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ABSTRACT 

 

 

This thesis explores the field of hand exoskeleton robotic systems with slip detection 

and its applications. It presents the design and control of the intelligent sensing and force-

feedback exoskeleton robotic (iSAFER) glove to create a system capable of intelligent 

object grasping initiated by detection of the user’s intentions through motion 

amplification. Using a combination of sensory feedback streams from the glove, the 

system has the ability to identify and prevent object slippage, as well as adapting grip 

geometry to the object properties. The slip detection algorithm provides updated inputs to 

the force controller to prevent an object from being dropped, while only requiring 

minimal input from a user who may have varying degrees of functionality in their injured 

hand. This thesis proposes the use of a high dynamic range, low cost conductive 

elastomer sensor coupled with a negative force derivative trigger that can be leveraged in 

order to create a controller that can intelligently respond to slip conditions through state 

machine architecture, and improve the grasping robustness of the exoskeleton. The 

mechanical and electrical improvements to the previous design, the sensing and force-

feedback exoskeleton robotic (SAFER) glove, are described while details of the 

controller design and the proposed assistive and rehabilitative applications are explained. 

Experimental results confirming the validity of the proposed system are also presented. In 

closing, this thesis concludes with topics for future exploration.  
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Through Sensor Fusion and Slip Detection 

 

by Brielle JB. Lee 

 

 

GENERAL AUDIENCE ABSTRACT 
 

 

Exoskeletons are robotic systems that have rigid external covering, such as links, 

joints, and/or soft artificial tendons or muscles, for the desired body part to provide 

support and/or protection. These are typically used to enhance power and strength, 

provide rehabilitation and assistance, and teleoperate other robots from a distance.  While 

the US Army developed exoskeletons for strengthening purposes, another potential 

purpose of exoskeletons, which is serving medical needs, such as rehabilitation, attracted 

a lot of attention. 

Among numerous illnesses and injuries that may lead to impaired hand functionality, 

the U.S. Department of Health and Human Services estimated that approximately 

470,000 people survive strokes every year in the United States and require continuous 

rehabilitation to recover their motor functions. Though medical professionals believe that 

the intensity and duration of rehabilitation is the key for maximizing the rate of recovery, 

it is often limited due to many reasons, such as cost or difficulty in attending 

rehabilitation sessions. To augment the availability and quality of rehabilitation, the study 

of exoskeletons has earned popularity. Beyond the capability of providing simple 

movements, such as passive rehabilitation, many scientists researched to provide active 

rehabilitation, which involves active participation from the patients. Furthermore, 

detecting the patient’s intention to activate the rehabilitation glove became a topic of 

interest, and many types of sensors were utilized in research. 



This thesis explores the design and control of the intelligent sensing and force-

feedback exoskeleton robotic (iSAFER) glove, which detects the user’s intentions to 

activate the system through motion amplification. The iSAFER glove performs soft initial 

grasp until the fingers touch an object. After the object is gently grabbed and lifted, the 

grasp is autonomously adjusted through slip detection until there is no more slip. To 

facilitate this idea, a low cost force sensor was created and leveraged to improve the 

grasping control of the exoskeleton. The mechanical and electrical improvements to the 

previous design, the sensing and force-feedback exoskeleton robotic (SAFER) glove, are 

described while details of the controller design and the proposed assistive and 

rehabilitative applications are explained. Experimental results confirming the validity of 

the proposed system are also presented. In closing, this thesis concludes with topics for 

future exploration.  
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CHAPTER 1 
 

 

INTRODUCTION 
 

 

 

1.1   Background 

Numerous illnesses and injuries may lead to impaired hand functionality, from stroke 

to cerebral palsy to impact injuries that result in fractures and nerve damage. Loss of 

hand dexterity and strength often causes a drastic decrease in the patient’s quality of life 

and makes it difficult to perform activities of daily living (ADL). Illnesses and injuries in 

combination with an aging population will drive future increases in the rate of patients 

who need rehabilitation and assistance, resulting in greater demand for healthcare 

services and a rise in related costs [1]–[6].  

Common treatment aimed at returning hand functionality following such an illness or 

injury often includes some form of rehabilitation treatment. This involves performing 

strength training exercises and dexterity building activities, usually overseen by a 

licensed occupational therapist [7]. While the frequency and intensity of active 

rehabilitation increase the rate of recovery, involvement in this level of rehabilitation can 

often be limited due to the cost or difficulty in attending such sessions for injured or 

elderly patients [1], [7], [8]. Similarly, passive rehabilitation, through guided motions, 

can alleviate joint pain while helping the patients to combat muscle and bone atrophy 

prior to beginning active rehabilitation, or maintain progress once active rehab has begun 

[8]. However, as passive rehabilitation requires another person or device to perform the 

exercises on the patients, the access is again limited. This challenge has led to the 
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expansion of research into using assistive robotic technology to improve the accessibility 

of rehabilitative services for hard to reach demographics [9]–[12].  

In addition to the exploration of rehabilitative devices, a complementary active 

research topic is the investigation of utilizing assistive wearable gloves and orthoses that 

serve to augment and amplify the abilities of the wearer. Whether improving grip strength 

and reducing fatigue like the NASA/GM RoboGlove [13] or aiding persons with 

impaired hand mobility to grasp everyday objects with soft robotic gloves, these systems 

are intended to be worn by the targeted user to improve their manual capabilities [14]. 

While the earliest robotic exoskeleton gloves had large footprints and were heavy to use, 

the focus has been in the reduction in weight, size, and actuation requirements in order to 

increase the adoption of the use of robotic assistive devices. However, there are tradeoffs 

made in the design of such systems. For instance, while soft systems are often 

lightweight, they also incorporate the use of fluidic actuation systems that require the 

inclusion of a pump or compressor. Hard frame exoskeletons, on the other hand, struggle 

to maintain a feasible weight and face actuation hurdles as well with large battery 

packs/actuation units. 

Key to the design of these platforms is the intended motions and interactions of the 

user. These then inform not only the physical design process but the design of the control 

and operation of the system as well. In many cases, a force control paradigm is used, 

whether implemented via PID, impedance control, sliding mode control, or some other 

paradigm [15]–[17]. However, this method depends on the prior calibration or calculation 

of what the required force input must be for successful motion, grasping, interaction, or 

other desired action. In addition, the wearer must have the sensory and control capability 
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to adjust the force input if the action is unsuccessful. Even when possible, this may prove 

difficult at times for wearers with broader impairment. For these reasons, robotic 

exoskeletons would greatly benefit from further exploration of intelligent grasping 

paradigms. 

Outside of the realm of robotic exoskeletons, there has been far more extensive 

research into intelligent grasping as applied to robotic manipulators and prosthetics. One 

of the key elements of intelligent grasping is the detection of slip conditions, as this 

signals a failure in the grasp that is then utilized to trigger an error correction behavior 

[18]–[22]. The extant work in robotic hand provides a basis for the application of a slip-

aware intelligent grasping paradigm to a robotic exoskeleton for the first time.  

 

1.2   Motivation 

When it comes to strokes, the U.S. Department of Health and Human Services 

estimates that approximately 470,000 people survive strokes every year in the United 

States and require continuous rehabilitation to recover their motor functions [7]. Many 

stroke survivors who lose their motor functions also suffer emotional distress because of 

losing their independence. Relearning basic skills, such as eating, bathing, toileting, and 

dressing, can be very stressful to some patients, and failing to perform these skills 

without the help of others may lead to loss of confidence and negative expectation 

regarding the recovery, thereby aggravating the condition [23]. As a result, the use of 

rehabilitation devices such as exoskeletons has emerged in popularity within recent 

decades. 

Before the rehabilitation exoskeletons earned their popularity, many exoskeletons 
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with different purposes were developed since the 20th century. Beginning with the 

Hardiman developed by General Electric in the United States around 1966, there was a 

rich evolution in the history of the exoskeleton robot system [24]. Originally starting 

from power augmentation systems, mostly aimed for the military usage, the exoskeletons 

that assist rehabilitation eventually emerged. Due to the technical limitations and lack of 

knowledge at that time, the rehabilitation exoskeletons were presented to the market 

recently, but their great potentials for multiple applications were broadly recognized since 

the 1960s. 

To maximize the rate of recovery, medical professionals often emphasize that the 

rehabilitation should begin as soon as a stroke patient is stable [7] as only 25 percent of 

patients recover physical functioning which matches the physical functioning of persons 

who have not had a stroke [2]. Starting from an acute hospitalization for acute stroke 

patients to inpatient and outpatient rehabilitation for subacute stroke patients to individual 

goal setting for chronic stroke patients [2], [25], each stroke patient at a different stage of 

stroke needs appropriate rehabilitation concepts. Among different types of the 

recommended rehabilitation approaches, a number of approaches such as muscle 

strengthening exercises and mirror therapy [25], as well as the passive movement, stood 

out because these were recommended for all the stages of stroke. Many medical papers 

described that the patients also suffer spasticity-related pain, also known as a “frozen” 

joint, in addition to the discomfort of having difficulty to perform ADL [2], [7], [25].  

Due to lack of movement in a joint after the illnesses and injuries, the tendons and 

ligaments around the joint can thicken, causing the pain and decreased the range of 

motion (ROM). Therefore, this passive movement, also known as passive stretching, 



5 

 

involving a gentle move, flex, or stretch of the impaired limb and joints by a therapist or 

caregiver, is essential to prevent or thaw the frozen joint. This will not only alleviate the 

pain [7], [12], [26] but also help patients to maintain the condition of their recovered 

joints [8]. As mentioned earlier in subsection 1.1, using assistive robotic technology to 

improve the accessibility of rehabilitative services has attracted the attention of many 

researchers. As a result, numerous robotic technologies were developed and validated for 

medical purposes. While many researchers and medical professionals still question 

whether assistive robotic technology is as efficient as or better than the traditional 

rehabilitation methodology, some of them confirmed the effectiveness of the robot-aided 

rehabilitation and assistance [12], [26]–[30], and many others concluded their research 

with positive expectations for the future [6], [31], [32]. 

Furthermore, to provide an exoskeleton that can help patients to perform cognitive 

processes, which represent the processes of inference, planning, and actions of human 

acquiring various senses such as visual, tactile, and auditory senses, some of the recent 

studies focused on human intent measurement. In a traditional way, a pre-programmed 

rehabilitation system is played to control the exoskeleton for the rehabilitation, and an 

input signal is triggered by pressing a button or switch to activate a grasp [33]–[37]. 

Though this traditional way is still practiced, to amplify the effect of recovery by 

providing active rehabilitation, many studies used sensors such as Electromyography 

(EMG), muscle stiffness sensor, Electroencephalogram (EEG), and temperature sensor 

[24], [28], [38]–[40] to understand human intent. However, these sensors also had 

drawbacks such as the placement of the sensors; a sensor such as the EMG must be 

directly attached to the skin. The EMG also has a problem quantifying the signals due to 
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the possibility of interference from the electrical supply and the activity of other muscles 

[24], [41]. To overcome these disadvantages, researchers developed and utilized various 

types of sensors that used the measurements such as force, acceleration, and pressure. 

These new types of sensors proved more reliable than the sensors such as EMG, and they 

were not required to be attached to the human body. As it could be attached to the 

exoskeleton itself, this benefit also made the process of wearing the exoskeleton shorter 

by removing a step of sensor placement and removal for each time. 

