexterous prosthesis operation. Sixteen different 

grasp types are shown in Figure 2, including both precision and power grasps. Additional control 

sources, or prosthesis adaptations, are necessary if the user wishes to utilize more than a single 

grasp. In theory a more interactive control approach would result in better performance. Practice, 

however, showed that with increased control effort subjects become discouraged and do not 

perform as well [5]. 

Figure 2: Core grasp types explored in [5], [27]. 
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The robotic hand in Cipriani et al. [5] has a two part controller: a high-level control 

(HLC) loop and a low-level control (LLC) loop. The team compared three robotic control 

schemes: utilizing HLC only, using both HLC and LLC, and using LLC only. The HLC loop 

attempts to predict the user’s intentions, while the LLC loop is responsible for grasp stability. 

Subjects found the HLC-only control scheme to be the most complex, requiring the most 

attention, and being the most difficult to use during reach, pick, and lift tasks. In contrast, the 

LLC-only control scheme was the least complex, required the least attention, and was the easiest 

to use. Objective results showed that subject performance is better with the LLC-only control 

scheme. The team concluded that a more complex control scheme results in discouragement for 

the operator who, in turn, does not perform as well. This is why it is necessary to make prosthetic 

control simple and intuitive. 

 Aside from an intuitive design, a prosthetic device needs to be responsive. It is inevitable 

that some delay will be introduced into the myoelectric control system from the EMG signal 

filtering and amplitude estimation, and any other arithmetic calculations performed further down 

the control line. Some articles suggest that a delay of 300 ms is acceptable [28], [29]. Hefftner et 

al. [30] suggested that delay should be kept between 300-400 ms, and Chu et al. [31] suggested 

that a controller delay of 300 ms or less is imperceptible. Paciga et al. [32] were aware of delay 

effects on myoelectric control and found that an artificial increase in visual feedback delay of 200 

ms resulted in a six-fold deterioration of accuracy performance. Farrell and Weir [20] specifically 

studied prosthesis delay times by comparing subject performance in pick and lift tasks while 

modulating the control delay. They concluded that the optimal amount of delay is 100 ms for fast 

prehension and 125 ms for slow prehension. 

2.3 Prosthesis Feedback 

It is necessary to ensure that a chosen feedback modality, or type, is helpful to the user. 

Studies have shown that interfering feedback modalities cause partially deteriorated performance 
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[1], [3], [7]. Not only can there be a conflict between feedback modalities, but their 

implementation in a particular system can result in either increased or decreased user 

performance. It is therefore necessary to select the right feedback modality and then correctly 

tune it. 

 Tactile feedback has two components: somatotopic matching, and modality matching 

[24]. In somatotopically matched feedback, the location where the tactile event occurs is matched 

by the perception of where the event occurs. For example, the perception of touching an object 

with the tip of the index finger is perceived on the index finger. The opposite would be 

somatotopic-mismatched feedback, in which case touching an object with the tip of the index 

finger would be perceived somewhere else on the body. This is not a concern for a healthy 

individual, but it is important in prosthesis development, where users have limb deficiencies. 

Somatotopic matching is not possible for an amputee who has not undergone targeted re-

innervation (TR) surgery [24]. TR surgery is a procedure in which residual muscle nerves after an 

amputation are transferred into another muscle [33]. In modality matched feedback, the type of 

tactile event that occurs is matched by the perception of the event. For example, touching an 

object with the tip of the index finger would be perceived as a touch sensation. On the contrary, a 

modality-mismatched feedback would be perceiving touch as a different sensation, e.g. 

temperature. 

 Various feedback modalities have been attempted including electrocutaneous [10], [23], 

[34], sub-cutaneous [4], force [3], [6], [7], [10], [24], [35], [36], pseudo-cineplasty [25], and 

vibrotactile [1], [5]–[10]. Most presented modalities provided at least partial objective 

performance improvement, typically, in the form of reduced time to completion [3], [7], [8], [35], 

reduced slip rate [6], [9], subjects’ force modulation ability [3], [4], [8], and grasp success rate 

[5], [9], [23]. 
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 Electrocutaneous feedback involves delivering current between 1 mA and 2 mA [37]. 

The feedback location must be sufficiently far away from the EMG control electrodes, as it can 

inadvertently shunt the control loop and render the device inoperable [24]. Subcutaneous 

feedback described in Raspopovic et. al. [4] requires surgical intervention for the implantation of 

the feedback electrodes. The feedback electrodes then directly stimulate the sensory nerves.  

Force feedback was shown with TR [3], [24], and without TR [6], [7], [35], [36]. 

Typically force feedback was provided in the form of pressure [3], [6], [7], [24], [25], [35], shear 

[3], [24], or both [3], [24]. Tactors, the devices that provide such feedback modalities, are not 

widely available, thus creating an implementation barrier. Pseudo-cineplasty is a type of force 

feedback in which a cable system is surgically attached, in this case, to the left palmaris longus 

tendon, while the other end is attached to an electronic interface controlling a gripper [25]. When 

a subject flexed the muscles with the attached cables he felt the cables pulling back thus 

providing force feedback. Such a system just like the subcutaneous feedback system requires 

surgical intervention. Furthermore, since the skin tissue needs to be kept open for the cables there 

is a risk of infection, thus if it is ever implemented with current technology it cannot be a 

permanent solution.  

Non-invasive vibrotactile feedback systems can be implemented using inexpensive 

LRAs, or ERMs. The difference between the two is their construction as shown in Figures 3 and 

4 and the driving mechanism. The LRA has a narrow frequency response, which can be seen in 

Figure 5, while the ERM has an increasing frequency response to an increasing voltage, as seen in 

Figure 6. For these reasons, vibrotactile feedback using the LRA was the chosen modality for this 

study. More details about the operation of the LRA are given in chapter 4. 
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Figure 3: Typical LRA construction from Precision Microdrives Ltd.4 

Figure 4: Typical coin ERM construction, from Precision Microdrives Ltd.5 

                                                      

4 https://www.precisionmicrodrives.com/vibration-motors/linear-resonant-actuators-lras 
5 https://www.precisionmicrodrives.com/vibration-motors/coin-vibration-motors 
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Figure 5: LRA frequency response showing its narrow bandwidth, from Precision 

Microdrives Ltd.6 

Figure 6: ERM data showing the important relationship between frequency, amplitude, and 

voltage. From Precision Microdrives Ltd.7 

  

                                                      

6 https://www.precisionmicrodrives.com/vibration-motors/linear-resonant-actuators-lras 
7 https://www.precisionmicrodrives.com/application-notes/ab-029-vibration-motors-voltage-vs-

frequency-vs-amplitude 
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2.4 Virtual Prosthesis 

Virtual environments (VEs) are valuable tools for low-risk testing of prosthetic control. A 

number of studies have been performed with virtual object manipulation [1]–[3], [7]–[9], [11]–

[16], [18], [35], [36], [38]–[41]. Various control types were used including: a computer mouse 

[1], a motion tracking system [13], myoelectric control [2], [3], [8], [11], [12], [15], [18], [38], 

[41], mutual myoelectric and motion tracking control [14], [16], or other physical manipulation 

[7], [9], [35], [36], [40]. The chosen control mechanism depends on the purpose of the VE. If the 

VE is designed for training to use a physical prosthesis such as in [12], [13], then it must use the 

same control scheme as is used in the prosthesis. If the VE is used strictly for object manipulation 

and feedback studies, such as in [7], [35], [36], then the investigation team can decide on the 

appropriate control method. 

 Unlike in physical prostheses, in VEs it is possible to isolate a particular task without 

worrying about interference from external sources. Furthermore, it is beneficial to isolate tasks 

for the purposes of prosthesis training to allow the subject to learn them one at a time. Because of 

this, an effective VE is always purpose-built for the demands of a particular task [39]. For 

example, in Kim and Colgate [3] two subjects were asked to perform a grip and lift task, with grip 

force, and time to task completion as metrics. Grip force scores were compared for visual 

feedback alone, and visual feedback plus three tactile feedback conditions: visual + pressure, 

visual + shear, and visual + pressure + shear. Visual feedback provided only positional feedback, 

and no force feedback. Both subjects were shoulder amputees that underwent TR; therefore, 

feedback was somatotopically and modality matched. The use of a virtual hand rather than a 

physical prosthesis created a number of advantages in this case. Firstly, the objects with which 

the subjects interacted could be easily changed. Secondly, a mechanical manipulator may have 

had additional features that could not have been disabled and would have inhibited or assisted the 

subject which would introduce confounding factors. Thirdly, a virtual hand could be adjusted in 
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ways a physical prosthesis could not. For example, a VE hand could be transparent, or possess 

grip force well beyond normal operating levels of a comparable physical hand. Lastly, grip force 

can be calculated without noise because all calculations take place within the system rather than 

having sensor readings coming from external pressure sensors. For these reasons, a VE was 

chosen over a robotic hand for this study. 

 For the purposes of this study, it was of interest to find other studies that compared 

subject performance with no tactile feedback to a tactile feedback case in a VE [1], [3], [7]–[9]. 

The scoring system in this thesis is based on the work by Kim and Colgate  [3]. In that study 

subjects were asked to grab an object, lift it to a predetermined height, and then release it using a 

myoelectrically controlled virtual prosthetic hand. A score based on minimum grasping pressure 

was displayed to the subject after each trial. The score was computed as: 

𝑠𝑐𝑜𝑟𝑒 = −120 ×
𝑁 − 𝐹𝑏
𝐹𝑏 − 𝐹𝑚𝑖𝑛

− 20 (1) 

where 𝐹𝑏 is the breaking force,  𝐹𝑚𝑖𝑛 is the minimum force necessary to hold the object, and 𝑁 is 

the force applied by the subject. Aside from using the score as a metric, it is also displayed to the 

subject as positive reinforcement. A number of factors can affect studies like this one. Firstly, the 

subject needs to be motivated throughout the two to three-hour session, hence a degree of 

gamification and motivation needs to be implemented. Secondly, as the subject gets better at 

using the device, a sufficient amount of time needs to be spent on training prior to the main 

experiment to avoid a learning curve. The results of this study showed that haptic feedback did 

not improve task completion speed, but it did improve the grasping force score. Furthermore, 

since the team tested four different tactile feedback cases — i.e. none, pressure, shear, pressure + 

shear — they also found that pressure + shear feedback resulted in worse performance than a 

single tactile feedback modality. It is also necessary to mention that subjects found it tiring to use 

the system. They found it difficult to repeatedly perform grip and lift tasks. The controlling 

muscles became fatigued and it was difficult to decode the EMG signal. As well, subjects were 
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unable to control the virtual hand and perceive tactile feedback simultaneously since control was 

taken from, and feedback was delivered to, the TR region. Therefore, subjects had to alternate 

between “controlling” and “sensing.” This is a clear issue in current TR procedures and this effect 

should be taken into account if future studies focus on using TR patients for prosthesis 

development with tactile feedback. Because of this limitation of the TR procedure and the 

difficulty of finding patients that underwent TR, such subjects were not pursued for the study in 

this thesis. 

