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ABSTRACT 

Stroke is considered the leading cause of long-term disability worldwide. Most stroke 

survivors will have some degree of paralysis immediately after stroke, which in many could be 

lost hand motor functions. During the first three months, post-injury, patients often require to 

undergo repetitive task practice (RTP) therapy to improve coordination, strength, and range of 

motion in the parietal hand. Many researchers have been exploring the use of soft robotic gloves 

(SRGs) as portable rehabilitative devices to increase the dosage of RTP. In this thesis, a better 

design of a pneumatically driven SRG was explored to reduce operating pressure and achieve high 

flexion forces compared to existing designs of SRGs. The soft actuators were fabricated using 

silicon with a shore hardness of 10 A. To support the full range of motion of the fingers, actuators 

were designed to stretch and bend for the four fingers, and an actuator that can stretch, bend, and 

twist was also designed for the thumb. To facilitate bilateral training, a master-slave control system 

was developed and integrated in such a way that a movement in the healthy hand actuate similar 

movement in parietal hand through the SRG. 

A range of motion (ROM) and blocked tip force (BTF) tests were conducted on the 

designed soft actuators. All the actuators supported the full ROM of the fingers. An analytical 

model for the BTF test was developed for the proposed actuators. This was followed by the actual 

BTF experiment, which revealed that the actuators are capable of creating a BTF of 9.5 N at 99.5 

kPa. In addition, the electrical response of the system showed that the actuation speed of the soft 

actuator is approximately 2 seconds, which is adequate for rehabilitation activities. Finally, the 

master-slave control system was successful in assisting a healthy subject in performing a pinch, 

tripod pinch, and a palmar grasp movements. 
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CHAPTER 1 

INTRODUCTION 

1.1       Definition of Stroke 

Stroke is a cerebrovascular injury that, at the most basic level, can be explained by 

dividing it into two types, namely ischemic stroke and hemorrhagic stroke. Ischemic stroke 

happens when a blood vessel in the brain gets obstructed by the build-up of plaque, preventing 

the flow of blood to the brain cells. While hemorrhagic stroke occurs when a weakened blood 

vessel in the brain ruptures. In both types of stroke, the blood which carries oxygen and nutrients 

cannot pass through the injured blood vessel causing brain cells to die [1]. Surprisingly a large 

population of people is affected by stroke. Each year, 795,000 people experience a stroke in the 

U.S. [2].  The drastic effects of stroke on the body depend mainly on the location of the injury 

and the severity level of brain injury. But, the consequences can range from an inability to move 

a body part to the death of a person. To assess the severity level of stroke, many healthcare 

professionals have adopted the National Institutes of Health Stroke Scale (NHSS) to quantify the 

level of impairment caused by stroke [3]. The NHSS assesses eight different abilities of the body 

a scale between 0-4 [3].  The results from this scale, along with several other information 

collected from the vitals of the patient, help the physician in creating a rehabilitation program 

that is specific for the patient. 

Furthermore, stroke can also be classified into stages that give an insight into the period 

that the patient has passed since the stroke injury. These include acute (less than one month), 

subacute (between one and six months), and chronic (more than six months) stroke[4]. This 

classification is essential as each stage of stroke requires a different combination of rehabilitation 

techniques to ensure a smooth full recovery for the patient. It is important to note that most 
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stroke patients will have some paralysis immediately after stroke. This paralysis, in many 

patients, could be lost hand motor functions or a full arm paralysis. It has been reported that 

around 80% of patients who experienced acute stroke, also experienced arm hemiparesis [5].  

Some of these stroke patients experienced only hand paresis and not necessarily a full arm 

hemiparesis. Therefore, to narrow down the targeted population for this project, this project 

works on facilitating a better and safer recovery for stroke patients with hand paresis on a single 

side of the body.  

Isolated hand paresis can happen due to a stroke that leads to an infarction in the cortical 

“hand knob” region of the brain [6].  This can be seen physically as an inability to flex or extend 

the fingers of the affected hand, but most importantly, the unseen biological effect of stroke 

where the neuromuscular connections controlling the affected hand are damaged. By going 

through appropriate rehabilitation that helps in improving this neuromuscular connection in the 

brain, there is a very high chance for such stroke patients to recover back the lost hand motor 

functions.  