In summary, the background and history presented above show the importance of 

providing both passive and active rehabilitation to the patients while expressing the need 

of exoskeletons that can be used for both rehabilitation and assistance. In addition, to 

maximize the utilization of the exoskeleton, developing a hybrid exoskeleton with 

multiple purposes that could be used throughout the stages of rehabilitation while 

adapting to user’s intention is desired. To further facilitate results of active rehabilitation, 

exploring the intelligent grasping paradigm, which utilizes the twitch as an input signal 

and slip detection for grip force adjustment, are sought. Following the rehabilitation steps 

that proved to be effective [26], this thesis aimed to create a control system that has 

multiple states to provide different rehabilitations such as passive rehabilitation through 

warm-up movements, which is also comparable to an active mirror therapy since the 

affected hand is actively moved conveying visual stimuli to the brain, and self-activating 

active rehabilitation. 
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1.3   Thesis Structure 

The rest of this thesis is organized as follows: 

Chapter 1: Presents the brief background of exoskeleton glove as well as the motivation 

of this thesis 

Chapter 2: Provides a comprehensive literature review and detailed analysis on the 

human hand anatomy and its functionalities as well as current state of the art 

systems on exoskeleton gloves and robotic manipulators mainly focusing on 

the slip detection 

Chapter 3: Presents the design and thorough review of the prototype which was used and 

modified for this thesis, and then identifies several factors that can be 

modified to increase the stability, strength, sensing capabilities, and human-

robot interface of the system while improving a system to perform an 

intelligent object grasping function 

Chapter 4: Presents the details of improvements made on the prototype and the modified 

prototype design 

Chapter 5: Provides an overview of the intelligent object grasping system for 

rehabilitation and assistive purposes 

Chapter 6: Presents the sensory data analysis including motion amplification and slip 

detection 

Chapter 7: Describes the experiment setup and discusses the result of experiments 

Chapter 8: Concludes the thesis by providing a summary of the work and explores and 

discusses about several potential future works including the utilization of a 

forearm exoskeleton called FE.RAP 
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CHAPTER 2 
 

 

LITERATURE REVIEW 
 

 

 

As exoskeletons are worn directly on the human body, they have to be made to fit 

well with the human body structure. Before an exoskeleton is designed, a basic 

understanding of the human anatomy is required. Among all human body parts, the hand 

is known to be complex, performing sophisticated movements, which is also known as an 

extension of intellect [42]. As the human hand is a prehensile, five-fingered appendage, 

understanding taxonomy of human grasp types is also important in the development of an 

exoskeleton for hands. The following subsections will present reviews of hand anatomy 

and function, taxonomy of human grasp types, and pressure distribution map of the hand. 

After providing a basic understanding of the human hand anatomy, different types of 

actuation that were used on the exoskeletons and several state-of-the-art manipulators and 

prosthetics, which used slip detection to control the grasp, are presented. 

 

2.1   Hand Anatomy and Function 

In most cases, the human hand has five fingers, palm, and wrist. Five fingers, which 

are also known as five digits, are consisted of four fingers (index, middle, ring, and 

pinky) and one thumb. As shown in Figure 2.1, each finger has three phalanx bones: 

distal phalanges, middle phalanges, and proximal phalanges, and a thumb only consists of 

a distal phalanx and proximal phalanx. Including these phalanx bones along with eight 

short carpal bones of the wrist and metacarpals in the palm area, there are about 27 bones 
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in the human hand. A number of numerous sesamoid bones in the hand can increase the 

total number of bones varying with each individual. Similarly, each finger has three 

joints: Distal Interphalangeal (DIP), Proximal Interphalangeal (PIP), and 

Metacarpophalangeal (MCP) while a thumb only has two joints: Interphalangeal (IP) and 

Metacarpophalangeal (MCP). DIP and PIP joints connect distal and middle phalanges 

together while IP joint connects distal and proximal phalanges, and MCP joints connect 

proximal phalanges to metacarpals. 

As the bones of the fingers and the bones of the thumb have structural similarities, the 

joints of the fingers and the joints of the thumb also have structural similarities. However, 

Thumb
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Ring

Index

Pinky

Distal 

Phalanges

Middle 

Phalanges

Proximal 

PhalangesDorsum

Carpals

Metacarpals
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Phalanx
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Figure 2.1: Anatomy of the human hand 
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the function of the thumb is significantly different from the function of the fingers. 

According to American Society for Surgery of the Hand organization (ASSH), DIP and 

PIP joints of the fingers can perform extension and flexion while IP joint of the thumb 

can perform hyperextension and flexion. MCP joints of both fingers and thumb can 

perform hyperextension and flexion. Though ASSH did not include circumduction as a 

movement of fingers or thumb, authors often introduced a term, circumduction, as a 

movement of joints when a combination of multiple movements, such as flexion, 

extension, abduction, and adduction, at a joint can create a circular motion [32], [43]–

[46] as 

 
Figure 2.2: Movement of the fingers [43] 
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illustrated in Figure 2.2. In addition, a basal joint of the thumb, which connects the 

metacarpal of the thumb and trapezium of carpals, creates the following movements: the 

palmar abduction and adduction, radial abduction and adduction, opposition, and 

reposition. Radial abduction and adduction are also known as extension and flexion as 

depicted in Figure 2.3 [47].  

via: www.mangore.com 

 
 

Figure 2.3: Movement of the thumb [47] 
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2.2   Taxonomy of Human Grasp Types 

As an end part of an arm, a hand is an essential part of the upper limb to perform 

ADL. There are different activities and components of the ADL with hands where 

grasping is the essential basic motion that is frequently performed for ADL throughout a 

day. Ranging from medicine and rehabilitation to robotics and manipulators, 

understanding a taxonomy of grasps to find common patterns was recognized as an 

important study to be practiced. Therefore, grasping became one of the numerous human 

studies to focus, and a number of researchers have studied to organize a taxonomy of 

human grasp types [48]–[52]. 

Depending on the authors, each paper claimed different number of grasps that he or 

she captured and was able to categorize. In 1980, Kamakura defined 14 patterns of object 

grasping [52]. While studying grasping patterns with 98 objects, seven subjects 

participated in the study. Besides the quantity of the patterns, the author found another 

interesting result. Though same objects were used, the subjects sometimes grasped 

objects using different patterns. Therefore, some of the patterns could not be justified for 

all population. In recent study, Feix compared 14 publications and found 147 grasp 

examples. Out of those examples, 45 different grasp types were detected, but then it was 

further classified into 33 valid grasp types. Considering similar properties of the grasps, 

Feix also expressed the possibility of merging grasps to reduce it down to 17 grasps [50]. 

More recently, Feix compared 22 publications and found 211 relevant grasp examples. 

After the review, Feix was able to categorize them into 47 different grasp types [48]. 

However, he was again able to reduce them into 17 grasps by merging the similar grasps 
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Figure 2.4: Grasp taxonomy showing 17 different grasp types 

as one type. Figure 2.4 depicts those 17 grasp types, and each cell represent each grasp 

type. 
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Despite all the differences between the publications, the authors agreed to use three 

common categories: power, intermediate, and precision grasps [48]–[52]. Review of 

different grasp types showed that power and precision grasps were more common than 

intermediate grasps. When fingers wrapped around the objects, and the thumb is placed 

against it to support, then this grasp is considered to be the power grasp. In an agreement, 

wrapping a cylindrical or sphere objects with fingers are categorized in the power grasp 

in Figure 2.4. Often, the palm is also in contact with objects during the power grasps. 

Among those power grasps, when the thumb is adducted and does not necessarily assist 

grasp, but the object is secured by the palm instead, this grasp is called the palmar grasp. 

When the palm is not involved, an entire pad of finger was often involved in the power 

grasp. For ring grasp, pads of two fingers, as well as the webbing of the hand, were in 

contact with the object. 

Similarly, a pinch grasp also involves two fingers, but a noticeable difference 

between the pinch grasp and ring grasp is the contact surfaces. While entire pads of two 

fingers and the webbing of the hand were in contact with the object for the ring grasp, 

pinch grasp only used pads of fingertips. Equivalently, the grasps that involved the 

fingertip contact surfaces were categorized as precision grasp. Theses precision grasps 

were generally used to hold smaller objects compared to the power grasps. 

Following the majority of literature, some grasps were classified as precision grasp 

when multiple works of literature classified that grasp either as precision or intermediate 

grasp. However, when such a grasp was classified either as power, precision or 

intermediate grasp, and if the majority of literature agreed it is in between, that grasp was 

considered intermediate grasp. The lateral grasp was classified differently in multiple 
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pieces of literature, but it was classified either as power, precision or intermediate grasp 

meaning that it takes an intermediate stage between power and precision [48]. Therefore, 

it was classified as intermediate grasp in Figure 2.4. 

Due to the size, the grasps illustrated in Figure 2.4 was reduced in size. To provide a 

higher quality figure with details, an enlarged figure is included in Appendix A. 

 

2.3   Motor Function Impairment 

A loss of hand and arm motor functions is often caused by physical injury or illness in 

individuals of any age. Illnesses that limit ADL of patients include metabolic bone 

diseases, strokes, cerebral palsy, neuromuscular disorders, brain injury, spinal cord 

injury, neuropathy, and arthritis. When the patients survive the illnesses and injuries, 

multiple tests are regularly performed on the patients to exam the condition of the 

aftereffects. One of the physical exams that is employed on the patients is called the 

Modified Ashworth Scale (MAS). It is a clinical scale system rated on a 0-5 scale to 

Table 1: MAS for Grading Spasticity [26] 

Grade Description 
  

0 No increase in muscle tone 

1 Slight increase in muscle tone, manifested by a catch and release, or by 

minimal resistance at the end of the ROM when the affected part(s) is 

moved in flexion or extension 

2 Slight increase in muscle tone, manifested by a catch, followed by 

minimal resistance throughout the remainder (less than half) of the ROM 

3 More marked increase in muscle tone through most of ROM, but affected 

part(s) easily moved 

4 Considerable increase in muscle tone, passive movement difficult 

5 Affected part(s) rigid in flexion or extension 
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measure muscle spasticity [12], [26], [53]. It may be referred to as muscle strength 

testing, motor testing, muscle strength grading, or similar synonyms [54]. While Grade 0 

represents complete loss of motor function, slight muscle activation, such as a twitch, is 

considered as Grade 1. Through the rehabilitation, when the patients recover more ROM, 

their grades will increase accordingly. Ultimately, the patients aim to reach Grade 5 by 

achieving full ROM. More details are presented in Table 1. 

 

2.4   Input Control Method 

Different exoskeleton systems have covered many of the possible choices of the input 

control method, such as buttons and switches [35]–[37], EMG and EEG [39], [40], [55]–

[58], joint angles [59], or more [6]. It is difficult to say which method is better than the 

other is as each input control method has its advantages and drawbacks. 

For a variety of reasons, buttons and switches are widely used. As a traditional input 

control method, many studies used buttons and switches for its simplicity. To receive the 

input in a sophisticated way, EMG and EEG sensors were implemented as one of the 

input control methods. The use of EMG sensor has increased the potential of powered 

prostheses, and the use of EEG sensor has broadened the range of users as it monitored 

electrical activity of the brain. However, even after EMG and EEG sensors earned its 

popularity, some scientists stayed with buttons and switches due to the drawbacks of 

EMG and EEG sensors. Most known drawbacks of the EMG and EEG sensors are 

crosstalk between signals of neighboring muscles, the process of applying the sensors on 

the skin, muscle activation levels, and interference from the electrical supply [35], [41]. 
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Measuring joint angles of a wrist to activate Exo-Glove [59] was a quite unique 

method. As detecting a wrist motion was easy and intuitive, detecting intentions of the 

user would have a high rate of success. However, though it seemed like an ensuring way 

to control the exoskeleton, the users would have to keep their wrist flexed during lifting 

or relocating the object. Therefore, a practicability of using this system for ADL was 

questionable. Moreover, the users who have no motor function on the wrist would not be 

able to use it. 