 Stepp et. al [8] studied six healthy subjects. In this case, one of two objects appeared on 

the screen and the subject was asked to apply a normal force using a virtual finger controlled by 

two bipolar EMG electrodes mounted on the carpi radialis and pulmaris longus respectively. The 

subject was then asked to slide the object horizontally. Horizontal movement was controlled by a 

magnetometer. Although this is not a grasping exercise, a comparison between visual feedback 

and vibrotactile feedback during a dexterous task was still made. Visual force feedback was 

delivered by occluding the virtual finger. The normal force applied onto the object was also 

displayed using a tactor as continuous amplitude-modulated vibrotactile feedback. The tactor was 

mounted on the right lateral upper arm. Performance metrics were object displacement and 

velocity. Results of this experiment yielded that velocity and displacement were significantly 

higher for trials where vibrotactile feedback was used with visual feedback. 

 The above two studies are similar to other studies, e.g., [1], [7], [9]. Work that is 

described in this thesis follows a similar template but simultaneously expands on the literature by 

combining object variability, visual and vibrotactile feedback, and EMG control in a VE, and a 

modular design is used for the software development. Furthermore, this study isolates a single 

task: object grasping in the VE. 
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Chapter 3 

System Design and Development 

3.1 Syngrasp 

The virtual training environment (VTE) system developed in this work is based on the 

Syngrasp8  open-source toolbox in MATLAB (The MathWorks Inc.9) designed to test the quality 

of grasping different shapes, for a number of existing robotic hands and a human hand, in a 

virtual environment [42]. The toolbox provides a convenient framework for grasp analysis, but is 

not designed for use in real-time. It is however well suited for locating contact points, and 

calculating contact forces which are necessary tasks for this study. The toolbox was modified to 

run in real-time in Simulink (The MathWorks Inc.). A 20 degrees-of-freedom (DOF) hand was 

chosen from the toolbox to represent a human hand with full digit articulation, which is sufficient 

for this study. Porting the toolbox to Simulink involved ensuring that the strict rules of Simulink 

programming, particularly memory allocation, were met and that all built-in MATLAB functions 

were compatible with Simulink. This required initialization of all variables used, or if that was 

not possible, specification of their maximum allowable size. Simulink does not support 3D 

MATLAB visualization through the use of surf() commands, which are used to create surface 

plots, therefore it was necessary to completely reanimate the hand and objects, as discussed 

below. 

  

                                                      

8 http://sirslab.dii.unisi.it/syngrasp/ 
9 http://www.mathworks.com 
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3.2 Real-Time Simulation 

The first version of the VTE was developed in MATLAB. MATLAB compiles code at 

run-time which creates several advantages. Firstly, memory does not need to be pre-allocated to 

variables, although it is recommended. Secondly, it performs exceptionally well at large matrix 

arithmetic. Thirdly, all variable types and values are listed at debug, making it easier to correct 

logic errors. Lastly, it has a large number of built-in mathematical functions which means there 

are different ways to perform a single complex operation. However, run-time compilation also 

comes with its own difficulties. Program execution tends to be slower which may not be a 

problem for numerical calculation problems, but it is a serious concern for VTE development. 

The VTE must be able to display at least 24 frames per second (FPS) to appear acceptably 

smooth, and at the same time it must be responsive to user input. For this application, compiled 

languages such as C outperform MATLAB. MATLAB does have a C compiler built in, however 

at the time of development that toolbox was not available to the author. 

 A test version of the VTE, which did not include vibrotactile feedback or myoelectric 

control, was developed in MATLAB. This version included a GUI slider which could be used to 

adjust hand joint angles. This version was proof of concept that Syngrasp could be used for a 

dynamic virtual hand with an external control signal. Since the first and last versions must look 

similar, this version of the program was later used as reference to calibrate the final version of the 

VTE so that the final and initial versions worked in identical ways. A visualization of the hand is 

presented below in Figure 7. 
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Figure 7: First version of the virtual hand written in MATLAB showing the palm, the four 

fingers, and the thumb perpendicular to the fingers. The slider at the bottom of the screen 

controlled hand flexion and extension. 

Simulink, a companion language to MATLAB, is a visual programming language, 

designed for real-time simulations. The code appears as blocks which perform specific functions 

such as switches, clocks, and arithmetic operations. It also has MATLAB function blocks in 

which MATLAB code can be written and executed with real-time limitations. It executes the 

program in time steps. Within each step, all blocks in the program are executed unless otherwise 

specified. The number of time steps, and the duration of each step, and whether it is fixed, can all 

be set prior to program deployment. Since speed is imperative in simulations, Simulink does not 

support compilation at run-time. Instead, it compiles all of the code prior to execution [43]. 

 The second version of the VTE was developed using Simulink R2015a. Simulink can use 

some MATLAB functions, but the memory for the declared variables must be pre-allocated. This 

disallows the use of variable sized arrays that expand during program execution, a convenient 

MATLAB feature. Since this feature was so widely used in the Syngrasp library, many of its 

functions had to be modified, or rewritten altogether. Some functions that did not work in 
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Simulink were declared as extrinsic functions. Extrinsic functions are not compiled, instead they 

are sent to MATLAB for execution at runtime. This slows down simulation somewhat and 

requires that MATLAB be installed on the target machine; however, these functions do not need 

to be modified, thus drastically decreasing development time. This version of the VTE did not 

have feedback or EMG control, but it did run in Simulink. 

A requirement of the VTE is that it runs on a computer with a data acquisition board 

(DAC) for interfacing with the EMG hardware and the LRA. The available computer with a 

Sensoray model 626 (Sensoray Co., Inc.10) DAC installed, had Simulink R2010a installed, thus 

the next version of the VTE was created to run on this version of Simulink. In order to utilize the 

DAC in Simulink the simulation had to run in external mode. In this mode the simulation is 

partially loaded onto the DAC [44], which could not have had MATLAB installed on it, therefore 

the extrinsic functions had to be made compatible for compilation. Thus all extrinsically declared 

functions had to be modified, or rewritten altogether. Surface functions in the final version of the 

VTE are given below in Table 1. 

Function 

Name 
Function Description 

Ported or 

Declared 

SGparadigmatic Generates hand Ported 

hand_realtim Generate objects Ported 

flex Performs the grasp and finds contact points Ported 

joint_angles Reformats joint angles for animation within QUARC Declared 

ForceExtractor Calculates contact forces and visual feedback control Declared 

vib_out Vibrotactile feedback control Declared 

Table 1: Surface functions in the final version of the program showing which functions were 

ported from the previous version and which ones are new. All functions call other functions, 

which in turn call other functions that were ported or rewritten altogether. Approximately 

60 functions had to be changed in various capacities for the program to work. 

 

                                                      

10 http://www.sensoray.com/ 
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3.3 Porting 

There were challenges related to porting from MATLAB to an older version of Simulink. 

Syngrasp functions handle all of the contact force calculations. Firstly, it was not possible to 

include a custom stress-strain relationship in the force estimation algorithm provided by the 

Syngrasp library, which was used for the first and second versions of the VTE. It was necessary 

to find a custom solution for the third version of the VTE. Simulink runs in time steps, and the 

simulation runs at ten steps per second. In any particular step all relevant functions are executed 

including the force calculation for each contact point using (B.1) (Appendix B). The forces for 

each contact point were then added together resulting in a total force. The force extraction was 

done during the plotting stage of the virtual hand. The hand was plotted every 0.1 seconds. 

Secondly, neither Simulink version allows the use of cells, a convenient array type which can 

hold different kinds of variables in a single N-dimensional array. Thirdly, as mentioned before, 

all variables had to be explicitly initialized and of a fixed size. Variables can vary in size, but in 

that case the maximum allowable size must be specified. This is not a good solution, yet the only 

viable one, as the maximum size of the variable might not be known to the programmer. Lastly, 

the virtual hand and objects were defined in structures which Simulink interprets as buses. 

Typically, MATLAB structures can have a substructure array, this is not allowed in the bus class 

in Simulink R2010a. This issue is described in more detail in the next section. 

3.4 Simulink Buses 

Simulink blocks are connected by signals. A signal is a variable being passed by value 

from one block to another. A bus, which is an instance of the Simulink.Bus class, can hold 

multiple signals making the program neater. Each signal within the bus is an instance of the 

Simulink.BusElement class [45]. It is not possible to create an array of buses, but it is possible to 

have an instance of the Simulink.Bus class act as an instance of the Simulink.BusElement class. 

In other words, sub-buses are allowed in Simulink R2015a. 
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 The second version of the VTE was developed in Simulink R2015a which allowed sub-

bus arrays, however, this is not the case for Simulink R2010a. Similar to what was mentioned 

earlier, Simulink buses are interpreted as MATLAB structures within the MATLAB function 

blocks. Therefore, arrays of sub-structures had to be separated into separate structures, thus a 

number of Syngrasp library functions had to be changed as most of them worked with sub-

structures. This was a major challenge in developing version three of the VTE. 

3.5 Visualization 

Initially, Syngrasp visualization was handled by plotting the fingers and thumb using 

cylinders, and spheres, and plotting a custom shape for the palm in 3-space. As mentioned earlier, 

MATLAB was not designed for real-time processing, thus plotting was relatively slow. In 

Simulink, MATLAB 3-D surface plotting command surf() was not supported and up until the 

third version of the VTE was used extrinsically. A new visualization system was developed for 

the final version of the VTE in Simulink 2010a. 

The system was rewritten so that the DAC could be accessed from the VTE to receive the 

input control signals, and to send the vibrotactile feedback signal out. Within Simulink the DAC 

uses its own library called QUARC (Quanser Inc.11). This library has its own Simulink blocks  

that can access DAC input and output channels. It also has 3D visualization blocks. The entire 3-

space is manipulated by two blocks – the initialization block is responsible for object creation in 

3-space, while the set variables block is responsible for object manipulation. QUARC also 

includes templates for unit spheres, cylinders, and cubes. The spheres and cylinders were used to 

recreate the fingers of the virtual hand with dimensions taken from the first version of the VTE 

running on a separate machine. The palm was custom made in Blender (Blender Foundation12), a 

3D creation suite and exported into Simulink. The final hand can be seen in Figure 8.  

                                                      

11 http://www.quanser.com/ 
12 https://www.blender.org 
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Figure 8: Final version of the virtual hand with one of the objects displayed. 