1.2 Rehabilitation Post Stroke 

The effects of stroke are severe at the acute stage and gradually improves over time. 

However, it is well known that the fastest recovery occurs in the first three-month post-injury 

[7].  The goal of any rehabilitation program is to utilize this period and work on improving 

coordination, strength, and range of motion (ROM) in the parietal hand [4]. One type of therapy 

that is often chosen by medical professionals is the repetitive task practice (RTP) therapy, where 

the patient repeats simple movements that are necessary for activities of daily 

living (e.g., opening and closing the hand) [4]. RTP exercises induce neuroplasticity in the brain, 

an intrinsic property of the nervous system, to start strengthening, pruning, or adding synaptic 
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connections and promote neurogenesis to improve hand motor functions in these specific hand 

movements [8].  

The repetitive movement exercises can be classified into unilateral and bilateral 

exercises. Most of the repetitive task exercises used in clinical therapy are unilateral, where the 

parietal hand is the only active part of the body performing the exercise [9]. These exercises 

include repetitive opening and closing of the hand [10], grasping, and moving objects from one 

place to another. In addition, thumb opposition exercises are also performed to enhance grasping 

capabilities. Two of the well-known tests that are used to evaluate and sometimes to exercise 

thumb opposition are the Kapandji Test and the box and Block test. The Kapandji test evaluates 

the thumb range of motion by testing its ability to reach and touch eleven different locations in 

the parietal hand, as shown in Figure 1A [11]. Whereas, the box and block test exercises thumb 

opposition by allowing the patient to move as many wooden blocks from one compartment of the 

box to the other in a specified duration of time (Figure 1B) [10]. With time and practice, a 

healthy hand motor recovery would improve the range of motion of the thumb and the fingers in 

these exercises/tests. 

 

Figure 1: (A) Eleven different locations the thumb needs to reach during the Kapandji test. (B) 

Box and block test.  
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On the other hand of RTP exercises is the bilateral hand training exercises. These involve 

the use of a healthy hand to promote recovery in the weakened limb through the inter-limb 

coupling effect [9]. This effect happens when the patient performs symmetric bilateral tasks, 

encouraging the activation of both the right and left cerebral hemispheres during an exercise. As 

compared to unilateral training, researchers found that a rehabilitation program that consists of 

both unilateral and bilateral hand exercises can lead to better rehabilitation outcomes [12]. 

Although rehabilitation outcomes differ significantly from one patient to another, performing 

exercises that involve the activation of both cerebral hemispheres can encourage faster 

neurogenesis. Besides, many of the activities of daily living require the use of both hands. For 

instance, taking a shower, buttoning or unbuttoning a shirt, and carrying large objects, all require 

the use of both hands. Thus, it is crucial to improve the coordination of the parietal hand as it 

works with the other healthy hand in achieving a task. 

Often, stroke patients can have very little control over their finger movements. Therefore, 

an external assistive force is needed for the patients to perform the rehabilitation exercises. In 

clinics, this assistive force can be provided by a physiotherapist or hand exoskeletons. However, 

the process of going to a clinic can be costly and slow as the patients try to find rehabilitation 

sessions that are close to each other for better outcomes [13]. While many robotic hand 

exoskeletons and gloves are used in clinics, they can be created to be portable and facilitate at 

home-rehabilitation. At home-rehabilitation using an assistive device will help in increasing the 

dosage of RTP that all stroke patients with lost hand motor function need.  Besides, assistive 

hand exoskeletons can be designed to help in tracking the recovery of the patient, and also 

encourage the patient in performing the tasks assigned [13]. In addition, clinical studies have 
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shown that stroke patients who received assistance from a robotic device have seen better 

outcomes as compared to those who did not use an assistive device [13].  