Deviating from these traditional input control methods, a new method of detecting the 

user’s intention is desired in this thesis. 

 

2.5   Slip Detection Method 

During object manipulation activities, such as grasping, the tactile afferents sense the 

interaction between the hand and objects and convey signals to the brain. The signals can 

be the physical properties of the object and the transformation of soft tissues of the hand. 

With this information, the brain implements action-phase controllers, which predicts the 

activities and tailor next move by generating motor commands to attain goals of activities 

[60]. In a daily life, when the tactile afferents sense the slippage after the grasp, the brain 

will predict a drop and tailor firmer grasp instantly to prevent it.  

In a similar way, the robot can detect slip and signal the actuation module to react to 

the condition during the object manipulation, as shown in Figure 2.5. Outside of the 

realm of robotic exoskeletons, there has been far more extensive research into intelligent 

grasping as applied to robotic manipulators and prosthetics. Through the research, the 

detection of slippage was found to be one of the key elements of intelligent grasping, and 
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by utilizing this grasping process of human, many studies applied slip detection technique 

to their systems. An approach to detecting the slippage often utilized the tactile sensor 

[18]–[20], [61]–[67], which used vibration or force, but another method such as an 

optical tracking was also used in the past [21]. 

 

2.5.1   Slip Detection Sensors 

 

Multi-Fingered End Effector with the Photoelastic Slip and Force Sensor [19] 

When a robotic end effector is operated to handle the object, it is important to monitor 

the gripping force to prevent excessive gripping force to the object. The authors proposed 

the use of tactile sensor to detect the contact parameters at the finger-object interface. To 

detect applied force as well as object slippage, the photoelastic material was utilized, and 
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Figure 2.5: Comparison between the object manipulation process in human and robot 
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a sensor called ‘photoelastic slip and force sensor’ was designed and proposed in the 

paper. The proposed design of the photoelastic slip and force sensor is illustrated in 

Figure 2.6.  

As a sensor was developed based on photoelasticity, the sensor’s operation was based 

on the principle of a photoelastic material. When stress is applied on the photoelastic 

material, the angle of polarization changes accordingly, and a change in light intensity 

can also be noticed when polarized light passes through the photoelastic material. 

During the experiment, the metal strip between the object and the sensor created the 

vibration when the object slipped, and this vibration indicated the magnitude of the slip. 

As the object was slipping while it was pushed against the sensor, the sensor was able to 

read both the applied force and the cyclic slip signal, as shown in figure 2.7. 

Though only touch and a minimum applied force could have been measured for this 

paper, the signal illustrated in Figure 2.7 clearly showed a drop in the magnitude when 

the object slipped.  

 

Figure 2.6: Design outline of the photoelastic slip and force sensor [19] 
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Integrated Piezoelectric Vibration Tactile Sensors [64]  

The authors of this research emphasized important points to consider in development 

process of tactile sensors: “(1) The tactile sensor needs a high sensitivity to perform with 

dexterity like human, (2) The tactile sensor needs a wide measurement range to bring a 

great deal of power and a decay resistance to withstand it, (3) The tactile sensor needs a 

deformable feature to become flexible like human skin and curved surface shapes of 

objects, and (4) The tactile sensor needs small sizes and low costs to use various 

situations widely and easily.” In addition, the authors also focused on the difference of 

forces under the static and dynamic friction. As described in Figure 2.8, a static friction 

force is greater than a dynamic friction force. Therefore, this change in the force will 

affect the resultant force and cause the periodic contact loss. 

 

Figure 2.7: Slip signal from the sensor [19] 
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Implementing this concept, the authors aimed to detect the change of stress as an 

output and proposed the design of piezoelectric vibration tactile sensor.  As a result, the 

authors validated the possibility of detecting a state of impaction and slipping via the 

piezoelectric vibration tactile sensor through the experiment. When the force applied to a 

sensor caused slip representing the transition from static friction force to dynamic friction 

force, the output voltage suddenly dropped, as shown in Figure 2.9. 

 

Figure 2.9: Relationship between sensor output and time [64] 

 

Figure 2.8: Forces relationship during slipping on a sensor element [64] 
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The authors concluded the paper stating that the tactile sensor can be mounted on a 

robot gripper to control the frictional forces effectively. 

 

2.5.2   Manipulators with Slip Detection 

 

Robotic Hand Model with Slip Detection [20] 

To further extend the study of slip detection, sensors were applied on the 

     

Figure 2.10: Robotic hand model with 1) printed circuit board, microcontroller, and 

power supply, 2) infrared sensor, 3) pressure sensors, 4) DC servomotor, and 5) 

robotic hand structure [20] 
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manipulators and the data collected via the sensors were analyzed. The prototype shown 

in the Figure 2.10 is the proposed robotic hand model, which has pressure sensors and 

DC servomotor. Similar to the results described previously, a signal data collected from a 

robotic hand model with slip detection illustrated the comparable result. In addition, the 

authors programmed the microcontroller to control the consequences of the slipping 

situation. 

In the experiment, pressure sensor, also known as a force-sensitive resistor (FSR), has 

been used to measure the force. As the object started to slip, the magnitude of the voltage 

decreased, and this pattern was in agreement with the result of both photoelectric slip and 

force sensor and integrated piezoelectric vibration tactile sensors. The result of the 

experiment is illustrated in Figure 2.11.  

 

Flexible Fingers Gripper [22] 

The authors of this paper realized the importance of tactile sensing due to its 

improved interaction capabilities such as grasping and manipulation of object related to 

 

 

Figure 2.11: Signal response from pressure sensor during an object slipping [20] 
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touching, detecting surfaces, and collisions. To demonstrate the advantage of flexible 

fingers gripper in slip detection, the authors proposed a simple and low-cost sensor, 

which is based on flexible beam deformation. This flexible fingers gripper consists of two 

symmetric flexible beams as fingers and a DC motor with worm gear for actuation, which 

creates an underactuated system. Design of the flexible fingers gripper is shown in Figure 

2.12, and the Figure 2.13 illustrates how the flexible beams operate to hold an object. In 

the experiment, a flat surfaced steel plate was used as an object, and this object was 

initially grabbed before slipping test was conducted. The strain gauges were applied on 

   

   

Figure 2.12: Gripper Parts [22] 

 
Figure 2.13: Gripper scheme and flexible gripper prototype [22] 
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the beams to measure the gauge signal. When the object remained static after the initial 

grasp, the signal was smooth and almost constant as shown in Figure 2.14. As soon as the 

object started to slip, a disturbance in signal was recorded. This disturbance represents 

the vibration caused by the slip, and this information supports a better understanding of 

the occurrence during grasps, potentially improving manipulation. 

 

2.5.3   Prosthetic Hand with Slip Detection 

 

Adaptive Sliding Mode Control for Prosthetic Hands [16] 

As a problem statement, the authors pointed out the drawbacks of using EMG signals. 

As the EMG signal is fairly noisy, filters with a very slow time constant was used, but 

     

Figure 2.14: Gauge signal of single finger as a function of time [22] 
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this caused delay in time. Due to the delay, the amputee’s intention was not delivered in 

time correctly, and the object was dropped futilely. To detect and prevent slip, two robust 

adaptive sliding mode controllers were designed and proposed in the paper, and three slip 

prevention controllers were evaluated as follows: a sliding mode slip prevention (SMSP) 

controller, integral sliding mode slip prevention (ISMSP) controller, and proportional 

derivative (PD) shear force feedback slip prevention controller. 

Considering variety of the objects that human grasp every day, it is difficult to 

determine the coefficient of friction before slip occurs. The first two controllers, SMSP 

and ISMSP, do not require any knowledge of the coefficient of friction, and the slip will 

be detected purely by processing the shear force derivative. Unlike the previous study, 

which utilized low-pass filter, the authors proposed to use band-pass filter on the shear 

force derivative to amplify vibrations. The difference between two controllers was in the 

control of the grip force increments. While the grip force was smoothly increased for the 

ISMSP, discrete predetermined grip forces were applied to SMSP. DP in this research 

 

 

Figure 2.15: Design and components of the manipulandum [16]  
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represented commercially available scheme that has no slip detection and rather increase 

the grip force proportionally to the measured shear forces.  

For the experiment, a manipulandum was designed and built to contain the springs, 

magnets, and an A1321 Hall effect sensor as shown in Figure 2.15. The Hall effect sensor 

is applied on the bottom of the manipulandum. It is calibrated to indicate the initial 

distance between two bars, A and B. Along with load cells, this manipulandum was used 

to measure the deformation and force. The motion control hand used in the experiment 

and the experiment set up is depicted in Figure 2.16. 

As a result, the ISMSP controller was found to be the best among three controllers 

due to its advantageous control in smooth increase of the grip force. This controller also 

resulted the smallest amount of deformation.  

 

 
             (a)                                                                 (b) 

Figure 2.16: (a) Motion Control Hand: The normal force direction denoted by FN, 

and the shear direction denoted by FS (b) Motion Control Hand with finger cover 

grabbing the manipulandum [16] 
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Robotic arm with BioTac sensors [18] 

Relying on tactile feedback including contact force estimation, human can detect slip 

when it occurs during the object gripping and lifting events. Using biomimetic sensors, 

the authors proposed contact-based techniques to evaluate tactile properties, which can be 

used to detect manipulation events, such as slip. The Barrett arm/hand system equipped 

with biomimetic tactile sensors, BioTacs, was utilized in this research. Furthermore, 

machine learning, such as Artificial Neural Networks and Gaussian Mixture Models, are 

employed to learn the force map. 

 

Figure 2.17: Control diagram of the grip controller [18] 
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The main goal of this research was to develop a grip controller that could control the 

grip force appropriately without damaging or dropping the fragile objects. The grip 

controller was designed based on two main stages of grip initiation and object lifting as 

shown in Figure 2.17. Reviewing the result of an example run of the grip controller 

 

Figure 2.18: An example run of the grip controller that includes all of the grasping 

phases [18] 
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below in Figure 2.18, familiar patterns were noticed. The highlighted mechanical 

transients of slip detection had a similar pattern as the slip patterns illustrated in the 

previous subsections, and they agreed. After slip detection was successfully verified, the 

grip controller was able to apply appropriate force to a fragile object as shown in Figure 

2.19 (b) while the standard position controller, Figure 2.19 (a) failed to protect the fragile 

object. 

 

Embedded Optical Sensor in Prosthetic Hands  [21] 

Unlike others, this research implemented an optical sensor to monitor slip. The 

optical sensor that was used in this study was extracted from a Logitech SBF-96 Optical 

 

     (a)                                                                   (b) 

Figure 2.19: Robotic arm grasping a fragile object (a) using a standard position 

controller, and (b) using the proposed force grip controller [18] 
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Wheel Mouse, and a silicon glove was fabricated to fit over the i-LIMB prosthetic hand. 