3.6 Object Design 

 Virtual objects were based on real every-day items. Each real object was weighed using a 

kitchen scale and then the friction coefficient was calculated using the method described in Seo et 

al. [46]. The paper suggests putting an object on the palm and tilting it until it starts slipping. It 

then states that the static friction coefficient is equivalent to the ratio of the friction force to the 

normal force. For all numerical values of the real objects and their explanations, as well as the 

threshold values of the virtual objects refer to Appendix A. The full list of virtual objects and 

their properties can be seen in Table 2 below. 
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  Object Characteristics 

Object 

# 
Object Name Soft Hard Brittle Heavy Light Slippery 

1 Raw Egg             

2 Die             

3 
Plastic Bottle 

Cap 
            

4 Door Handle             

5 Cell Phone             

6 
Plastic Solo 

Cup 
            

7 Sandwich             

8 Water Bottle             

9 Soap             

10 Pencil             

11 Sponge             

12 Cutting Board             

Table 2: Virtual object characteristics. Green colour indicates that the characteristic is 

present, red that it is not, and yellow indicates that the particular object characteristic is a 

special case and it is explained below. 

Each object is defined as either soft or hard, and may or may not be brittle. Objects can 

be heavy, light, or slippery. Each object had virtual force thresholds (lower and upper) adjusted 

after vigorous testing to ensure that it responds to grasping force as a closely to its physical 

counterpart as possible. Each object has two grasp force thresholds. Visual feedback was 

provided as a change in object colour with increasing grasp force (described in Chapter 4). Hard 

objects exhibited a limited range of color change with increasing force, soft objects exhibited a 

wide range of color change, and brittle objects exhibited rapid colour change at high grasp forces. 

It is assumed that the force from the fingers is applied perpendicular to gravity. If the grasp force 

is below an object’s lower threshold, the object would slip from the hand during the grasp. Lower 

thresholds were found using equations (A.4) and (A.5) (Appendix A). The upper threshold is set 

at the value at which the object would break, or be permanently deformed. Upper thresholds were 

found through trial and error, and adjusted so that objects would fail with the degree of visual 

feedback mentioned above, i.e. a hard object “breaks” when little colour change is exhibited, and 
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a soft object breaks when a lot of colour change is exhibited. The two special cases are the cell 

phone, which is approximately between a soft and hard object, and between a light and heavy 

object, and the cutting board, which is assumed to be relatively thin and flexible making it 

between a soft and a hard object. Soap, which was the only slippery object, required more force 

for its weight since it has a lower static friction coefficient. All objects are represented by either a 

sphere, a cube, or a cylinder taken from the Syngrasp templates folder and are proportional in size 

to their real counterparts. 

A system block diagram is shown in Figure 9 below. 

Figure 9: Block diagram of the VTE. After the initialization step the program stayed in the 

run loop until the object was changed at which time both the hand and object were 

reinitialized. 
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Chapter 4 

System Operation 

4.1 Grasp Force Feedback 

The VTE provides two forms of grasp force feedback: visual and vibrational, which can 

be used individually or together. Real objects have stress-strain relationships. To show this in the 

VTE, when the virtual hand applies force on the object it gradually turns from blue, when it 

doesn’t experience any force, to red, when it is experiencing the maximum allowable amount of 

force. This was similar to the method used by Walker et. al. [9]. Initially the design was such that 

the object can change from grey to red, but the range was too narrow so the starting colour was 

changed from grey to blue to expand it. This colour change is how strain is simulated in the 

object as a response to stress. A sample grasp of the plastic solo cup (object 6) can be seen below 

in Figures 10 and 11. 

 

Figure 10: Virtual hand in the fully extended 

position with labeled joints. 

Figure 11: Virtual hand applying maximum 

allowable force on an object. 

Metacarpophalangeal 
Basal Carpometacarpal 

Interphalangeal 

Proximal Interphalangeal 

Distal Interphalangeal 
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The vibrotactile feedback modality is delivered as an on-off frequency modulated 

vibration via a C08-001 linear resonant actuator (LRA) (Precision Microdrives Ltd.13) driven with 

a DRV2605L haptic driver (Texas Instruments Inc.14). In general, the LRA operates by having an 

alternating current at a precise frequency energize a voice coil which in turn creates a magnetic 

field. The magnetic field then interacts with a spring suspended magnetic mass which vibrates. 

The vibration amplitude of the mass is greatest at a resonant frequency hence the device has a 

narrow bandwidth as shown in Figure 5 [47]. The driver was calibrated and programmed with an 

Arduino Uno R3 (Arduino15), but was controlled by a DC signal from the analog output port of 

the Sensoray DAC. Initially the feedback was designed to be amplitude modulated – the vibration 

amplitude increases as the normal force applied by the virtual hand onto the object increases – 

with the LRA mounted on the lateral side of the non-dominant upper arm. However, after initial 

testing it was found that due to accommodation, unless the subject was paying close attention to 

the vibrational feedback, perception was lost within 30 seconds of the start of vibration. This is 

not ideal as feedback perception must not require a lot of attention for it to be effective [5], [26]. 

The LRA cannot be frequency modulated because it has a narrow frequency response with the 

peak at 235 Hz. Therefore, feedback was changed from amplitude modulated to on-off modulated 

which was found to be perceived better by the subjects. The “on” portion of the signal oscillates 

at 235 Hz. When an object does not experience force, i.e., where there is no contact between the 

hand and the object, there is no vibration. Once is the hand makes contact with the object, the 

“on-off” frequency increases linearly from 1 to 40 Hz as the total applied force on the object 

increases. A typical on-off waveform can be seen in Figure 12. As well, initial testing showed 

that the upper arm is less sensitive to vibration than the fingers and palm of the hand. It was 

therefore decided to attach the LRA to the tip of the middle finger of the non-dominant hand. 

                                                      

13 http://www.precisionmicrodrives.com 
14 http://www.ti.com 
15 https://www.arduino.cc 
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Figure 12: Example of vibration signal from the LRA where during the “on” portion the 

LRA vibrates at constant 235 Hz. Courtesy of Seagal and Morin [48]. 

The characteristics given in Table 2 dictate how the visual feedback for each object 

behaves. A soft object, for example, is expected to change its colour slowly to indicate that it is 

compliant. A hard object will change in colour very slightly. Brittle objects undergo an abrupt 

colour change at a high grasping force to indicate breakage. Heavy objects would require more 

force to hold them against gravity than light objects. However, the visual feedback does not give 

any indication how heavy the object is, only its material properties. Refer to the colour gradient in 

Figure 13 below. 

Figure 13: Colour gradient that the objects go through with applied force. Soft objects will 

undergo a lot of colour change and turn red when sufficient force has been applied to cause 

a deformation. Hard objects will only turn slightly purple at the maximum applied force. 

Brittle objects will exhibit rapid colour change at a high grasp force. Image from 

learnphotoshop.blogspot.ca16 

Visual feedback was adjusted for each object because a strain curve depends on the 

material properties. Vibrotactile feedback mapping is proportional to the applied force only. 

Therefore, the bottle cap, for example, will not elicit a lot of vibrational feedback because it is 

light, but it will exhibit a lot of deformation, or in this case, a lot of colour change because it is 

soft. 

                                                      

16 http://learn--photoshop.blogspot.ca/2009_07_01_archive.html 
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4.2 Virtual Hand Control 

EMG is recorded from the ventral (wrist flexors) and dorsal (wrist extensors) surfaces of 

the forearm to control hand opening via wrist extension, and hand closing via wrist flexion. The 

SEMG signals are detected using two active bipolar AE100 electrodes (Invenium Technologies17) 

with electrode separation of 13 mm and diameter of 5 mm. The electrode has on-board gain of 

300 V/V, which is amplified further via a custom board based on the AD210AN isolation 

amplifier (Analog Devices Inc.18) with a gain of 100 V/V. The EMG signals were sampled at 1 

kHz using a Sensoray model 626 (SENSORAY19) data acquisition board. Although the active 

electrodes provide on-board band-pass filtering from 25-500 Hz, the signal was deemed to be too 

noisy when attempting to assign thresholds for the control signal. Therefore, the sampled signals 

were additionally digitally filtered using an 22nd order Butterworth band-pass filter with corner 

frequencies of 20 and 490 Hz. The filter was designed using the MATLAB Filter Design & 

Analysis Tool. The EMG signal is a random zero-mean signal where the signal amplitude 

increases with muscle contraction level. The linear envelope (or mean absolute value — MAV) of 

each SEMG signal is obtained by taking the signal absolute value, then filtering with a moving 

average filter with a length of 100 samples. All EMG processing after data sampling was 

performed in Simulink. Depending on individual subject requirements, additional amplification 

was available within Simulink and was adjusted during the calibration phase of the experiment. 

The EMG signal processing block diagram is shown in Figure 14 below. 

 

                                                      

17 http://www.invenium.ca 
18 http://www.analog.com 
19 http://www.sensoray.com 
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The amplifiers after the MAV blocks are for calibration purposes to ensure that the 

amplitude during activation of each muscle group is approximately the same for the extensors and 

the flexors. 

The control signal generator equation is given below. 

𝜎 =

{
 
 

 
 

𝑥𝑑𝑖𝑓 − 𝜃𝑢𝑝𝑝𝑒𝑟

10 ∙ 𝑥𝑀𝑉𝐶𝑢𝑝𝑝𝑒𝑟 − 𝜃𝑢𝑝𝑝𝑒𝑟
𝑖𝑓 𝑥𝑑𝑖𝑓 > 𝜃𝑢𝑝𝑝𝑒𝑟

−
𝑥𝑑𝑖𝑓 − 𝜃𝑙𝑜𝑤𝑒𝑟

10 ∙ 𝑥𝑀𝑉𝐶𝑙𝑜𝑤𝑒𝑟 − 𝜃𝑙𝑜𝑤𝑒𝑟
𝑖𝑓 𝑥𝑑𝑖𝑓 < 𝜃𝑙𝑜𝑤𝑒𝑟

0 𝑖𝑓 𝜃𝑙𝑜𝑤𝑒𝑟 ≤ 𝑥𝑑𝑖𝑓 ≤ 𝜃𝑢𝑝𝑝𝑒𝑟

 (2) 

where 𝑥𝑑𝑖𝑓 is the output from the subtractor in Figure 14, 𝜃 is an EMG threshold value, 𝑥𝑀𝑉𝐶 is 

the maximum amplitude sample of a maximum voluntary contraction (MVC) EMG signal, and 𝜎 

is the control signal. It is required that the control signal is approximately between ‒0.1 and 0.1 

where for 𝜎 = 0 the virtual hand is at rest, for 𝜎 = 0.1 the hand is closing at maximum allowable 

speed, and for 𝜎 = −0.1 the hand is opening at maximum allowable speed. The control signal 

magnitude, σ in (2), specifies the base change in the angle in radians of all of the active joints in a 

grasp, in a simulation time step. In other words, if the control signal is 0.05, then the basal 

carpometacarpal and metacarpophalangeal joints of the thumb will move half that radial distance, 

i.e., 0.025 radians. All finger interphalangeal joints will rotate 1.5 times 0.05 moving through an 

angle of 0.075 radians. Metacarpophalangeal joints of all fingers will rotate 0.05 radians. The 

total closing and opening angle can be calculated using (3) below. 