1.3 Robot-Assisted Therapy 

Robot assistive devices used in therapy mainly provide passive, active-assisted, or active 

resistive movements to the hand [4]. In the case of passive robots, the robot is designed to 

provide stability to the parietal hand during an exercise. In active assistance, a robot is used to 

assist in bending and flexion of the fingers actively. Whereas, active resistive robots, mainly 

provide resistance to the movement of the fingers, which works on increasing strength and 

coordination in the fingers. This fundamental objective-based classification of assistive robots 

provides a general understanding of the different ways an assistive device can be used during 

rehabilitation. However, not all robots and technologies are applicable to be used with all stroke 

patients. Since as discussed in the previous section, the best rehabilitation technique depends on 

the type and effects of the stroke injury. Since robots are simply tools used to implement the 

different treatment theories, it is important to back up a step and understand the different types of 

rehabilitation theories as they relate to different stroke patients. 

A multiple systemic review on the different rehabilitation techniques and technologies 

used to encourage motor function recovery proposed a decision tree that used three 

characteristics of stroke injury to determine a patient-specific set of exercises for recovery [4]. 

These stroke injury characteristics include, stage of stroke (acute, subacute, and chronic), the 

level of hand movement (present or absent), and spasticity level (high or low) [4]. In this tree, 

acute stroke patients who have a partial residual control over the parietal hand are encouraged to 

perform constraint-induced training exercises, muscle strengthening exercises, and mirror 

therapy. These exercises follow two main rehabilitation theories, which include the 
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neurodevelopment theory and the motor learning therapy. The neurodevelopment theory, also 

called the Bobath concept, focuses on improving muscle tone and movement patterns [14]. It 

inspired strategies, such as continuous passive motion and constraint-induced therapy [14]. On 

the other hand, the motor learning theory has inspired active training exercises that involve 

multiple user feedback, such as motor imagery and neuro-feedback. On the other hand, for 

chronic stroke patients who have no hand movement control to perform the same strategies 

mentioned above can incorporate virtual reality, transcranial magnetic stimulation (rTMS), and 

transcranial direct current stimulation (tDCS) as adjuvant therapy to enhance recovery. Figure 2 

below was created to summarize the connection between the rehabilitation theories and their 

implementation to improve rehabilitation outcomes for stroke patients. In this figure, the 

rehabilitation theories are implemented through specific rehabilitation exercises using assistive 

robots as tools to assist the patient in performing the exercises.  

 

Figure 2: A basic summary chart simplifying the implementation of neuro-rehabilitation starting 

from the rehabilitation theories that are implemented through the rehabilitation exercises with the 

help of the assistive robots which are used by the patient. 
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Regardless of the type of robot and the technology used to enhance rehabilitation, a key 

factor for better outcomes is daily practice of the parietal limb [14]. Over the years, robotic 

exoskeletons have been greatly developed to supplement traditional physical therapy [14]. This 

lead to the improvement of the hardware and software of assistive devices such that they can 

administer the right training paradigm to help improve rehabilitation outcomes. However, to 

understand how these robots are designed, it is important to go back and understand the 

kinematics and range of motion of the fingers that sets the main design requirements for these 

robots.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Kinematics and Range of Motion of the Fingers 

The creation of a successful hand exoskeleton/ glove depends greatly on a thorough 

understanding of the range of motion of the fingers and the kinematics of the hand. By looking 

into the anatomy of the hand, it can be seen that in each finger, there is a distal phalangeal, 

middle phalangeal, proximal phalangeal, and a metacarpal, except the thumb which does not 

have a middle phalangeal (Figure 1). All the fingers (i.e., index, middle, ring, and little fingers) 

have 4 degrees of freedom. Three degrees of freedom are for flexion/extension at each of the 

three joints in the finger (i.e., distal interphalangeal-DIP, proximal interphalangeal-PIP, and 

metacarpophalangeal-MCP), and the fourth degree of freedom is for adduction and abduction 

[15]. The thumb, however, has three joints (interphalangeal-IP, metacarpophalangeal-

MCP, and trapeziometacarpal-TMC joints). Flexion/extension at the IP and MCP joints, and 

there are 2 DOFs for the TMC joint, which are for flexion/extension and adduction/abduction 

[15]. During full flexion of the fingers, two things happen, rotation at the joints (bending motion) 

and stretching of the skin on the dorsal side of the hand [28].  

 
Figure 3: (A) Anatomy of the hand. (B) Anatomical directions labeling of the hand. 
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To design a safe patient-specific hand exoskeleton, it is essential to conduct a range of 

motion study on the patient’s hand to quantify the bending angles at each joint and amount of 

skin extension. One way this could be done is by using an electromagnetic (EM) tracking 

system, with small EM tracking sensors mounted on the tips of the fingers, the joints of each 

finger, and the wrist [16]. In this study, the patient is allowed to close and open his/her fingers. 