Once the silicon glove was ready, the optical sensor was embedded on the palm side of 

the glove. Using a closed-loop algorithm, the sensor read the changes in x and y 

coordinates, detecting the slip. Following the slip detection, a grip adjustment algorithm 

was also applied. Through the experiment, the authors found that using slip detection and 

grip adjustment systems decreased the slip rate. Therefore, this result validated their 

prosthetic hand with optical sensor and control system with slip detection. Figure 2.20 (a) 

shows the embedded optical sensor in silicone glove while Figure 2.20 (b) presents the 

different slip rate between two conditions: grip adjustment on and grip adjustment off. 

 

2.5.4   Other Studies Based on the Grip Forces 

 

Tangential Torque Effects on the Control of Grip Forces [68] 

Unlike other papers, the authors of this paper studied variety of forces related to the 

slip. One of the aims was to examine how subjects adapt their normal force to the slip 

     
(a)                                                                          (b) 

Figure 2.20: (a) Embedded optical sensor in silicone glove (b) Slip rate comparison for 

two conditions: grip adjustment (GA) on vs off [21] 
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force during grasp stability experiment. The authors described slip force as normal force 

at the point of incipient frictional slip. After the relationship between the slip force and 

the tangential force was studied, the relationship between slip and normal forces was 

found to be nearly linear as a result. Under zero tangential force condition, the sensor 

experienced a series of rotate-and-hold trials. Though the normal force was fairly 

constant during the grab and hold position, the normal force showed sharp, brief pulses as 

the normal force decreased enough to cause the rotation. While the normal force was 

acting like a braking force, this pulse pattern shown in the Figure 2.21 below represents 

the slip occurrence. This phenomenon was also possible because there was small contact. 

 

  

Figure 2.21: Series of rotate-and-hold trials from a single subject under the 0 

tangential force condition 
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2.6   Conclusion 

The fundamental knowledge of the human hand including the anatomy, functions, 

and taxonomy of human grasp types was discussed in this chapter followed by the input 

control method and slip detection method used on various robotic hand manipulators and 

prosthetics. Necessity of implementing various grasps within the mechanical limits of the 

intelligent sensing and force-feedback exoskeleton robotic (iSAFER) glove and 

feasibility of the tactile sensors as a slip detector was inferred from the information 

reviewed in this chapter. In addition, as some publications claimed different force 

directions to detect the slip, verifying the multi-directional responses of a new sensor, 

which will be proposed in chapter 5, is required. 
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CHAPTER 3 
 

 

PROTOTYPE REVIEW & PROBLEM STATEMENT 
 

 

 

The Sensing and Force-feedback Robotic (SAFER) glove was designed and 

experimentally validated in previous work as an assistive and rehabilitative aid [15], [34], 

[69]–[76]. The SAFER glove, shown in Figure 3.1, consists of articulated linkages that 

each drive a finger through a cable routing system that ultimately are actuated by 

miniature DC motors. Antagonistic routing provides full controllability of the system. 

Following sections will further describe the mechanical design and system of the SAFER 

glove and the motivation and design evolution of the original system. 

After a review of the prototype, describing the design and function of both 

mechanical and electrical systems of the SAFER glove, the design problems that need to 

be addressed are further discussed in the later sections of this chapter. 

 

3.1   Mechanical Design and System of SAFER Glove 

Starting from a two-finger glove [77], a five-fingered haptic glove was developed as a 

follow-up prototype. The glove prototype was designed to fit on a bare hand, and the 

thimbles at the end of the linkages were used to connect each finger. It was also designed 

to meet its goals such as being a lightweight and portable glove as well as a sensing and 

actuating system. The mechanical design of each finger of the SAFER glove consists of 

three main parts: three-link exoskeleton, an actuator unit, and two actuation cables as 

shown in Figure 3.2. Coupling the Distal Interphalangeal (DIP), Metacarpophalangeal 
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(MCP), and Proximal Interphalangeal (PIP) joints of each finger with one actuator 

module resulted in an under actuated system while lightening and simplifying the whole 

glove. The main reason for choosing cable transmission was due to its compactness, 

lightweight, cost effectiveness, and unrestrictive nature of the actuator location. The 

cables were attached to the motor spool and routed around the pulleys representing each 

joint. A two-cable pull-pull transmission is used, and it was actuated by a DC motor, 

 

3 Position sensors

2 FSR sensors

MCU & XBee 

on rapidly 

prototyped 

PCB 

 

Figure 3.1: Original components of the SAFER glove [23] 
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which was placed on the dorsum of the hand.  

The under actuated multi-link finger mechanism produces flexion and extension at 

the proximal joints, and the glove mechanism configuration can be adjusted in order to 

accommodate different finger lengths. Through optimization, the optimal link length for a 

multi-link finger mechanism with bidirectional tendon actuation was modeled 

considering workspace size, force transmission ratio, and mechanical design parameters 

[71].  

 

3.2   Electrical Design and System of SAFER Glove 

Each finger has two FSRs on both the pad and the fingernail of the fingertip thimble 

of SAFER to measure force applied to fingers and three potentiometers on each joint to 

 
 

Figure 3.2: CAD model of the index finger mechanism of the glove showing the cable 

transmission model [19] 
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calculate the fingertip position [34]. The actuators, controller, and power supply are 

mounted upon a lightweight platform that is worn on the dorsum of the hand. The self-

contained nature of the system lends a high degree of portability to the system. 

Microcontroller unit (MCU) of Teensy 3.0 was used on SAFER glove and XBee for 

the wireless communication. This wireless communication capability with a PC has 

increased portability. Figure 3.1 shows the SAFER glove with the original components. 

 

3.3   Proposed Rehabilitation Learning System 

Along with the proposed mechanical and electrical design of the SAFER glove, a 

preliminary grasping learning and rehabilitation system was proposed [73], [75]. Before 

 
 

Figure 3.3: Rehabilitation learning system overview [73] 

 



39 

 

the rehabilitation, this system measured and learned the patterns of grasping motion from 

the grasping demonstration of healthy human subjects. With measured force and position 

data, the system was also capable of following the pattern of grasping to provide 

rehabilitation service to the user. The system overview, shown in Figure 3.3, includes 

four components: the demonstration procedure of healthy subjects, the SAFER glove 

system, the learning algorithm with a 3D GUI program, and the rehabilitation and 

assistive rehabilitation procedure. 

 

3.4   Problems and Possible Improvements 

Along with the literature review on several state-of-the-art examples and the slip 

detection in Chapter 2, the analysis of the prototype highlighted the areas that needed to 

be improved. Following sections further discusses the design problems that can be 

improved while presenting the goals of the newer version of the SAFER glove called an 

intelligent SAFER (iSAFER) glove. 

Though the SAFER glove was compact, lightweight, and portable, a couple of 

problems existed to preserve its condition. The following subsections will present the 

details of each design issue of the SAFER glove and possible improvements.  

 

3.4.1   Weak Joints 

To achieve the lightest weight possible, most of the exoskeleton components are 

manufactured from 6061 aluminum. However, due to the aluminum’s softness and the 

small profile of the linkages, the retaining ring grooves quickly wore out at the major 

joints. It was doubtful that replacing the joints with newly manufactured parts would 
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solve the root cause if the design stayed the same. A modified design of the joints was 

sought in order to make a more robust joint. 

 

3.4.2   Fragile Force-Sensitive Resistive Sensor 

The off-the-shelf product, FSR sensor, was used on SAFER glove. This FSR sensor 

had a 4 mm diameter active sensing area utilized to detect the force created between the 

finger and an object. Depending on the point where the force was applied on the finger, 

the FSR sensor would at times fail to detect the force if the application of force did not 

align properly with the sensor position.  

At first, replacing the FSR sensor with a larger size of the same model was 

considered. However, the stiff plastic cover on the sensor limited the applicability to a 

fingertip. Even with the original, smaller sensor, a repetitive bending motion of the finger 

caused a tear in the sensor, requiring repetitive replacement. As the sensor gets bigger, 

the risk of damage increases. Therefore, higher risk and stiffness of the sensor on the 

fingertip rendered this option impractical.  

As a result, a custom-made sensor that could accommodate the shape and size of a 

fingertip and was durable across multiple bending motions was required. 

 

3.4.3   Glove and User Interface 

Though the glove was equipped with a wireless communication system and was 

portable, it was still controlled by the computer input. Considering the feasibility of the 

glove and the case where a user may not have an access to a computer, a necessity of a 

better interface between the user and the glove seemed to exist. 
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By adding an infotainment service to the iSAFER system, the user could have an 

improved communication and understanding of the rehabilitation and assistance 

processes. Additionally, informing the users via a media such as screen could guide users 

through the steps of the rehabilitation without help of a caregiver or technician. In hopes 

of raising user’s confidence, this infotainment service could further increase the 

independency.  

 

3.4.4   Intelligent Object Grasping and Learning System 

The previous SAFER glove system proposed a rehabilitation learning system. It 

measured and learned the patterns of grasping motion from the grasping demonstration of 

healthy human subjects. With measured force and position data, the system was also 

capable of following the pattern of grasping to provide rehabilitation service to the user.  

To give various rehabilitation service with different types of grasps involving multiple 

objects with different shapes and sizes, the system would need to measure and record 

separate sets of demonstrations for each object. In addition, the force and position 

measurement of an object used in rehabilitation may not always work to grab and lift the 

object if the mass of the object changes as the static grip force increases due to the 

increase in mass [78]. For instance, one rigid plastic water bottle can be used as an 

example throughout the rehabilitation. However, if the amount of water in the bottle 

changes, increasing the weight of the bottle, the force data that was used previously to 

grab the water bottle may not be sufficient to support the weight of the bottle anymore. 

Therefore, instead of pre-measuring and pre-recording the demonstration data, an 

algorithm that will continuously measure the force-feedback data in real time to learn and 
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decide the next action to adapt new mass was desired. Furthermore, creating a system 

capable of intelligent object grasping initiated by detection of the user’s intentions 

through motion amplification was also sought. 
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CHAPTER 4 
 

 

PROTOTYPE IMPROVEMENT 
 

 

 

In order to improve the stability, strength, sensing capabilities, and human-robot 

interface of the system, improvements and modifications were made to the previously 

described SAFER design, resulting in the iSAFER glove. Figure 4.1 below presents the 

 
 

Figure 4.1: New 3D CAD model with updated components representing iSAFER glove 
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proposed design of the full hand exoskeleton. The following subsections will present the 

improvements and modifications made to SAFER with more details as some of the 

improvements and modifications are not visible in Figure 4.1. 

 

4.1   Design of Stable and Robust Joints 

To fix the weak spots of SAFER glove, a new joint was designed that would maintain 

the original functionality. Many options and designs were sought, but at the end, a 

robustness over a compact design was chosen to keep the joints stable. As a result, 

instead of the retaining ring with the groove on the outside of the shaft, a hole was drilled 

in the shaft after increasing the diameter of the shaft, and then the thread-locking screws 

were used with additional three-piece thrust ball bearings to keep the free rotation feature. 

The size of the flanged ball bearings and the three-piece thrust ball bearings were chosen 

accordingly. 

Before the parts were custom manufactured and ordered, a CAD model was created to 

simulate the design to check the possibility and feasibility as shown in Figure 4.2. 

Primarily, the size of new components were applied and confirmed by the CAD model. In 

this process, the aluminum base was also modified to ensure the gap between the 

improved joints. Once the thickness of the total layers and the gap between the improved 

joints were verified as shown in Figure 4.2 (a), the original plastic platform was also 

modified to accommodate the changes in the design of the improved joints and the 

aluminum base. Though the improved joints were not as compact as the original design, 

as there was a thick plastic platform under the aluminum base that sits on the dorsum of 

the hand to match its curvature, the thickness of the improved joints caused no problem. 
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As shown in Figure 4.2 (b), the improved joints were all contained within the plastic 

Splatform, and all the modified parts maintained their original functionality. 