Figure 14: EMG signal processing block diagram. 
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𝜙𝑡𝑜𝑡 = tan
−1
ℎ

𝑤
 (3) 

where 𝜙𝑡𝑜𝑡 is the total angle defined as the angle formed by a straight line of the first joint, 

metacarpophalangeal for fingers and basal carpometacarpal for the thumb, and the tip of the last 

respective finger link. Variables ℎ and 𝑤 are the respective horizontal and vertical displacements 

of the tip of the last finger link. This is further explained in (B.2) and (B.3) (Appendix B). 

  The simulation runs at 10 steps per second, therefore all joints rotate through their 

respective angles ten times per second. A joint remains active unless it is deactivated when the 

corresponding finger link comes into contact with an object, or it reaches its maximum allowable 

angle of π/2 radians. A joint cannot be overextended either; therefore, finger extension is disabled 

when the finger links are parallel with the palm. 

The difference signal 𝑥dif in (2) is the output from the subtractor in Figure 14. The virtual 

hand can be in three possible states: closing, opening, or rest. The value of the difference signal 

determines the hand state. To determine the trinary state of the hand two thresholds are needed. 

The EMG thresholds, independent of the object thresholds, are determined by visual inspection of 

the 𝑥𝑑𝑖𝑓 signal. A visualization of the 𝑥𝑑𝑖𝑓 signal and the thresholds can be seen below in Figure 

15. Ideally, if the difference signal is between the upper and lower thresholds, the hand is in the 

rest state. If it is above the upper threshold, then the hand is in the closing state. Similarly, if the 

difference signal is below the lower threshold then the hand is in the opening state. Each 

condition (open, close, rest) produces an internal tristate value.   
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Along with the thresholds, two maximum voluntary contraction (MVC) values are used 

in the control signal equation, 𝑥𝑀𝑉𝐶𝑙𝑜𝑤𝑒𝑟 and 𝑥𝑀𝑉𝐶𝑢𝑝𝑝𝑒𝑟. Initially, the plan was to obtain the MVC 

values by asking the subject to flex and then extend the wrist as strongly as possible without 

injury. Practice showed that setting 𝑀𝑉𝐶𝑢𝑝𝑝𝑒𝑟 = 10 and 𝑀𝑉𝐶𝑙𝑜𝑤𝑒𝑟 = −10, adjusting the signal 

gain, and EMG thresholds allowed all ten subjects to control the virtual hand successfully. The 

relation selected in (2) depends on the tristate value, which in-turn, depends on the relationship of 

𝑥𝑑𝑖𝑓 to 𝜃. Equation (2) describes a proportional control approach similar to the one described in 

Pistohl et al. [21]. 

4.3 Scoring and Time Display 

The VTE was tested in an experimental procedure involving volunteer participants. The 

experimental procedure is described in more detail in Chapter 5. An experimental session 

consisted of several exercises. For each exercise the subject was asked to perform a grasp using 

the virtual hand on the screen which was controlled using EMG signals as described above. The 

subject experienced one of three feedback conditions: visual, vibrational, or both. The goal for the 

subject is to grasp the object with enough force so that it would neither be dropped (i.e., it can be 

held against gravity) nor crushed or broken. At the end of each grasp attempt the subject had the 
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Figure 15: Visualization of control signal generation from two processed EMG signal sources 

showing the control thresholds. In this case the hand is in a rest state. Courtesy of [48]. 
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opportunity to see his/her score and the time taken to complete the trial. A grasp attempt was 

deemed to be either a success or a failure. If the attempt was failed, then a score of 20 was given. 

Failure occurred in two cases. The first case is if too little force was applied, which would result 

in the object slipping. The second case is if too much force was applied causing the object to 

break, or deform, or represented an overexertion of the virtual prosthesis which was undesirable. 

Since grasp dexterity was important to quantify in this study, it was important to have an upper 

threshold for applied force even for objects that could not be broken or plastically deformed by 

real prostheses. If the trial was successful, then a score between 60 and 140 was awarded. The 

score was calculated using (4) below. 

𝑠𝑐𝑜𝑟𝑒 =

{
 
 

 
 

20
160

𝑥2 − 𝑥1
(𝑥 − 𝑥1) + 60

160

𝑥1 − 𝑥2
(𝑥 −

𝑥1 + 𝑥2
2

) + 140

20

                          

𝑖𝑓 𝑥 < 𝑥1

𝑖𝑓 𝑥1 ≤ 𝑥 ≤
𝑥2 + 𝑥1
2

𝑖𝑓 
𝑥2 + 𝑥1
2

< 𝑥 ≤ 𝑥2

𝑖𝑓 𝑥 > 𝑥2

 (4) 

where 𝑥 is the total applied force, 𝑥1 is the lower force threshold required to hold the object 

without slippage, and 𝑥2 is the upper force threshold so that object does not experience excessive 

force. Each object had a different set of thresholds, a full list of threshold values is available in 

Appendix A. The highest achievable score was awarded if 𝑥 =
𝑥1+𝑥2

2
, in other words, if the 

applied force was halfway between the two thresholds. A force applied above 𝑥1 and below 𝑥2 
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will yield a value between 60 and 140. A plot of (4) is available below in Figure 16. Experimental 

design considerations for the score and time display are discussed in the next chapter. 

4.4 Researcher Controls 

 Compilation of the entire program takes several minutes. In order to minimize subject 

time during system testing, it is not wise to recompile the entire program for every object. 

Therefore, it is necessary that all objects are compiled initially, and only one object is selected 

during each experimental task. Constant value blocks in Simulink can be manually changed 

during the simulation. Each object has a corresponding number from one to twelve as given in 

Table 2. Object generation is done by a MATLAB function, which has an if-else chain which 

choses the correct object structure parameters based on the object number selected using a 

Simulink constant value block. The structure is then passed onto further functions for processing. 

Aside from object generation, object visibility is simultaneously changed in the set variables 

block from the QUARC library. Eleven out of the 12 blocks are set to be completely transparent 

in the VTE, thus only one block is visible at a time. 

Figure 16: Possible score for a sample applied force between 0 and 10. Task failure occurs 

in this case if force is below 2 or above 8, i.e., 𝒙𝟏 = 𝟐 and 𝒙𝟐 = 𝟖. 
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 Using another constant value block that accepts a zero or a one, the simulation can be 

paused. When a zero is present in the block the simulation runs normally. If the block is set to 

one, then the virtual hand is locked in its current position and the user loses control over it. This 

occurs at the end of each exercise. At this time, the time to completion and task score are 

displayed. A numerical force display is also available but was not visible during experiments - it 

is only used for debugging. While the simulation is paused the object can be changed. When the 

simulation is resumed the time to completion, score variables, and hand position are reset. The 

starting hand position can be seen in Figure 10. 

4.5 Data Storage 

 Simulink is a visual programming language consisting of blocks and connections 

between them called signals. Each block performs some operation on the signal that is connected 

to its input. Simulink has file storage blocks that record a signal to a file in the model’s directory. 

The file is only available after the simulation is complete, and not during the simulation. Overall, 

six channels of data are recorded and are given in Table 3 below. 

Record Number Record Description File Naming Convention 

1 Selected object number Object_n_m.mat 

2 
Flexor muscle raw EMG 

signal 
raw_final_n_m.mat 

3 
Extensor muscle raw EMG 

signal 
raw_final1_n_m.mat 

4 Time to completion Time_to_completion_n_m.mat 

5 Score Score_n_m.mat 

6 Simulation pause/resume Position_Lock_n_m.mat 

7 Total applied force Stress_sum_n_m.mat 

Table 3: Recorded signals from the experiments. 

 Where ‘n’ is the subject number from 1 to 10 and ‘m’ is the feedback used for the 

particular trial: ‘vis’, ‘vib’, or ‘visvib’. Three sets of each file, one set per feedback condition, are 

generated for each subject. It is worth noting that the 6th record was recorded only from subject 3 

and onwards, and 7th record was recorded starting with subject 6 and onwards. These records 



 

35 

 

were not recorded from the start due to researcher error. In total, all ten experiments resulted in 

189 time stamped files. 
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Chapter 5 

System Testing 

5.1 Experimental Design 

5.1.1 Procedure 

The goal of this research is to create a virtual training environment which can generate 

basic objects to represent everyday items, with corresponding physical properties, and test how 

well a user can grasp the objects with a myoelectrically controlled virtual hand. It is hypothesized 

that adding vibrotactile feedback, in addition to visual feedback, will decrease time to task 

completion and increase grasp dexterity. A potential application for this virtual system would be 

to train subjects to use vibrotactile feedback-enabled prosthetics in grasp tasks. An experimental 

procedure was developed to test how well a user could interact with and control the virtual hand, 

and to test the hypothesis. 

In total ten subjects participated in the study, five males and five females (mean age = 

22.7 and standard deviation = 1.85). Subjects were comfortably seated in front of a computer 

screen which was running the VTE with their dominant arm laying flat on a support beside them 

as can be seen in Figure 17. All research was done with the approval of the Health Sciences and 

Affiliated Teaching Hospitals Research Ethics Board (HSREB). Prior to performing any 

experiments each subject read the information form and provided consent to participate in the 

study. Three electrodes were placed on the dominant arm. Two active bipolar electrodes for 

flexion and extension were placed on the ventral and dorsal surfaces of the forearm, over the 

wrist flexor and wrist extensor muscles respectively, and a passive reference electrode was placed 

on the elbow. The linear resonant actuator (LRA) was attached to the palmar surface of the tip of 

the middle finger of the non-dominant hand. Skin was prepared for the EMG electrodes by 

shaving the contact area, applying and then removing a thin layer of rubbing alcohol, and then 
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applying a thin layer of conductive electrode cream removing the excess with a cotton ball. Skin 

preparation was necessary to decrease skin impedance and improve signal integrity. The 

electrodes were then connected to the isolation amplifier board which was in-turn connected to 

the computer through the DAC. The isolation amplifier electrically isolated the subject from the 

computer and the power source. 