(a)

(b)

Thread-Locking 

Screw Small Three-Piece 

Thrust Ball Bearing

Flanged Ball 

Bearing

Joint
Large Three-Piece 

Thrust Ball Bearing

Plastic Platform Base

Alumninum Base

Alumninum Base  

Figure 4.2:  (a) CAD assembly model showing the layers of the improved design of the 

joints (b) CAD assembly model illustrating newly modified platform accommodating the 

design of improved joints 
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Following the CAD design validation, the prototype was newly assembled and 

modified with the improved parts. The aluminum parts of the joints were custom-

manufactured, and the ball bearings, thread-locking screws, and three-piece thrust ball 

bearings were chosen from the off-the-shelf products. For comparison, the joint of 

SAFER glove, Figure 4.3 (a), and the new robust joint of iSAFER glove, Figure 4.3 (b), 

are presented below. 

4.2   New Force-Sensitive Conductive Elastomer Sensors 

Preliminary testing on the previously used FSR sensor showed that it was not suitable 

for all the desired functional modes. Knowing that a small active sensing area between 

the finger and an object to detect the force and the stiff plastic cover on the sensor 

limiting the applicability to a fingertip, a custom-made sensor that could accommodate 

the shape and the size of a fingertip and was durable across multiple bending motions 

was required. 

 

(a) (b)

Retaining 

Rings

Shaft of 

the Joint

Groove

Thread-
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Three-Piece 
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Figure 4.3: (a) Joint of SAFER glove (b) New robust joint of iSAFER glove 
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4.2.1   Motivation 

The motivation behind the sensor came from the variation in friction coefficient when 

an object slips, transition from static friction to dynamic friction, as demonstrated earlier 

in the Figure 2.8. For the given application of grasping an object using the exoskeleton 

glove, the relationship between the external force applied by the glove and the tangential 

force experienced at the tip of the finger is given by 

 t NF F   (1) 

where, Ft is the tangential force, FN is the external force, and is the friction 

coefficient. Now, when the object is at rest, the friction coefficient is static friction 

coefficient, μs. Once the object starts to slip, the coefficient of friction changes to 

dynamic, μd, which is significantly lower than μs. This change in friction coefficient for a 

constant external force results in a change in tangential force experienced at the fingertip. 

Therefore, by using a sensor that can detect the change in force, the presence of slip can 

be detected.  

Similarly, as the contact is lost periodically due to the transition from static friction to 

dynamic friction, but not completely, by using a sensor that can detect the loss of contact, 

a drop in the magnitude of measured voltage, detecting the presence of slip is possible. 

 

4.2.2   Mechanical and Electrical Design 

To meet these goals, a sheet made out of a polymeric foil impregnated with carbon 

black, called Velostat (adafruit, product ID:1361, thickness: .1 mm), was utilized. In 

order to create the force-sensitive conductive elastomer (FSCE) sensor, Velostat was 
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layered with two-pieces of fine metallic mesh (adafruit, Product ID:1168, thickness: .08 

mm) on both sides, and these layers were concealed by the insulating tape to reduce 

interference in voltage changes. The layer details of the FSCE sensor design is illustrated 

in Figure 4.4.  

Velostat is a piezoresistive material that possesses a linearly varying conductivity 

relative to pressure while the fine metallic mesh forms the electrical contact with Velostat 

acting as the variable resistor in between, which makes it ideal for a new custom-made 

FSR sensor, FSCE sensor. After soldering individual electrical contact points on the 

metallic mesh, the resistance between the contacts for a given force applied on the FSCE 

sensor could be measured. The FSCE sensors were then inset on both the pad and the 

fingernail of the fingertip thimble of the iSAFER glove.  

Exterior 

Thimble

Interior 

Thimble

Finger

Insulator

Velostat Metallic 

Mesh
 

Figure 4.4: Detailed design of the FSCE sensors in between the thimbles 
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Previously, the SAFER glove used single layer thimble design as depicted in figure 

4.5 (a). The FSR sensors were applied in and out of a thimble, and this method increased 

the damage rate of the FSR sensors. In order to directly measure the multi-directional 

forces experienced at the fingertips while protecting the FSCE sensors from mechanical 

damage such as an impact of the fingernail, two layers of the thimbles were utilized, and 

the FSCE sensors were secured between the layers. The entire sensor setup shown in 

Figure 4.4 was stitched on to the plastic thimble plate of the iSAFER glove as shown in 

Figure 4.5 (b). For comparison, the CAD models illustrating the design and sensors in an 

inside of the thimbles are presented in Figure 4.5 (a) and (b). 

In the Figure 4.5 (a), the pink circles indicate the major points of the breakage, where 

the electrical contact points and the metal tips of the FSR sensors were. This electrical 

contact points were aligned with the DIP joint, and it was directly affected by the bending 

motion of the joint. In addition to not having metal tips on the FSCE sensors, locating the 

(a)                                                           (b)

Plastic Thimble Plate

FSR sensor FSCE sensor

Thimble

 

Figure 4.5: (a) FSR sensors in and outside of the single layer thimble for SAFER (b) 

FSCE sensors in between two layers of thimbles for iSAFER glove 
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electrical contact points on the distal phalange and distributing the electrical contact 

points over the sensors as noted in Figure 4.5 (b) ensured the higher durability. 

 Utilizing the characteristics of Velostat, which is a piezoresistive material, the 

change in the electrical resistance was measured by the microcontroller. Similar to the 

off-the-shelf FSR sensor, the FSCE sensor is a two-wire sensor with a resistance that 

detects the force. Previous studies on resistance of piezoresistive materials between 

electrical contacts found that resistance-force relationship could be described by [79] 

 
K

R
F

 
  (2) 

 where 𝜌 is the resistivity of the contacting surfaces, F is the force applied normal to 

the contact surfaces, and K is a function of the roughness and elastic properties of the 

surfaces. This relationship shows the inversely proportional resistance-force relationship. 

Furthermore, resistance of the sensors can be converted into a voltage signal by utilizing 

a voltage divider circuit with a resistor shown below in Figure 4.6. Similar type of 

schematic was also introduced in the off-the-shelf FSR Data Sheet. 

 The voltage measured can be calculated by applying Ohm’s law as follows 

 o in

R

R
V V

R R

 
  

 
 (3)  

where 𝑉𝑜 is the output voltage, 𝑉𝑖𝑛 is the input voltage, which is 3.3 V for the iSAFER 

system, 𝑅𝑅 is the resistance of a resistor that completes the voltage divider, and 𝑅 is the 

resistance of the sensor. This method was applied to the iSAFER system, and the 

microcontroller read the changes in voltage due to the changes in the resistance of the 
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FSCE sensors. As the resistance of the FSCE sensors is high when there is no force 

applied to the sensor, while the resistance decreases as applied force increases, the initial 

𝑉𝑜 without the load will be small and gradually increase. 

 

4.2.3   Calibration of the FSCE Sensor 

Before the FSCE sensor was secured between the thimbles, the calibration was 

performed. To measure the data, the FSCE sensor was attached on a thin polyethylene 

material to create a deformable feature of human skin, and these layers were placed and 

fixed on a flat table. A small rectangular block, weighing only 1 g, which can be placed 

within the FSCE sensor, was placed on the FSCE sensor, and then each mass that 

weighed 46g, 46g, 46g, and 36g was piled on the rectangular block in such an order. The 

last 250g data was collected by applying 250g mass on top of the rectangular block. Set 

of data measured showing a change in the voltage value according to the change in the 

 

VIN

FSCE

RR (10K)

Vo

GND
 

 

Figure 4.6: Voltage divider circuit with a resistor to convert the resistance to voltage 
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load is shown below Figure 4.7. As expected, the result showed positive linear 

relationship between the mass and voltage. The magnitude of the voltage increased as the 

total mass applied on the sensor increased.  

The sensitivity of the sensor can be described as the minimum input of a mass that 

will result change in the output [80]. During the test, a rectangular block was used to 

distribute the force evenly. However, whether the block was used or not, the FSCE sensor 

was sensitive enough to detect a mass of 1g, which is about .00981 N, and the contact 

between the insulator and the metallic mesh also created initial voltage value. Due to this 

reason, the minimum force value was measured and saved in the system through the 

calibration state to adapt to each user’s finger geometry. This will be explained further in 

section 5.2. 

In addition to the normal force, as piezoresistive materials demonstrate a sensitivity to 

multiple force directions, the tangential force was measured and validated to verify the 

 

Figure 4.7: Changing voltage magnitude in accordance with the mass change in the 

normal direction 
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multi-directional forces. The setup of this tangential calibration is shown in Figure 4.8. A 

small bench vice was used to clamp the sensor between two flat surfaces in parallel. The 

sensor was clamped lightly, but until the object was visually stable. Once the data was 

verified to be stable, loads were placed on top of the object. The load was increased in 

steps until the object started to slide down vertically and visually. The object itself 

weighed 163g. Therefore, the result shown in Figure 4.9 starts from 163g and ended with 

833g. Throughout the test, the sensor did not moves or rotate. 

The result showed that the sensor was able to measure the change in tangential load. 

As the object was softly grasped, the friction force increase due to the increase in load 

was clearly recorded, and then a visible slip happened around 900g, reaching the 

maximum static friction force. Stronger grasps would have resulted higher voltage while 

supporting heavier load. However, that firmer grasp would have showed less change in 

 

 

Figure 4.8: Setup of the tangential force calibration 
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the magnitude of the voltage. Therefore, performing the softest grasp to hold an object 

was desired and practiced. 

 

4.2.4   Conclusion 

The benefits of the FSCE sensor are the larger sensing surface, cheaper cost to 

produce, more resilient, and higher sensitivity than the previous FSR. After calibrating 

the sensor by applying the masses to a FSCE sensor affixed to a scale, the resultant scale 

factor was found to be 1.74 N/V.  

This FSCE sensors were significantly important in this thesis as it was used to detect 

the user’s intention as well as slips while measuring continuous force-feedback data. 

Though other options of sensors were considered including an optical sensor mentioned 

in section 2.5.3, it was not a suitable option for an exoskeleton. Knowing the involvement 

 

 

Figure 4.9: Changing voltage magnitude in accordance with the mass change in the 

tangential direction 
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of the palm during the grasp, the sensors located on the palm can be further embedded in 

the prosthetic hand to prevent the interference due to the thickness of the optical sensor, 

but this cannot be a solution for the hand exoskeleton because the sensors cannot be 

embedded in the human hand. Therefore, thin FSCE sensors were chosen to be used, and 

utilizing the calibration information, its capabilities are validated through the experiment. 

 

4.3   Upgraded Electronic Interfaces 

The original rapidly prototyped printed circuit board (PCB) on Figure 3.2 was 

replaced with custom manufactured PCB. In order to improve the interface between the 

user and the glove, a new second layer PCB was designed to accommodate the addition 

of an OLED screen, three buttons, and an inertial measurement unit (IMU). The design of 

the new second layer PCB created by the EAGLE software is shown in Figure 4.10 (a), 

and the custom manufactured PCB for the new second layer PCB is shown in Figure 4.10 

(b) and (c). To fit the system on top of the dorsum of the hand and keep the original form 

factor, the additional PCB was designed to be located on top of the base PCB. These two 

boards share the power source, and communicate through one Teensy on the base PCB.  