The subject was asked to flex and extend their wrist as hard as possible without injury, to 

generate MVC contractions. The difference EMG signal amplitude, 𝑥𝑑𝑖𝑓 from (2), was noted and 

the software amplifier gains were adjusted so that flexion and extension amplitudes were 

approximately identical. The subject was then asked to produce MVCs again at which point the 

thresholds in (2) were adjusted so that the correct tristate value was obtained. In other words, if 

the wrist was being flexed, extended, or at rest, the tristate value would indicate hand close, hand 

open, or rest respectively. Furthermore, the thresholds were such that the tristate values would 

change when a small amount of exertion was produced, but not so that the virtual hand could be 

Figure 17: Showing the arm support of the rig, and electrodes. All subjects were right-handed, 

however a nearby table could have been used if the subject was left-handed. 

Ground Electrode 
Dorsal Electrode 

Ventral Electrode 
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moved accidentally. This was done so that the hand could move at a gradually varying speed, 

with minimal concentration, and so that when contact was made, force could be applied at a 

variable rate. At this point the subject could control the virtual hand by contracting the flexor 

muscles for hand close, and extensor muscles for hand open. 

The subject was told that a virtual hand, and a series of 12 objects would be presented on 

the screen. The subject was then informed that, for each object, the main task is to apply a 

grasping force to the object that is neither too high nor too low in as short a time as possible. 

They were told that if the force was too high the object would deform or break, and if the force 

was too low at the end of the gasp attempt, the object would slip out of the virtual hand. The 

virtual hand closing (grasp) speed increases with increasing contraction of the wrist flexors and 

hand opening (release) speed increases with increasing contraction of the wrist extensors. If the 

wrist is relaxed, then the virtual hand stays in place and applies a constant force, if it is in contact 

with an object. 

The experiment consisted of a training and testing phase. During the training phase the 

subject was presented with the 12 objects in a random order. The first six objects were displayed 

with visual feedback of the grasp force, while the second six were displayed with both visual and 

vibrational feedback of the grasp force. Numerical force feedback thresholds and derivations are 

available in Appendix A. The goal of this session was to familiarize the subject with control of 

the virtual hand, and the properties of the different objects. Prior to displaying each individual 

object, the subject was told what the object represents and its properties. The training session was 

performed to reduce the impact of subject learning in the testing sessions. The subject was not 

given a score for each task and time to completion was not recorded; the subject could spend as 

much time as he/she wished with each object. After this session the testing began. 

The subject was again shown 12 objects in a random order and was told what each object 

represents as well as its physical properties. The feedback condition, vibrotactile, visual, or visual 
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and vibrotactile, for the set of objects was chosen randomly. For each task, when the subject felt 

that he/she had grasped the object properly, the subject signaled the researcher and the simulation 

was paused. The subject was then given a score between 20 and 140 based on her/his task 

performance. A score of 20 was awarded if too much or too little force was applied, otherwise a 

score between 60 and 140 was awarded based on the level of force applied (as described in 

Chapter 4). The score and time to complete the task were shown to the subject on the computer, 

and spoken out loud to encourage the subject through positive reinforcement. After completing 

one set of tasks (all 12 objects for one feedback condition), the subject was given a rest period of 

approximately five minutes before the next set of tasks was begun. During this time the 

simulation was reconfigured and recompiled to change the feedback modalities. In total, the 

subject completed three task sets involving 12 objects and three feedback modalities. The random 

sequence of feedback modality was determined using an online random number generator [49]. 

5.1.2 Performance Metrics 

 As mentioned earlier, two metrics to measure subject performance were chosen: score 

and time to completion. One of the hypotheses was that the implementation of vibrotactile 

feedback would result in increased hand dexterity, which is measured with exercise score. A 

reinforcement score-based approach was chosen similar to the one used in [3]. Since the subjects 

were university students a 0-100 scale would be too similar to the university grading scale. Thus, 

some students might believe that 90 might not be good enough and try to achieve 100, while 

others would be happy with 70. Therefore, in order to motivate all students equally a score scale 

of 20/60-140 was created as described in (4) in the previous chapter. 

 Time to completion was also considered an important measure of subject performance, 

under the three feedback conditions. If providing an additional feedback mode increases time to 

task completion, then it would deter a user from using this feature in a physical device. 

Furthermore, if during this study only the score was displayed and not the time to completion, 
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then the subject would not have incentive to complete the task as quickly as possible. On the 

contrary, if subjects did not have the score displayed to them and only time to completion was 

available, then there was not enough useful information for them to know how well they 

performed. They would be able to perform the task as quickly as they wished without regard for 

the success of the actual grasp, which would not have encouraged them to perform the task to the 

best of their abilities. 

5.2 Results 

 Overall, there were 12 objects per feedback condition, 3 feedback conditions, and 10 

subjects completed the experimental testing. Thus in total, there were 360 exercises performed in 

the experimental study. Out of the 360 total grasp attempts, 184 were successful in which the 

object was not neither dropped, nor crushed. Table 4 below shows the success rate of grasp 

attempts separated by feedback condition. 

Feedback modality Success Rate for All Trials 
and Objects 

Adjusted Success Rate 

Vibrational 0.475 0.54 

Visual 0.5167 0.61 

Visual and Vibrational 0.55 0.64 

Table 4: Grasp success rate of all subjects classified by feedback condition. The adjusted 

success rate does not include objects 1 and 10. 

The success rates for objects 1 and 10 were removed and adjusted success rate was 

calculated because subjects were only successful with object 1 with vibrational feedback, and 

only with visual, and visual and vibrational feedback for object 10 as seen below in Figure 18. 

Table 5 below shows the success rate organized by object. 
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Grasp Success Rate and Object Characteristics Object Characteristics 

Object 

# 
Object Name 

Grasp Success 

Rate 
Soft Hard Brittle Heavy Light Slippery 

1 Egg 0.1             

2 Die 0.57             

3 Bottle Cap 0.87             

4 Door Handle 0.17             

5 Cell Phone 0.4             

6 Plastic Solo Cup 0.83             

7 Sandwich 0.77             

8 Water Bottle 0.57             

9 Soap 0.5             

10 Pencil 0.1             

11 Sponge 0.77             

12 Cutting Board 0.53             

Average: 0.51       

Adjusted Average: 0.6       

Table 5: Grasp success rate for all subjects and feedback conditions classified by object. 

For the successful exercises, the average scores and times to completion are given in Table 6. 

Figure 18: All successful trial scores categorized by object type and feedback condition. Red 

squares represent vibrational feedback condition, black stars represent visual feedback 

condition, and blue diamonds represent visual and vibrational feedback condition. 
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Feedback 

Condition 

Average Score 
Average Time to 

Completion (s) 

Average 

Score 

Adjusted 

Average Time to 

Completion Adjusted 

(s) 

Mean STD Mean STD Mean STD Mean STD 

Vibrational 96.06 24.10 16.38 14.40 97.56 24.44 14.97 11.49 

Visual 106.34 22.92 13.62 10.56 106.62 23.56 13.43 10.46 

Visual and 

Vibrational 
102.38 23.33 15.59 12.88 101.76 24.00 14.87 12.13 

Table 6: Mean and standard deviation of scores and time to completion of successful 

attempts. Adjusted scores are for Object 1 and 10 removed. 

The histograms for score and time to task completion can be seen in Figure 19 and Figure 20 

respectively. 

 

 

Figure 19: Score distribution of successful grasp attempts. 
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5.3 Discussion 

5.3.1 Statistical Analysis 

All statistical analysis in this section was carried out with data organized by feedback 

condition. A data set refers to a set of scores or times to task completion for all successful tasks 

completed by all subjects for a single feedback condition. For example, all successful scores 

achieved with visual feedback would be considered a single data set. 

 Using the Shapiro-Wilk test it was determined that none of the successful time to 

completion and score data sets were normally distributed. The Kruskal-Wallis test is the non-

parametric equivalent of the ANOVA [50]. It was used to perform a comparison of the score and 

completion time data sets and test whether they come from the same population [51]. The test 

showed that the data sets were not significantly different. 

 The Kruskal-Wallis test for score and time yielded significance levels of 𝑝 = 0.054, and 

𝑝 = 0.42 respectively. The null hypothesis for this test is that there is no significant difference 

between the data set pairs, or that the data sets are from identical populations. Even though the 

Figure 20: Time to completion for successful grasp attempts.  
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null hypothesis was not rejected in both cases because 𝑝 > 0.05, further investigation was 

performed on the score dataset because the p-value was only 0.004 greater than the significance 

level. To accomplish this, a Mann-Whitney U test was used to make a comparison between each 

of the feedback modalities. The results of the Mann-Whitney U tests are shown in Table 7. 

Feedback Modality Pair Score Time 

Visual ↔ Vibrational 0.018 0.298 

Visual ↔ Visual + Vibrational 0.268 0.228 

Vibrational ↔ Visual + 
Vibrational 

0.153 0.902 

Table 7: Mann-Whitney U test p-values of score and time to completion. 

Our original hypotheses are that with the introduction of vibrotactile feedback, score will 

increase and time to task completion will decrease. Since there are three conditions the corrected 

significance level is one- third of 0.05, which is 0.017. The Visual ↔ Vibrational score p-value is 

0.018 which is very close to the adjusted significance level. Objectively, none of the data sets are 

significantly different from one another therefore the two hypotheses are disproven. Dexterity, or 

score, is not increased with the introduction of vibrotactile feedback, and time to task completion 

is not reduced with the introduction of vibrotactile feedback. However, since the Visual ↔ 

Vibrational score p-value is close to the significance level it is possible that the results can be 

significant with further studies, involving a larger subject pool, and some system improvements 

by making more stringent requirements for object design, and fixing the force calculations (as 

explained below). 

5.3.2 Force Estimation 

Forces are calculated at independent contact points located on the fingers and thumb. 

Contact detection is handled by Syngrasp library functions. At each point, contact force was 

calculated using (B.1). The equation depends only on an input angle which is a rolling sum of the 

control signal. The new formulas, (B.6) and (B.7), depend on all finger joint angles between the 

palm and the contact point. For example, if the contact point is on the distal phalanx of one of the 
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fingers, then force depends on the metacarpophalangeal, the proximal interphalangeal, and the 

distal interphalangeal joint angles. The effect of the differences between the two force estimates  

can be seen in Figure 21. The figure was obtained by taking raw EMG data from subject six, for 

object eight with the vibrotactile feedback condition. EMG data set choice was arbitrary. The data 

were processed using the methods described previously in this thesis: amplified, bandpass 

filtered, and then passed through an MAV filter. A control signal was then generated using the 

method described in Chapter 4. The control signal was then used in (B.1) and (B.6) to generate 

the curves. The contact point was put in the middle of the distal phalanx of the middle finger 

arbitrarily and does not represent an actual contact point from the experiment, because contact 

point location information was not recorded. The equation that was used for the experiments gave 

a lower estimate for applied force, which may, in part, explain the subjects’ poor performance 

with vibrotactile feedback because of the limited range. Since the curvature for the two force 

Figure 21: Comparison of force estimation between the old and new equations with a 

contact force in the middle of the distal phalanx of the middle finger. Angle 𝜽 is defined as 

the angle between the plane parallel to the palm and a straight line to the contact point, see 

Figure B.1. The input angle 𝛉 increased and decreased as the hand was adjusted during the 

exercise. 
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estimates is similar, however, the effect on user-object interaction is likely minimal. More 

information is available in Appendix B. 