Two of the buttons are used to initiate the changes between the state machines, while 

the third is implemented as an emergency stop that returns the glove to the idle state 

when pressed. The IMU is added to detect the hand rotation and position in relation to the 

wrist and arm position in future work.  

The XBee wireless unit was securely relocated to the bottom of the original PCB to 

reduce the physical damage to the electronic system. When grasping a short object on a 

table, the little finger side of the hand often touches the table. The location of the Xbee in 
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the previous design, as seen in Figure 3.2, caused external impact on the XBee while it 

acted as an obstruction. 

The second layer printed circuit board assembly (PCBA) with OLED screen and three 

buttons is shown in Figure 4.11. As the second layer PCB was designed to conceal the 

components on the base PCB, the components mentioned earlier, such as the 

microcontroller, XBee, and IMU are not shown in this figure, as they are located on or 

under the base PCB.  

 

(a)

(b) (c)
 

Figure 4.10: (a) Second layer PCB design created by EAGLE software (b) Top view of 

the manufactured second layer PCB (c) Bottom view of the manufactured second layer 

PCB 
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4.4   Conclusion 

After creating the new components presented above such as robust joints, aluminum 

base, plastic platform, FSCE sensors, and second layer PCBA with OLED screen and 

three buttons, the old components were replaced by the new components. Additionally, 

the original motors were replaced with 6V 1:1000 high power miniature gearmotors with 

long-life carbon brushes (HPCB), and the microcontroller was updated with the Teensy 

3.2. The assembly of the iSAFER glove with the updated components is shown in Figure 

4.12. 
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Figure 4.11: Second layer printed circuit board assembly (PCBA) with OLED screen 

and three buttons 
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Figure 4.12: Updated components of the iSAFER glove 
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CHAPTER 5 
 

 

REHABILITATION AND ASSISTIVE 

SYSTEM OF THE GLOVE 
 

 

 

Recovery from debilitating hand injury is generally evaluated through MAS, which is 

rated on a 0-5 scale [26], [54]. Previous work with this platform proposed techniques for 

passive rehabilitation, through repeated passive motion guidance from a learned library of 

hand motions corresponding to grasps learned from a collection of healthy hand motions, 

coupled with active resistive rehabilitation through leveraging the glove’s haptic 

feedback capabilities [34]. The current work expands previous functionalities, through 

the inclusion of grasping assistance as well as user-initiated passive grasping motions. 

This type of robot-assisted rehabilitation has been shown to result in favorable outcomes 

such as noticeable reduction in spasticity, decreasing the MAS score of joints, and small 

increases in the Rivermead Motor Assessment for subacute stroke survivors [26]. In a 

similar way, the study with MIT-Manus interacted with stroke patients actively and/or 

passively and showed statistically significant improvement including favorable trends in 

strength change, Fugl-Meyer Scale, and motor status scale [30]. Thus, robotic 

rehabilitative aids can greatly benefit a patient recovering from loss of dexterity or 

strength in their hand. 

The iSAFER system is designed to have different modes that can perform either 

passive or active rehabilitation. In general, passive exercise can benefit patients in all 

MAS levels to alleviate atrophy, while also a necessary rehabilitation exercise for the 

patients at MAS level 0. Once the patients advance to level 1 and have the capability to 
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initiate minor muscle activation, such as a twitch, active rehabilitation with adjustable 

resistance can be applied depending on the level of the recovery from the injuries. 

 

5.1   Intelligent Object Grasping Rehabilitation System Overview 

Simple force control of an exoskeleton requires an informed input force for the 

system. However, in real life, people not only interact with rigid objects, i.e. a glass cup, 

but also with deformable objects, i.e. a paper cup. In this analogy, an overly firm grasp of 

a paper cup can easily result in crushing and spillage of the cup. With this in 

consideration, the iSAFER glove has been developed to provide a wide range of 

acceptable grip forces by applying a soft initial force and then adapting to the 

environment and the object through the detection of slip conditions. 

A discrete, minute force step increase is applied when slip is detected, and 

continuously applied until the system detects that it is no longer in a slip condition. In 

order to maintain programing simplicity and provide an expandable operational 

paradigm, the system is designed to be finite state machine. The system overview is 

shown in Figure 5.1, and the block diagram of pseudo code for the system is included in 

the Appendix A. The system consists of the three state machines: Calibration, Active 

Rehabilitation and Assistance, and Main Idle. The method of activation for the system 

was given considerable thought during the design of the controller. For patients 

possessing some degree of bilateral paralysis or weakness, using a switch or EMG, for 

example, could require extensive rehabilitation just to regain this function. The current 

system instead uses motion amplification as its primary activation mode, referred to here 

as a “twitch” signal. The glove’s FSCE sensors are capable of detecting even minor force 
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fluctuations and treat inward or outward forces, relative to the finger pad, as a signal to 

close or open the fist, respectively. The control can then be adjusted to filter oscillatory 

signals, as well as to increase or decrease the activation force threshold, to accommodate 

patients who may have tremors or imprecise motion early in their rehabilitation. 

While a small initial grasp force is of value when interacting with deformable objects, 
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Figure 5.1:  Operational flowchart for the iSAFER glove 
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humans generally respond to tactile vibrational signals to gauge required force and adjust 

dynamically as required to interact with an object [19], [22], [60], [62], [64]. To continue 

the previous analogy, an empty paper cup can be grabbed without a slippage with a very 

small force, but should it be filled with water, this small force will no longer be 

sufficient. Therefore, detecting the shape, surface roughness or orientation alone may 

result in failed grasps unless the exoskeleton applies its maximum feasible force on the 

object in all cases in order to preclude any slippage. Therefore, the functional design of 

the iSAFER glove is more similar to the biological evaluation of grip stability. 

A basic outline of the operational structure of the iSAFER glove is as follows: The 

system initially applies a calculated minimum force. Should the object shift within the 

grip of the glove, it will detect the slippage. Once the slippage detection is triggered, the 

grip force will be adjusted until the object no longer slips. 

 

5.2   State Machine Architecture 

The initial and main operative state for the glove following powering on is the Main 

Idle. While in Main Idle, the fingers will remain at rest in the current position, and the 

system will wait for a command. When the emergency stop button is pressed in any other 

states or cases, the system will come back to this Main Idle state while resetting all the 

saved sensor, state, or case data. 

The second state is the Calibration state. A hurdle faced in previous iterations of the 

glove is adapting the system to variously sized hands. The glove has the ability to be fit to 

a variety of hand widths and thicknesses through its design; however, the control will 

vary with the hand geometry. Therefore, in order to take into account the initial pressure 
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Figure 5.2:  Rehabilitation/Assistance state machine detail 

applied to the FSCE sensors due to variations in wearer, the glove must initially move to 

a calibration state machine. 

In Calibration, the iSAFER glove performs warm up rehabilitation motions while 

simultaneously learning the minimum force values of each fingers. These motions 

progress through multiple concerted and individual flexions and extensions, in order to 

both provide a full stretch for the patient’s fingers and hand, as well as obtain 

measurements in a variety of finger positions and locations. The minimum baseline 

forces are stored and used as a compensatory feedforward term in the glove controller. 

After the calibration, the glove will automatically change the state to Main Idle while 

keeping the fingers at the neutral position. The Calibration progression of passive hand 

and finger exercises can be repeated as necessary at the user’s pace in order to enact a full 

passive rehabilitation session. 
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Once in the Active Rehabilitation/Assistance state machine, the program proceeds 

through a sequence of substates, as seen as Figure 5.2. The initial substate is the Control 

Idle substate. In this substate, the fingers will remain at rest at the current position, and 

the glove will wait for a twitch signal. Once an inward twitch signal is detected, a 

substate change is triggered and the glove proceeds to the Close substate.  

The Close substate contains closed-loop hysteresis force controllers utilized to flex 

each finger independently until the force reference is reached for all. A hysteresis 

controller was utilized due to its optimality for applications that require the fastest 

possible response [81]. The use of multiple controllers enables geometrically adaptive 

grips to interact with objects of varying shape. Upon the first such iteration through the 

Close substate, the initial force input is utilized to control the first grip, and this ‘initial 

soft grip force’ is experimentally determined through interaction with compliant objects. 

The controller then outputs a PWM signal to the motor for each finger until the initial soft 

grip force input is reached. 

Once the force input has been realized, the program proceeds to the Hold Idle 

substate, wherein the position is held and slip detection routine is activated. If slip is 

detected, the glove then returns to the Close substate, increasing the force input and 

velocity reference in a stepwise manner in order to grip more firmly and quickly in the 

event of successive slip events. The program again then returns to the Hold Idle substate. 

This sequence continues until slip is no longer detected, with the force reference 

increasing with each iteration. A diagram depicting a single finger’s controller is shown 

in Figure 5.3. The controller and force reference equations are as follows:  
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where FIN  is the stepwise input force, FFF is the ‘initial soft grip force’, F is the force 

increase gain, vref is the velocity reference, vFF is the initial velocity, v  is the velocity 

increase gain, e is the error as measured by FIN - Ffeedback and i is the iteration feedback 

that drives the increase in the stepwise force and velocity functions. 

If an outward twitch is detected, the system then proceeds to the Open substate. Here, 

the fingers extend to an open hand position using a closed-loop hysteresis position 

controller, utilizing feedback from potentiometers located on the finger joints. The force 

references and substate iteration counters are reinitialized to zero. Once the open position 

is achieved, program returns to Main Idle. 
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Figure 5.3:  Force Control Diagram in Close Substate 
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CHAPTER 6 
 

 

SENSORY DATA ANALYSIS 
 

 

 

The sensory stream provided by the array of sensors embedded within the glove’s 

design provides a rich feedback environment. This data is utilized for multiple purposes, 

including setting fail-safe protections for the wearer, sensing motion commands, and 

detecting and analyzing contact forces when the glove is used to grasp an object. 

 

6.1   Mean Filter for Serial Data 

When both force measurement and position tracking modules generate data, a set of 

raw data was collected initially. Raw data was often noisy enough, having meaningless 

outliers, to mislead the system. To solve this problem, a mean filter was applied to the 

algorithm, producing processed data, and the result was clean and stable. Adding the 

benefit of mean filter to the system, the processed data was utilized to track the finger 

position and measure the force feedback data. 

The base PCB consists of ADG725, monolithic 32-channel analog multiplexers, and a 

synchronous serial data protocol called Serial Peripheral Interface (SPI) was used by 

microcontroller to communicate with ADG725. Out of 32 channels, 25 channels, 3 

potentiometers and 2 FSCEs per one finger, were used to transfer the data. These serial 

communication data was automatically logged in the buffer size of 640, which contains 

20 buffers for each of 32 channels. Using 20 buffers, mean values were computed and 

logged in the buffer size of 32 for 32 channels. 
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A sample of mean filter processed data is illustrated in Figure 6.1 along with a raw 

data visually showing the effect of a mean filter application. 

6.2   Finger Position Tracking 

Where each finger linkage joins the dorsal plate, a rotary potentiometer tracks the 

angular position. Using this data allows for the tracking of the finger through the 

kinematic relations of the cabling system. The main application of tracking the finger 

position is to ensure the safety of the wearer and protect their fingers from being 

extended beyond the set limits. During the Calibration state, the fingers are gently guided 

from full flexion to full extension, at which time the limits on the motion of the joints can 

be adjusted as necessary to ensure an ideal fit as well as to maintain wearer comfort. 