5.3.3 Object Design 

 Each object was custom made and was adjusted to “feel” like its real counterpart within 

the virtual training environment. Young’s modulus, 𝐸, was adjusted in Table A.2 so that the 

colour change exhibited by an object during a grasp would be similar to the real object it was 

based on. Because this adjustment was subjective, the match of the virtual object to its physical 

counterpart can be questioned. 

 The adjusted values in Table 4 do not include the success rate values for objects 1 and 10 

in their calculations. This is because subjects were successful in using only the vibrational 

feedback with object 1, and visual and visual + vibrational feedback with object 10. Since, for at 

least one feedback condition there were no score or completion time values for these objects, the 

hypotheses could not be tested with them. One possible explanation for the subjects’ lack of 

success is that the objects were poorly designed; thus the successful force range was too difficult 

to achieve with the given feedback conditions. Subjects were told what the object was supposed 

to represent before each grasp attempt as well as the object properties. Therefore, it is also 

possible that the low success rates are because of inconsistent definitions of the object properties 

with respect to the real objects; or because the subject’s innate knowledge of the real object 

conflicted with the properties of the virtual object, resulting in poor performance. 

The objects with the highest success rates (3, 6, 7, and 11) are all soft and light, therefore 

the colour change is gradual for the visual feedback. This suggests that subjects relied heavily on 

visual feedback, because vibrational feedback in these objects was intentionally low. A real strain 

sensor would not deform a lot under an applied force to lift a light object therefore vibrotactile 

feedback would be expected to be poor under these conditions. This characteristic is reflected in 

light objects. 
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A possible solution to improving success rate with other objects could be longer training 

session with score feedback. This way the subject would know how to perform well during 

testing, rather than simply be familiar with the system. The experimental session was limited to 

two hours to minimize fatigue and maximize alertness; future experiments can include two or 

more sessions to accommodate a longer training time. Furthermore, the designed objects should 

be more consistent with their physical counterparts. Therefore, a small group of subjects should 

be invited to test how close the objects represent the real world objects prior to conducting the 

main experiment. This can be accomplished by allowing the subjects to grasp the virtual objects 

with the virtual hand, and their real counterparts with a robotic hand, and then have them fill out a 

survey. The survey will question the similarities and differences between real and virtual objects. 

Additionally, stress can be measured between the robotic hand and the object using strain sensors 

on the robotic hand’s fingers. The measured values can then be used to set the VTE object 

parameters. 
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5.3.4 Score System 

A successful exercise occurs when the applied force is between the two force thresholds. 

Maximum score is awarded when the force is exactly halfway between the two force thresholds. 

Because of this, it is possible to get the same score for two different forces: once when force is 

higher than the mid-point, and once when it is lower. Therefore, if forces are normally 

distributed, then the score distribution would be skewed toward 140 as seen in Figure 22. The 

drawback of this scoring system is that it is impossible to tell whether the force was 

overestimated or underestimated. Therefore, it is impossible to expect a normal score distribution. 

5.3.5 Relation of Results to Previous Works 

 Overall, subjects achieved an acceptable success rate if objects 1 and 10 are not included 

in the calculation. Subjects performed better when both feedback modalities were present, but not 

by a significant amount. Time to task completion was lowest with visual feedback, which agrees 

with the results of Kim and Colgate [3]. Average score was also highest with visual feedback. 

Longest time to completion and lowest scores were earned with vibrational feedback. This may 

Figure 22: Score distribution generated by mapping 1000 normally distributed samples 

onto the 60-140-60 score scale. 
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be because this modality required a lot of concentration, due to a number of factors. Firstly, since 

the feedback was on-off modulated, several seconds of vibration were needed to correctly gauge 

the applied force. Therefore, some subjects would adjust the hand and wait several seconds before 

performing further adjustments. Secondly, unlike visual feedback, vibrotactile feedback is not 

intuitive, because it is modality and somatotopically mismatched. Lastly, the LRA was not 

powerful enough and was difficult to sense. Intuitive control was mentioned in Cipriani et al. [5], 

clearly intuitive feedback is also necessary for success. Multiple vibration motors can be used to 

deal with LRA power as explored in Witteveen et al. [1]. In previous works visual and vibrational 

feedback provided better object manipulation dexterity but increased time to task completion [1], 

[3]. In some pervious works, just like here, an attempt to reduce the learning curve was made [3], 

[36].As well, multiple studies looked at interactions with different objects similar to what was 

done in this study [7], [8], [36]. 
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Chapter 6 

Conclusions and Future Work 

6.1 Virtual Training Environment Development 

 Overall a VTE was created with configurable objects to train subjects to use a virtual 

hand for grasping tasks under different feedback conditions. The virtual hand was controlled 

using EMG signals from the flexor carpi radialis and extensor carpi ulnaris muscles on the ventral 

and dorsal surfaces of the dominant forearm respectively. Differential flexion - extension of the 

wrist was mapped to the velocity of the closing and opening of the virtual hand, and no exertion 

was necessary to maintain hand position and hold a grasp in place. Twelve objects were designed 

and created in the VTE to represent everyday items and their properties. A user controls the hand 

to grasp the objects and grasp force is calculated using (B.1). Feedback was then provided in the 

form of a colour change from blue to red to signify object deformation or breakage, and/or an on-

off modulated LRA mounted on the palmar side of the tip of the middle finger of the non-

dominant hand. The system operates entirely within a Simulink R2010a environment with the 

QUARC library installed. From the start, the system was built with a modular design, thus it can 

be reconfigured for future research on similar topics. Objects can be added and removed, and 

object compliance can be customized by changing the 𝐸 value in Table A.2. Furthermore, gain 

can be adjusted within Simulink for each user’s EMG signal amplitude. The control signal for the 

vibrotactile feedback hardware can be changed to improve the feedback without changing the rest 

of the program. Additional feedback modalities can be added without impacting the rest of the 

program as well. 
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6.2 Virtual Training Environment Testing 

Subjects were able to successfully learn to control the virtual hand and grasp the objects. 

During the main experiment their dexterity, as reflected in the level of grasping force, was ranked 

on a scale from 20 to 140. The subject’s score and time to complete each exercise was shown to 

the subject at the end of each grasp attempt. It was hypothesized that grasp dexterity, and hence 

the score, would improve, while time to task completion would decrease with the introduction of 

vibrotactile feedback. The hypotheses were not supported by the study results. The VTE can be 

improved by refining the object design so that the objects better represent real world objects. 

Subject performance may improve with more training and with different feedback. An alternative 

to frequency-modulated vibrotactile feedback, amplitude-modulated vibrotactile feedback using 

more vibration motors [1], [10], or more powerful motors [1], [6], or electrocutaneous feedback 

using a controlled surface injected current may be viable options to explore [10], [23], [34]. 

The system and experiment are similar to those  described by the respective teams in [2], 

[7], [8]. Stepp et al. [7] found that vibrotactile feedback improves dexterous performance but 

slows object manipulation, somewhat similar to the results in this paper. Average time to task 

completion during the vibrational condition in Table 6 was increased by 2.76 seconds compared 

to the visual condition. Vibrational condition score, however, was lower by 10.28 than visual 

condition score. The reason for the disparity between the results of this thesis and Stepp et al. [7] 

is due to the aforementioned issues with the feedback modality. Similar results to Stepp et al. [7] 

were obtained by Kim and Colgate [3], however they used force and shear types of tactile 

feedback on TR patients. Walker et al. [9] concluded that grasp was improved with the use of 

vibrotactile feedback, but they did not measure time to task completion. 
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6.3 Contributions to the Field 

 This work has combined a number of elements that have not all been combined in 

previous work, e.g., [1]–[3], [5], [7], [8], [21], including: 

 Multiple virtual objects with material properties similar to real objects 

 Object grasping using a virtual hand with 15 movable joints 

 EMG control of hand opening and closing 

 Vibrational and visual feedback of grasp force 

By combining the aforementioned characteristics, a modular VTE system with multiple objects 

and feedback was created and tested. The program is available in its entirety at the BioRobotics 

Research Laboraty, Queen’s University. 

6.4 Suggestions for Future Work 

6.4.1 System Improvements 

 It was observed that sometimes when an object was switched and the system resumed to 

start a new task, the pseudo-force did not return to zero even though the virtual hand was in the 

fully extended state. This would cause the force to be overestimated for the new exercise as the 

force from the old task was carried over. This seemed to occur when the subject moved his/her 

wrist as objects were changing. The exact cause of this error is unknown. However, to deal with 

this, several lines of code were added so that when the virtual hand is fully extended the applied 

force is reset to zero. Therefore, the error was not an issue during testing, since the standard 

procedure was for the subject to contract the wrist extensors to fully open the hand and return the 

force back to zero at the start of each exercise after the new object was displayed. In the future, if 

this procedure is not followed, the source of the error must be determined and the error must be 

fixed. 
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 The computer that was running the simulation was old and was running the Windows XP 

operating system (Microsoft Co.20); thus, the simulation ran relatively slowly. Although typically 

the lag between control input and animation was acceptable, the animation would occasionally 

slow down to hindering levels. In these cases, the hand responded to control with abrupt 

movements and it was difficult for subjects to perform well. It is recommended that future studies 

be performed on a newer machine with multiple cores since the simulation runs a number of 

activities simultaneously, e.g. EMG processing and hand animation. A new computer may need a 

new DAC which should not be difficult to replace because the system is modular. 

 As mentioned before, object calibration may be a reason for the lack of significant 

differences. Better object calibration may yield higher grasp success rate and potentially more 

meaningful results regarding feedback conditions. To fix this issue a small group of subjects 

could be invited to test newly designed objects. They would also have a chance to interact with 

the real version of the object and fill out a survey at the end of the session. The survey would 

contain questions on differences and similarities of the corresponding real and virtual object pair. 

 Vibrational feedback perception was difficult with the LRA. To improve perception, the 

distal palmar portion of the middle finger of the non-dominant hand was used as the feedback 

location instead of the planned lateral side of the dominant upper arm. This is not ideal as a 

prosthesis requires two hands for operation. Ideally, prosthesis control and feedback should be 

respectively taken from and delivered to the residual limb. A prosthesis should, at least partially, 

return a patient’s freedom, and burdening a functional limb with feedback would be counter-

productive to that goal. To fix this issue either a different feedback modality could be explored, or 

a more powerful LRA or ERM could be used. Furthermore, more research should be done on 

tactile feedback perception similar to studies that have been reported in the literature [4], [5]. It 

would be useful to find the most perceptible feedback modality for future studies as well. 