 

 

 

Figure 6.1:  Comparison between a raw data and mean filter processed data 
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6.3   Finger Forces Measurement 

In order to verify the operation of the new FSCE sensors, data was recorded while 

grasping a paper cup, and analyzed in order to confirm that the performance matched or 

exceeded that of the previously reported system [34]. 

In Figure 6.2 below, 30 grasps were performed with the glove recording force data 

passively. The data presented are the results from just one finger, depicted in a raw form 

in the top image in Figure 6.2. Utilizing dynamic time warping (DTW) in order to 

temporally align the various grasp sequences, as in [34], the feedback shows strong 

resemblance to the previously reported data, with greater force resolution and detail. 

 

Figure 6.2:  Index force data from new sensor. (top): raw data; (bottom): DTW result 
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While the performance between sensors is comparable, the new FSCE is superior in 

terms of flexibility and thus conformance to the finger for a more accurate force profile 

for the fingertip, resilience against breakage, and cost. Thus, the new FSCE sensors 

demonstrate a robust improvement on the previous system.  

The grip demonstration data shown above was collected while a healthy user was 

gently grasping and lifting an empty paper cup. As such, an average of peak grasp force 

from the trials is implemented as the initial soft grip force in the system, providing a low 

initial contact force for the glove in order to enable interaction with compliant objects. 

 

6.4   Finger Motion Amplification 

The main activation method of motion amplification requires the detection of finger 

motion by the wearer. In order to test the sensitivity of the method as well as to 

demonstrate the applicability for patients with minimal hand functionality, the activation 

limit is designed to trigger at a minor twitch in the most sensitive configuration. The 

force feedback resulting from a user flexional twitch followed by a return to starting hand 

position while wearing the glove is depicted in Figure 6.3, with the data from each finger 

normalized about a common mean initial value for readability. While the signal is 

oscillatory, the major feature is the positive force impulse, indicating an increase in force 

in the direction of finger flexion. The following negative impulse is driven by the elastic 

properties of the FSCE materials. 

 In order to detect the positive impulse associated with a flexional twitch, positive 

derivative detection logic is utilized to trigger a state change. While the glove is in the 

Control Idle substate, the data from the FSCE sensors for each finger are central 
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differentiated in real time. Utilizing the user twitch data such as that depicted in Figure 

6.3, a positive derivate limit of .012 N over 10 ms was determined. If the differentiated 

value is found to exceed the twitch slope limit, the progression to the Close substate is 

triggered. 

In Figure 6.4, the force characteristics utilized for the outward twitch motion 

detection are shown. Unlike inward twitch or slip detection, the outward force change is 

 

Figure 6.3:  Inward twitch force characteristics of fingers 

 

Figure 6.4:  Outward twitch force characteristics of fingers 
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measured through monitoring both the top and bottom FSCE sensors for each finger. In 

this case, the bottom force reading decreases as it loses contact with the finger, while the 

top sensor detects a slight increase. Similar to the inward twitch, derivative limits are set. 

The outward twitch is detected while the program is in the Hold Idle substate, and the top 

FSCE sensor crosses the positive derivate threshold while the bottom simultaneously 

crosses the negative. In the Figure 6.4, the outward twitch can be seen to occur within the 

grey shaded area. Here, a positive derivate limit of .007 N over 10 ms and a negative 

derivative limit of .040 N over 10 ms were used. 

 

6.5   Object Slip Detection 

Insufficiently stable grip configurations must be detected to dynamically adjust the 

grip assistance supplied by the glove. Research on the tangential forces during slip 

situations for human grips has shown that the advent of a slip event is indicated by a 

sudden drop in normal force [68]. Experimental data collected from the fingertip FSCE 

sensors of the iSAFER glove in generated slip events corroborate these findings, as 

shown in Figure 6.5.   

This event signature can thus be incorporated into the state machine in order to trigger 

a substate change when a poor grip configuration is detected. While in the Hold Idle 

substate, the central difference of the data from the FSCE sensors is compared to a 

negative deriviative force limit, computed from aggregated experimentally-generated slip 

events. If the approximated force derivative from a finger is found to drop below the 

derivative limit, a state change is thus triggered and the glove proceeds to the Close 

substate. Once complete, the glove returns to the Hold Idle state, where it again can 
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detect any slip events. This state cycle will repeat until a secure grasp is realized, with the 

reference force incrementing upward monotonically. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5:  Slip event force feedback of fingers 
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CHAPTER 7 
 

 

EXPERIMENTS 
 

 

 

After defining the characteristics of the twitch, slip, and initial soft grip force values, 

the system was first validated through feedback from a single finger, and a cylindrically 

shaped object with a smooth surface. Once validated, more experiments involving five 

fingers were conducted, and then the experiment was expanded to four more objects of 

different shapes and textures, shown in Figure 7.1. The weight of each of the four objects 

was as follows: (a) 322 g, (b) 350 g, (C) 513 g, and (d) 238 g.  

 

Figure 7.1:  Four objects of different shapes and textures for the experiments: (a) 

cardboard box, (b) variable diameter cylinder, (c) water bottle, (d) screw driver 
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The data was collected from all five FSCE sensors on the pads of fingertips and the 

analysis is presented below. Previous work with this platform often used a wooden hand 

to represent the impaired hand for experimentation. However, in order to perform the 

twitch activation and accurately illustrate the degrees of freedom possessed by a human 

hand, the wooden mannequin hand was insufficient. Thus, in the following, a human 

participant with healthy hands was told to initiate the closing motion by producing short 

twitch motion, but not to apply any force while grabbing the object.  

Utilizing the grasp taxonomy system developed by Feix in [48], for Objects (a)-(d), 

the iSAFER glove performed a parallel extension grasp, a large diameter grasp that 

transitions to a small diameter grasp as the object slips to its tapered top, a medium wrap 

grasp, and a ring grasp, respectively. The glove acts by actuating all five fingers to 

securely lift the objects off the table. The individually force controlled fingers allow the 

system to overcome variations in object geometry and adaptively conform to the object as 

necessary. 

 

7.1   Intelligent Object Grasping 

The single finger validation experiment proved the glove was able to perform both 

the soft grip and detect slippage.  Once the slip detection triggers the Close substate, 

incrementally increasing force was applied to the object to compensate the weight of the 

object in order to grip it securely. The result of the experiment is illustrated in Figure 7.2. 

This figure depicts the entire sequence of a grasp, from twitch input to secure grasp. 

Event 1 marks where the twitch input is received and the force applied by the glove can 

be seen to increase. Event 2 then shows the first slip occurrence following the 
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achievement of the soft grasp force. This slip had a much larger drop in normal force than 

the second slip, indicated by Event 3. As more force was applied to stabilize the grasp, 

the drop force reduced as well as the noise in the force.  

The cylindrical shape of the grasped object lends itself to the shown force profile, as 

the uniform diameter results in a roughly stepwise force increase as the grasp is secured. 

This is a clear illustration of the stepwise reference force function and the hysteresis 

controller’s quick response to the slip events, as designed. 

7.2   Five Finger Object Interaction 

While wearing the glove, the user first performed the calibration exercises in order to 

correctly calculate the initial force offsets due to finger geometry. Once calibrated, the 

program proceeded to the active rehabilitation and assistance state machine, wherein the 

human participant attempted to grasp the desired object. When the twitch motion was 

 

Figure 7.2:  Force feedback profile for a single finger grasping a cylindrical object 
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produced by the wearer, the glove detected the twitch and initiated flexion. Following the 

initial flexion, the glove stopped closing when the soft grip force was detected. Soon 

after, when the human participant tried to lift the object, the occurrence of slip triggered 

closing until it met new limit. In Figure 7.3 below, the grasp interaction between the 

wearer and the cylindrical validation object is depicted for all five fingers. 

The five-finger twitch can be seen at 1100 msec, at which time the finger flexion is 

triggered. At 1600 msec, a slip event can be seen to occur, at which time the controller 

recognizes this and proceeds to close the fingers and increase the grip force.  A small 

spike in normal force can be observed prior to the slip-induced force drop. This is due to 

the object’s overcoming of static friction prior to slippage. 

It can be seen that the four fingers have very similar force profiles. As the grasped 

object is cylindrical and thus necessitated a medium wrap grasp, the majority of the 

oppositional force is palmar. The thumb does provide the largest force, due to its 

oppositional nature in a cylindrical grasp. However, as the proximal phalange of the 

 

Figure 7.3:  Force feedback profile for five fingers grasping a cylindrical object 
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thumb as well as the webbing of the hand are also in contact with the object, the tip force 

measurements of the thumb do not show a  oppositional force equal to the sum of the 

other fingers. A future improvement for the sake of grip force analysis is the addition of a 

palmar force-sensing array to provide a more comprehensive force characterization. 

 

7.3   Multi-Object Grasp Experiment 

In Figure 7.4 below, data is presented comparing the force profiles of the grasps of 

the four experimental objects shown in Figure 7.1. Force data from a single finger in each 

case is presented for readability. The twitch commands are indicated by the grey shaded 

area at the initial motion. Following the twitch command, a momentary drop in force can 

be observed. This is caused by the beginning of the iSAFER glove’s finger flexion 

motion, in concert with the elastic effects of the FSCE. As the linkages push the backside 

of the fingers toward a closed grip, the contact exerted by the finger upon the pad FSCE 

decreases below the calibrated offset, until the fingers make contact with the object and 

the force again increases.  

The increasing reference force can be clearly seen following each slip event. The 

quick response of the slip recovery can also be seen in the short time difference between 

the start of a slip and the corresponding force increase. In addition, the wearer finished 

each trial by lifting the object from the table, and the force feedback at the final state is 

thus directly proportional to the mass of the objects. This is clearly shown by the final 

recorded values for each object.  

The effect of the geometrical shape of the grasped objects on the grasp force is also 

illustrated by the data. For instance, Object (b), the variable diameter cylinder, shows two 



78 

 

significant slip events at 1600ms and 2500ms as well as two anomalous smaller s lip 

events at 2200ms and 3000ms. The smaller events occur when the objects shifts within 

the glove to a smaller diameter section, resulting in a slower decrease in normal force, 

 

Figure 7.4:  Force feedback for four objects: (a) cardboard box, (b) variable diameter 

cylinder, (c) water bottle, (d) screwdriver 
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followed by a sudden initiation of slip that triggers the closing controller of the glove. 

The variable diameter also causes the much higher degree of noise in the normal force 

feedback. Similarly, Object (a), the cardboard box, shows a high level of normal force 

noise early on in the grip, prior to the firmer grip following the slip event. This is driven 

by the slight deformation of the box as it is gripped until a firm grip is achieved.  

In addition, it can be seen that for the constant width or diameter Objects (a) and (c), 

the box and the water bottle, the iSAFER glove only required one major slip event and 

subsequent finger closure to achieve a stable grip upon the object. However, for the non-

uniform diameter of Object (b), the variable diameter cylinder, multiple slip events are 

required in order to stabilize the grip. These slip events can be seen to have varying 

magnitude, as with each event the diameter of the object being gripped changes, resulting 

in decreased contact between the iSAFER glove and the object, which the system then 

compensates for. Furthermore, the data presented shows that with the uniform Objects (a) 

and (c), the iSAFER glove reaches a steady-state secure grip more quickly than while 

interacting with a non-uniform object. This holds with the expected results, as greater 

object complexity would at times require more grip closures in order to achieve a stable 

grasp. 