                                                      

20 www.microsoft.com 
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 The control signal generation, including EMG acquisition and processing was quite 

robust and should only need readjustment in the final channel gains and thresholds. However, in 

future, different control algorithms could be implemented. For example, in the 3-state control 

algorithm, the control signal is not proportional to the EMG signal amplitude. Instead the hand 

opens or closes at constant speed when the EMG amplitude reaches specific threshold levels. 

Alternatively, the hand state can be decided using a pattern classifier [11], [15], [21], [28]. 

6.4.2 Final Remarks 

 The VTE developed here can potentially be used to train future prosthesis users. The 

system can also be gamified allowing it to be used for physical rehabilitation of not just the wrist, 

but any limb where two surface antagonistic muscles are available. This may be particularly 

effective with children. Outside of medicine, parts of this project can be used in teleoperated 

robotics, for example as an alternative control and feedback mechanism to conventional methods 

of robotic control. 
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Numerical Force Thresholds 

A.1 Physical Object Numerical Values 

 Physical object properties are given in Table A.1; the method of determining the values 

for the objects is described in the text below. 

Object 

Number 
Object Name 

Average mass 

(g) 

Average angle 

of slip (°) 
Fmin (N) 

1 egg 83 70 0.30 

2 six-sided die 5 27 0.096 

3 plastic bottle cap 3 57 0.019 

4 door handle 628 n/a 5.13 

5 cell phone 153 44 1.55 

6 plastic solo cup 8 50 0.066 

7 sandwich 158 43 1.66 

8 full reusable 1 L plastic water bottle 1228 35 17.20 

9 soap 89 20 2.40 

10 pen 12 71 0.040 

11 dry sponge 12 52 0.092 

12 cutting board 1123 48 9.92 

Table A.1: Physical object properties. 

 Each object was weighed using a digital kitchen food scale. Object angle of slip was 

determined using the method described in [46]. In general, the measurement procedure was the 

following. Prior to any measurements being taken, the measuring hand was washed with hand 

soap, rinsed, and dried. MATLAB Mobile (The Mathworks, Inc.21) was opened on a smartphone 

held between the thumb and little finger with the screen facing up parallel to the palm and the 

long edge facing the experimenter as seen in Figure A.1. The smartphone application allows the 

user to measure tilt angles using the internal accelerometer, magnetometer, and gyroscope. An 

object was placed in the palm, and was held parallel to the floor with the tilt angle reading zero 

degrees. The palm, with the object and smartphone on top of it, was slowly rotated, as seen in 

                                                      

21 www.mathworks.com 
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Figure A.2, until the object started slipping at which point the angle displayed on the phone was 

noted. This was done twice for each object and the average angle of slip was recorded in Table 

A.1. 

 

Figure A.2: Cellphone tilted with the palm. 

Figure A.1: Cellphone held parallel to the floor and palm with space leftover for the object 

on the palm. 
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 The free body diagram (FBD) for the experiment can be seen below in Figure A.3. 

Using the standard friction equation (A.1) below where 𝐹𝑓 is the static friction force, and 𝐹𝑁 is 

the normal force applied by the hand, it is possible to estimate the static coefficient of friction 𝜇𝑠 

using the angle of slip. 

𝐹𝑓 = 𝜇𝑠𝐹𝑁 (A.1) 

If the angle of slip is 𝜃, then the equation derived from Figure A.3 can be seen below. 

|𝐹𝑓| cos𝜃 = |𝐹𝑁| sin𝜃 (A.2) 

Resulting in (A.3). 

|𝐹𝑓| = |𝐹𝑁| tan 𝜃 (A.3) 

Therefore: 

tan 𝜃 = 𝜇𝑠 (A.4) 

Using this information, it is possible to find the minimum theoretical force necessary to 

hold an object in-place. In this grasp problem two assumptions are made. Firstly, the forces 

applied by the fingers at the contact points are normal to the friction force. Secondly, the contact 

surfaces are of a fixed size. Therefore, the relationship between stress and force is a fixed 

coefficient and its value is simply ignored. Utilizing the first assumption (A.5) can be formed. 

𝑚𝑔 = 𝜇𝑠∑𝐹𝑐𝑝 (A.5) 

FN 
Ff 

mg 

θ 
θ 

Figure A.3: FBD of the angle of slip method of determining the static coefficient of friction, 

where Ff is the friction force. FN is the normal force, m is object mass, g is the standard 

gravity constant, and 𝜽 is the angle of tilt. 
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where 𝑚 is the object mass, 𝑔 = 9.81 𝑚/𝑠2 is the standard gravity, and ∑𝐹𝑐𝑝 is the sum of all 

contact normal forces at the contact points. Plugging (A.4) into (A.5), we can find the total 

minimum force necessary (Fmin) to hold an object. 

 In the case of object 4, a door handle was not available to be weighed. Therefore, the 

door handle was represented by a solid aluminum cylinder with radius of 21 mm, height of 168 

mm, density of 2700 kg/m3, and static friction coefficient of 1.2 [52]. Using that information, its 

mass was found using (A.6). 

𝑚 = 𝜌 ∙ 𝜋𝑟2ℎ (A.6) 

where 𝜌 is the density, 𝑟 is the radius of the cylinder in meters, and ℎ is the height of the cylinder 

in meters. 

The Fmin values were used as a basis for calibrating the objects in the VTE. The lower 

force threshold was set to the Fmin value; below this value the object would slip. The upper force 

threshold and E were then adjusted through trial and error so that object visual and vibrotactile 

feedback with respect to applied force is aligned, as closely as possible, to how force is 

experienced with the real object. 

A.2 Feedback Force Numerical Thresholds 

 Virtual object properties are given in Table A.2 below. The lower and upper grasp force 

thresholds were determined through testing as described in chapter 3. If the force applied by the 

virtual hand onto the object was greater than the upper threshold, or lower than the lower 

threshold, then the exercise would result in failure. 
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Object 

Number 
Object Name 

Lower 

Threshold 

Upper 

Threshold 
E 

Max 

Colour 

1 egg 0.296 0.567 0.0025 0.63 

2 six-sided die 0.096 1 0.007 0.5 

3 plastic bottle cap 0.019 22.5 0.5 25 

4 door handle 5.134 9 0.3 200 

5 cell phone 1.554 15 0.15 100 

6 plastic solo cup 1.260 18 0.25 20 

7 sandwich 1.662 6.3 0.05 7 

8 full reusable 1 L plastic water bottle 17.204 50 0.2 200 

9 soap 2.399 6 0.1 10 

10 pen 0.041 0.08 0.0008 0.1 

11 dry sponge 0.092 3 0.05 5 

12 cutting board 9.919 30 0.2 35 

Table A.2: Force feedback thresholds and Young's modulus (E) for the virtual objects. 

 Young’s modulus, E, is a coefficient which relates stress and strain. In the VTE, it is used 

to determine the amount an object changes colour for the visual feedback and the change in 

vibrotactile feedback frequency. A greater Young’s modulus value would result in a larger 

change in both feedback modalities over a particular amount of applied strain. In other words, an 

object with a large value of E will change colour and vibrotactile on-off frequency by a larger 

amount in a single simulation step than an object with a smaller value of E. 

 The maximum colour value in Table A.2 is only applicable to visual feedback, and does 

not affect vibrotactile feedback. It is another adjustable variable during object design. As 

mentioned earlier, E will change the amount an object changes colour in a simulation time step. 

Each object colour is defined by four variables: red, green, blue, and transparency. Each variable 

can hold a value between zero and one. Transparency was set to one so that objects were visible 

on the computer screen, or zero to make them invisible. If red was set to one and all other values 

except transparency were zero, then the object would be bright red. A value between zero and one 

in each of the colour variables would result in a custom colour. 
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𝑐𝑜𝑙𝑜𝑢𝑟 = [

𝑅𝑒𝑑 𝐺𝑟𝑒𝑒𝑛 𝐵𝑙𝑢𝑒 𝑇𝑟𝑎𝑛𝑠𝑝𝑎𝑟𝑒𝑛𝑐𝑦

0.9∑𝐹𝑐𝑝
𝑀𝑎𝑥 𝐶𝑜𝑙𝑜𝑢𝑟

0 1 −
0.9∑𝐹𝑐𝑝

𝑀𝑎𝑥 𝐶𝑜𝑙𝑜𝑢𝑟
1

] (A.7) 

 

(A.7) above, developed for this project, shows how colour was adjusted for any particular 

object. Therefore, as 𝐹𝑐𝑝 increased the red value would increase and the blue value of the colour 

variable would decrease resulting in a gradual change of colour from blue to red. By changing 

maximum colour value, the rate of this change can be adjusted for visual feedback, but not 

vibrational feedback. The coefficient 0.9 was introduced because bright red and bright blue 

colours put a lot of strain on the eyes. 

It is known that object 6 has an incorrect lower threshold, the real value should be 𝑥1 =

0.066. The error was a data entry mistake when the objects were being programmed in Simulink. 

The effect of this error is that subjects could have potentially scored higher on this object since its 

lower force threshold would have been lower, resulting in a larger acceptable force range. 
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Contact Force Calculation 

In the final version of the VTE, Syngrasp generated contact point locations, and contact forces 

were calculated during plotting as follows. Fingers were treated as a set of three beams connected 

on the ends with articulating joints as in Figure B.1. 

 Once contact with an object was made the location of the contact point was extracted. At 

this point it was of interest to find the vertical displacement ℎ of the contact point from the palm 

plane. This was accomplished by deriving and using (B.1). 

ℎ = {
(∑(𝑚𝑖)

𝑁−1

𝑖=1

+ 𝑛)𝑠𝑖𝑛 𝜃 𝑖𝑓 𝑁 > 1

𝑛 𝑠𝑖𝑛 𝜃 𝑖𝑓 𝑁 = 1

 (B.1) 

where 𝑁 is the number of joints from the base until the contact point CP, 𝑚𝑖 is the length of 

finger link 𝑖, 𝑖 = 1,…𝑁 − 1, 𝑛 is the distance from joint 𝑁 to the CP, 𝜃 is a rolling sum of the 

control input, and ℎ is the vertical displacement. 𝑁 = 3 in the example shown in Figure B.1. At 

every 10 Hz simulation step the new control signal value was added to all previous control signal 

values resulting in a new number. If the hand was flexed further, then 𝜃 increased and a new ℎ 

was calculated. ℎ was then multiplied by the Young’s modulus of the object resulting in a 

pseudo-stress value. 

Figure B.1: A finger diagram consisting of three joints marked by the 

curved arrows, and a sample contact point (CP) on the distal phalange. 

x 

y 
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 This model is oversimplified due to two assumptions. Firstly, ℎ is the displacement of the 

CP from the palm plane, it is not strain perpendicular to the finger link. Secondly, the equation 

does not take into account the different rates of change of the angle joints. A more accurate way 

to find ℎ and 𝑤 is derived below for the example in Figure B.1. 

ℎ(𝜃1, 𝜃2, 𝜃3) = m1 ∙ sin𝜃1+m2 ∙ sin(𝜃1 + 𝜃2)+n ∙ sin(𝜃1 + 𝜃2 + 𝜃3) (B.2) 

𝑤(𝜃1, 𝜃2, 𝜃3) = m1 ∙ cos 𝜃1+m2 ∙ cos(𝜃1 + 𝜃2)+n ∙ cos(𝜃1 + 𝜃2 + 𝜃3) (B.3) 

where 𝜃𝑖 is the joint angle numbered from the base to the tip of the finger. If the CP is after J2 

then only first two terms are used and 𝑚2 = 𝑛. If the CP is after J1 then only the first term is used 

and 𝑚1 = 𝑛. 

 If we draw a spiral and wish to know a length of its segment as seen in Figure B.2 then 

the formulas will be: 

𝑑 = 𝑟(𝜃1, 𝜃2, 𝜃3) tan
−1
ℎ

𝑤
 (B.4) 

𝑟(𝜃1, 𝜃2, 𝜃3) = √𝑤
2 + ℎ2 (B.5) 

where 𝑑 is the length of a spiral segment, 𝑟 is the radius, and 𝜃𝑖 is in radians. The function for 𝑟 

derived from Figure B.2 can be seen below. A spiral models the path of a contact point during a 

grasp. 

Figure B.2: Spiral segment d centered at J1 and passing through CP; the 

radius decreases with angle. 

x 

y 
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In order to find a spiral segment between two points it is necessary to find Δd which can 

be seen below. 

Δ𝑑 = 𝑑2 − 𝑑1 = 𝑟(𝜃2,1, 𝜃2,2, 𝜃2,3) tan
−1
ℎ2
𝑤2

− 𝑟(𝜃1,1, 𝜃1,2, 𝜃1,3) tan
−1
ℎ1
𝑤1

 (B.6) 

where 𝑑2 is the new length, and 𝑑1 is the point on the spiral at which contact occurred. The spiral 

segment Δ𝑑 is the amount a contact point moves into an object after contact is established, in 

other words, it is the displacement of the contact point along the curvature of the grasp normal to 

the finger link. This estimation also implies that the displacement will also be normal to the 

contact surface. Δ𝑑 is the strain which can be converted into pseudo-stress using (B.7). 

𝜎 = 𝐸Δ𝑑 (B.7) 

Where 𝜎 is stress, and 𝐸 is the young’s modulus from Table A.2. 
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Information and Consent Form 

INFORMATION AND CONSENT FORM FOR BIO-ROBOTICS RESEARCH 

TITLE OF PROJECT: VIBRATIONAL FEEDBACK FOR USE WITH SEMG 

CONTROLLED POWERED PROSTHESES 

 

BACKGROUND INFORMATION: 

You are being invited to participate in a research study directed by Dr. Evelyn Morin to 

compare the effectiveness of using vibrational plus visual feedback in a virtual grab and hold 

exercise, with respect to using visual feedback alone. Mr. Illya Seagal will read through this 

consent form with you and describe procedures in detail and answer any questions you may 

have. This study has been reviewed for ethical compliance by the Queen’s University Health 

Sciences and Affiliated Teaching Hospitals Research Ethics Board. 

DETAILS OF THE STUDY: 

1. What the aim of the study is: 

The purpose of this study is to determine the effectiveness of incorporating vibrational 

feedback with visual feedback in improving performance of a virtual grasping task, over 

the use of visual feedback alone. A hand grasp function in a virtual environment will be 

controlled by contracting muscles in your forearm. The virtual system will simulate a 

powered prosthetic hand used by an amputee, and may ultimately be used to train upper 

limb amputees in the use of their prosthetic devices. 

2. Description of visits: 

Today is the only visit that will be asked of you. Two electrodes, which will detect your 

muscle signals, will be affixed to your skin with medical tape.  The muscle signal data will 

be read by a computer and used to animate a virtual hand. A vibrotactile device, which will 

deliver vibrational feedback, will be affixed with tape to the tip of the middle finger of your 

opposite hand.  You will be given a familiarization session lasting approximately 10 
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minutes, during which you can practice until you feel comfortable using the system. At this 

time, you will be able to open and close the hand, see how various objects react to 

grasping, and experience vibration from the vibrotactile device. Once you are accustomed 

to the system, the study will begin. The entire session should not last longer than 2 hours. 

3. Experimental protocol: 

The experimental instructions will be explained to you prior to being connected to the 

computer. Each trial of the experiment will comprise a series of tasks, where each task 

involves grasping a virtual object with enough force to ensure it neither falls nor breaks. 

You will first complete two training trials in which you will interact with objects, while 

experiencing visual and vibrational feedback respectively. The training session will permit 

you to learn the required tasks, and your performance will not be evaluated.  

After training, the testing trials will begin. There will be three testing trials, each consisting 

of a set of exercises with visual, vibrational, or visual plus vibrational feedback. The 

particular order of the testing trials, and the order of the objects to be grasped within the 

individual trials is random. After each exercise you will be scored on a scale from 20 to 

140, and the time taken to complete the task will be recorded. The goal is for you to try to 

get the highest score in the lowest amount of time. 

Breaks will be provided between trials. You may also ask for a break at any time. 

A single exercise consists of grasping and holding the displayed object on the screen. Once 

you are satisfied with the grasp, you will tell the experimenter, and your score and time 

will be displayed. If too much or too little force is applied to the object by the end of the 

exercise, the exercise will be deemed a failure and you will be awarded 20 points. 

Otherwise you will be awarded anywhere from 60 to 140 points based on your dexterity 

with the virtual hand. 
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4. Risks: 

The experimental equipment has been designed for safe use with human subjects, such that 

the risk of electric shock is extremely small. The experimental procedure will include rest 

periods throughout the experiment, so that you are unlikely to experience muscle soreness 

or discomfort following the experiment. Minor risks include skin irritation due to 

sensitivity under the EMG sensors and vibrotactile device, and minor muscle discomfort 

during contractions. If you experience any unpleasant effects during or following the study, 

please report these to the investigator immediately. 

5. Benefits: 

While you may not benefit directly from this study, results from this study may improve 

the understanding of effects of vibrational feedback during physical activity. This 

knowledge may improve future physical prosthetics for people who are missing limbs and 

are unable to perceive touch. 

6. Exclusions: 

You will not be considered for this study if you: 

 Have any neuromuscular or other impairment which affects arm or hand function or 

results in limited range of motion 

 Have suffered an injury of the arm, elbow, shoulder, wrist, hand, or fingers which is 

not completely healed 

 Have a history of dizziness, fainting, irregular heartbeat, or severe headaches 

 Have been diagnosed with carotid or coronary artery disease 

 Have breathing problems 

 You are severely visually impaired even with the help of visual aids such as glasses 

or contact lenses 

 You do not have full control of your dominant upper limb 

If you have any questions, please feel free to ask the researcher. 
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7. Confidentiality: 

All information obtained during the course of this study is strictly confidential and your 

anonymity will be protected at all times. You will be identified only by a participant 

number. Data will be stored in files and will be available only to the researcher, and the 

research study director during this study. You will not be directly identified in any 

publication or reports. Your anonymized data and biometrics such as your weight, sex, 

height, and arm measurements may be shared with future researchers within the 

BioRobotics Research Laboratory or other facilities unless you choose not to consent to 

this data sharing. The experimental set-up and/or procedure may be photographed, with 

your consent. The photos will not show any identifying markers and will be censored if 

they do. These photos may be used in presentations or publications related to this study. 

The sharing of your photographs will adhere to the same sharing guidelines as your 

biometric data. 

8. Voluntary nature of study/Freedom to withdraw or participate: 

Your participation in this study is voluntary. You may withdraw from this study at any 

time without penalty. 

9. Withdrawal of subject by principal investigator: 

The researcher may decide to withdraw you from this study if he finds that you are 

demonstrating significant fatigue beyond normal levels. 

10. Compensation: 

You will be provided $20 for your participation in this study regardless of whether you 

complete it in its entirety or not. 

11. Liability: 

In the event that you are injured as a result of the study procedures, medical care will 

be provided to you until resolution of the medical problem. By signing this consent 

form, you do not waive your legal rights nor release the investigator(s) and sponsors 

from their legal and professional responsibilities. 
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SUBJECT STATEMENT AND SIGNATURE SECTION:  

I have read and understand the consent form for this study. I have had the purposes, procedures and technical 

language of this study explained to me. I have been given sufficient time to consider the above information 

and to seek advice if I choose to do so. I have had the opportunity to ask questions which have been answered 

to my satisfaction. I am voluntarily signing this form. Upon request, I will receive a copy of this consent form 

for my information. If at any time I have further questions, problems or adverse events, I can contact: 

Mr. Illya Seagal at 647-888-2384 or Dr. Evelyn Morin, Professor, Study Director at 613-533-6562 

 

If I have questions regarding my rights as a research subject I can contact: 

Dr. Albert Clark, Chair, Queen’s University Health Sciences and Affiliated Teaching Hospitals 

Research Ethics Board at 533-6081  

 

By signing this consent form, I am indicating that I agree to participate in this study.  

 

______________________________         _________________  

     Signature of Participant                   Date 

 

By signing below I consent to having my anonymized data, photographs (if consented), and biometrics 

including weight, sex, height, and arm measurements to be shared with others for the purpose of future 

studies. 

 

______________________________        _________________  

       Signature of Participant                   Date 

 

By signing below I consent to having non-identifying photographs taken of the electrodes and the 

vibrotactile device affixed to me in the experimental setup. 

 

______________________________        _________________  

       Signature of Participant                  Date 

 

By signing below I am stating that I received compensation in the amount of $20 for my participation in 

this study. 

 

______________________________        _________________  

       Signature of Participant                  Date 

 

______________________________        _________________  

      Signature of Witness                  Date  

 

STATEMENT OF INVESTIGATOR:  

I, or one of my colleagues, have carefully explained to the subject the nature of the above research study. I 

certify that, to the best of my knowledge, the subject understands clearly the nature of the study and 

demands, benefits, and risks involved to participants in this study.  

 

____________________________             _________________  

Signature of Principal Investigator              Date 
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