In performing a ring grasp to pick up Object (d), the screwdriver, the iSAFER glove 

demonstrated that its slip adaptive grasping can also be applied to grips beyond full hand 

grasps. The major slip event at 1100ms is followed by a recovery and the noisy force 

feedback period where the screwdriver shifts within the grip of the glove. The force 

measurements of middle, ring and pinky fingers can be seen to remain mostly stable as 

the only forces sensed are due to the motion of the fingers with the finger thimbles. The 
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index finger sensor can be seen to saturate and then fall off as the screwdriver rotated 

within the grip until it only made tangential contact on the sensor and was supported by 

the lower section of the finger that is not covered by the sensor. This can be remedied 

through the inclusion of larger FSCEs to cover more of the finger. 

 

7.4   Deformable Object Grasp Experiment 

In addition to the four objects used in previous experiments, an empty water bottle 

was used to test the intelligent object grasping with a deformable object. Figure 7.5 

shows the difference in result between the SAFER system and the iSAFER system 

introduced in this paper. Previously, SAFER system was programmed to have simple 

force control with a static reference force. Therefore, its grasp crushed the deformable 

object as shown in Figure 7.5 (a) while flexing all fingers to reach the reference force as 

 

 

Figure 7.5:  (a) SAFER system, (b) iSAFER system with intelligent object grasping 

algorithm 
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required by the original SAFER controller, as shown in Figure 7.6 (a) [34]. When the 

iSAFER system with intelligent object grasping was used to pick up the empty water 

bottle, the iSAFER system stopped closing once the FSCE sensors touched the surface 

and reached the soft contact force as shown in Figure 7.5 (b) and 7.6 (b). As the bottle 

itself only weighed 10g, the slip event did not occur, and the initial soft grip force was 

firm enough to hold the bottle. 

 

7.5   Time Constant of the First Order System 

The parameter indicating the response to a step input of a first order system is called 

the time constant. Generally, the Greek letter , tau, is used to represent the time constant 

in engineering. The time constant for an increasing system can be described as the time 

that reaches the value presented in equation (3) of its settling time, as shown in Figure 7.7 

[82]. 

(a)                                      (b)

 

Figure 7.6:  Force feedback for five fingers of (a) SAFER and (b) iSAFER system 
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  (6) 

As the grip adjustment of iSAFER system is a first order increasing system due to its 

increasing force value after the slip, using above information and 36 grip adjustment 

samples, the time constant was determined to be approximately 74.2 ms. 

 

 

 

 

 

Figure 7.7:  First order response behavior [80] 
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CHAPTER 8 
 

 

CONCLUSION & FUTURE WORK 
 

 

 

This chapter concludes the thesis with a summary of the current research while 

presenting potential topic of future study. 

 

8.1   Summary 

This thesis started with a comprehensive literature review on hand anatomy and 

function, taxonomy of human grasp types, impairment of hand function, input control 

method, and slip detection method as well as the prototype review of the SAFER glove. 

Both mechanical and electrical design and system of the SAFER glove was described as 

well as the proposed rehabilitation and learning system to provide details of the previous 

work as this thesis is the extended work of the SAFER glove. Aiming to develop an 

intelligent grasping controller, the areas that could be improved or enhance the 

performance of the SAFER glove were identified. 

Along with the introduction of improvements, such as robust joints, new FSCE 

sensors, and upgraded electronic interfaces, the prototype improvement section covered 

the design of new components and prototype integration. Once the prototype was 

reconstructed, the intelligent grasping controller, which utilized the FSCE sensors to 

support slip-aware grasping in order to provide an adaptive force profile for robotic glove 

exoskeletons, was developed. By sensing variations in the normal force and tangential 

force between the fingers and the object grasped, the prototype was able to detect slip and 
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adaptively recover in situations in which the object began to fall from the hand. 

Therefore, the updated prototype with the intelligent grasping controller consummated 

the iSAFER glove. 

The glove can provide both passive rehabilitation exercise as well as active grasping 

rehabilitation and assistance. This widens the applicability of the system as a 

rehabilitative and assistive device. The use of a soft grip force enables the system to 

interact with delicate objects, while also adapting the grasp force as needed for heavier 

objects. Though the speed of general grasp was not considered as an important parameter 

in this thesis, the time constant for a grip adjustment was computed because the grip 

adjustment should instantly occur to prevent the drop of an object. With time constant of 

74.2 ms, the iSAFER system was able to recover its grasp and prevent the drop in the 

experiment. 

Additionally, the potential topics of future work are addressed and introduced in 

details. Once the pressure distribution map of the hand grasp is fully understood in the 

future, the addition of a sensory array on the palm of the wearer’s hand in accordance 

with needs will provide improved force profiles and drive further grasp adaptability. 

Moreover, integration of artificial neural networks will benefit more patients as it could 

possibly broaden a range of the patients who can use the exoskeletons in an active way. 

Another imaginable future project, a modular exoskeleton system, was presented with 

preliminary design. 
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8.2   Future Work 

This section presents potential topics of future work. In addition to the suggested 

improvement on the current iSAFER system, a modular system consisting of iSAFER 

glove and a wearable 3 DOF forearm exoskeleton for rehabilitation and assistive 

purposes (FE.RAP) is proposed. 

 

8.2.1   Future Work on Intelligent Object Grasping 

In future work, improved sensing and automation capabilities will be explored. In this 

thesis, RSCEs were applied on the finger pads and fingernails. During the experiments, 

some results highlighted the effect of contacts between the palm and the objects. These 

inevitable contacts seemed to be the reason of the reduced force of the thumb pad. After 

reviewing the literatures on the pressure distribution map of hand [59], [83], [84], the 

result explained how much the palm was involved in the grip. Figure 8.1 illustrates the 

palm involvement in the grasp. Not only the contact of palm, but also the skin 

deformation that happens at the contact seemed to affect the pressure distribution. The 

addition of a sensory array on the palm of the wearer’s hand will provide improved force 

profiles and drive further grasp adaptability. 

In addition, integration of artificial neural networks can utilize wearer data to provide 

decreased response time in order to achieve a stable grip upon identification of the 

geometric profile of the object via the linkage positional feedback provided by the 

potentiometer, while also learning and adapting to the capabilities of the wearer as their 

abilities improve throughout rehabilitation. Likewise, other benefits will include matured 

detection of user’s intention. If the iSAFER system could learn the patterns of slight 
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finger movements for frequently used grips, then even the users, who may have very little 

movement to almost no movement, would be able to perform numerous types of grasps 

actively without having numerous buttons or switches for each grasp. 

Clinical trials with a variety of participants can be conducted in order to provide a 

more detailed analysis of the system’s rehabilitation capabilities in the future. 

 

 

 

Figure 8.1:  Pressure distribution validation using 48mm diameter cylinder grasp [81] 
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8.2   Modular Exoskeleton System 

The patients who lost motor function on hand often suffer forearm motor function 

loss as well. A study focused on delays in grip initiation and termination in persons with 

stroke concluded that supporting the weight of arms could reduce the delay in grip 

initiation and termination [85]. However, projects often focus on one part of the human 

body parts, such as hand, and develop an exoskeleton glove [34], [35], [86]–[89]. On the 

other hand, there are also projects, which focus on limbs as a whole system, such as arms, 

resulting in upper extremity exoskeletons [46], [89]–[96]. For rehabilitation and assistive 

purposes, these upper extremity exoskeletons will guide the users to move the upper 

limbs involving multiple human body parts from shoulder to wrist. In fact, as upper 

extremity or upper limb generally represents the region from shoulder to hand, current 

upper extremity exoskeletons that covered the human body parts from shoulder to wrist 

are not quite complete, yet, some of the other upper extremity exoskeletons covered less 

parts by omitting the wrist or shoulder support [46], [89]–[94]. In addition, as the human 

body parts covered by each upper limb exoskeleton were different, the amount of degrees 

of freedom (DOF) supported for each joint also varied per each upper limb exoskeleton 

[6]. For instance, though the forearm has three DOF, certain forearm exoskeletons and 

upper limb exoskeletons covered less than three DOF for the forearm [46], [94]–[98]. 

Besides the facts, standardizing how many DOF per joint or deciding what parts must 

be covered by one exoskeleton is not possible in reality. Furthermore, groups of patients 

require different rehabilitation processes, and individuals in those groups have different 

recovery speed. To provide personalized rehabilitation training with exoskeletons, an 

exoskeleton that has multiple modular sub-exoskeletons can be advantageous to the 
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patients. Considering a case where a patient lost motor function of both the wrist and the 

hand, this patient may no longer need to use the exoskeleton for the wrist rehabilitation 

once that patient starts to recover the motor function of the wrist while the hand is still 

impaired. If the exoskeleton was modular exoskeleton that had two sub-exoskeletons, the 

patient may detach the wrist exoskeleton, and continue using the hand exoskeleton for the 

hand rehabilitation. 

Utilizing that idea, the forearm exoskeleton called  the FE.RAP was designed and 

analyzed [9]. Following Figure 8.2 illustrates the optimized design of the FE.RAP after 
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Figure 8.2:  Optimized design of the FE.RAP 



89 

 

the workspace analysis and optimization. During the optimization, movable range of 

human hand expressed in angle, shown in the Table 2, was used. Knowing that there are 

factors that can affect the data of the ROM, such as gender or method used to measure the 

ROM, the ROM data shown in Table 2 was decided after an intense literature review. 

After the optimization, the workspace of the FE.RAP was verified to satisfy most of the 

ROM data in Table 2. The ROM of the ulnar deviation, radial deviation, forearm 

pronation, forearm supination, and wrist flexion were fully satisfied, but the optimized 

point of rotation chosen to keep the compactness of the FE.RAP, it limited the ROM of 

the wrist extension. As the FE.RAP can extend the human hand up to 49°, which is about 

82% of the full ROM, an improved design to further increase the wrist extension to 60° 

are desired to be considered in the future.  

If this FE.RAP and the iSAFER glove can work together as a system while each 

works as an individual exoskeleton, this will increase the modularity and have multiple 

application. At the beginning stage of the rehabilitation, the patients can start 

Table 2: Movable Range of Human Hand 

Joint Motion Range of Motion 

   

Pitch 
Wrist Extension 60 

Wrist Flexion 70 
   

   

Yaw 
Ulnar Deviation 30 

Radial Deviation 20 
   

   

Roll 
Forearm Pronation 90 

Forearm Supination 90 
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rehabilitation with full system, but adjusting to the recovery condition of the patient, one 

of the modules, either iSAFER glove or FE.RAP, can be detached from a system 

reducing unnecessary weight of a full system. In the future, when individuals start to own 

exoskeletons for rehabilitation purpose, this modularity will be beneficial in many ways 

for those users as one system can transfer from rehabilitation exoskeleton to assistance 

exoskeleton. An option of attaching and detaching modules as necessary will continue to 

provide rehabilitation while assisting ADL for the patients, who were not able to recover 

full range of motion in a short period.  

A preliminary design of the modular upper extremity exoskeleton consisting of the 

FE.RAP and iSAFER glove is depicted in Figure 8.3. To fit the component of the 
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Figure 8.3:  A preliminary design of the modular upper extremity exoskeleton consisting 

of the FE.RAP and iSAFER glove 



91 

 

FE.RAP on the iSAFER glove body, a number of components iSAFER glove were 

relocated to show an abstract concept. 
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