During the study, the motion of the fingers is continuously tracked by an EM tracking system, 

and joints’ angles are recorded. These angles can be used to determine the sum of flexion angles 

in each finger and the rotation angle (a combination of flexion/extension and 

adduction/abduction) in the case of the thumb. Throughout the years, many researchers have 

studied the fingers range of motion from several groups of people with varying fingers length. 

Their data lead to abundance in the information related to hand ROM. Table 1 below was created 

using information collected from [15], [16] and [17] to provide an easy reference and 

understanding on hand ROM. This table lists each finger with their respective joints, total 

degrees of freedom, and the sum of the bending joint angles. More details on individual joint 

flexion/extension angles and adduction/abduction angles can be found in [17]. Besides joint 

angles and degrees of freedom, Table 2 shows the different types of joints present in each finger, 

their respective degrees of freedom, and the type of movement they can perform. The 

information from these two tables will help in creating a control algorithm for the assistive 

device that will make it safe for the patient to use. In other words, to create a control algorithm 

that will ensure that the device will not cause an injury to the patient, for instance, by moving the 

fingers beyond their range of motion limits. 
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TABLE 1 

 

1SUMMARY OF THE HUMAN HAND FINGERS WITH THEIR RESPECTIVE JOINTS, 

TOTAL DEGREES OF FREEDOM AND SUM OF FLEXION JOINT ANGLES  

 

Fingers  Joints   Total DOF  Sum of flexion 

joint angles  

Index  DIP, PIP, MCP   4  280°-290°  

Middle  DIP, PIP, MCP   4  280°-290°  

Ring  DIP, PIP, MCP   4  290°-300°  

Little  DIP, PIP, MCP   4  300°  

Thumb  IP, MCP and TMC  5  200° - 250°  

 

  
TABLE 2 

2FINGER JOINTS AND THEIR RESPECTIVE TYPE, DOF, AND MOVEMENT 

CAPABILITIES. 

 

Joints  Type of joint  DOF  Action  

DIP  Bicondylar Joint  1  Flexion/Extension  

PIP  Bicondylar Joint  1  Flexion/Extension  

IP (only in thumb)  Bicondylar Joint  1  Flexion/Extension  

MCP  Condylar Joint  2  Flexion/Extension and 

Adduction/Abduction  

CMC Plane Joint 1 Flexion/Exension 

TMC  Sellar Joint  2  Flexion/Extension and 

Adduction/Abduction  
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Furthermore, in rehabilitation, it is important to take into consideration few other things, 

such as the amount of force required to actuate the fingers, speed of finger actuation to ensure 

appropriate rehabilitation, and the weight of the glove or exoskeleton that would not be 

cumbersome for the user. According to Polygerinos et al., the force required to manipulate 

objects of daily living is 10-15 N [18]. Moreover, one of the main goals of hand rehabilitation is 

to maximize the number of repetitions and the effort from the patient [19]. Therefore, 

considering the speed of finger actuation is very important. The speed of actuation has to allow 

the user to perform normal rehabilitation exercises or ADLs depending on the user's needs from 

the exoskeleton [18]. Polygerinos et al. approximated that 30 cycles of finger open-close 

motion are sufficient for performing repetitive flexion/extension exercises [18]. In addition, the 

weight of any hand exoskeleton should not exceed 0.5 kg, while the weight of the 

electromechanical system used to actuate the fingers should not exceed 3 kg [18]. Otherwise, 

using the hand exoskeleton will be a cumbersome task, and patients will not be encouraged to 

use it for at home-rehabilitation, for instance. 

Last but not least, is the importance of considering the safeness of the glove during its use 

in rehabilitation. Besides creating a control algorithm that will not allow the exoskeleton to move 

past the fingers’ range of motion, the mechanical design of the glove has to be designed in a way 

to be easy to put on and get off the hand when the hand goes faulty [18]. All of the points 

mentioned in this paragraph are crucial for the appropriate choice of design requirements for a 

robotic hand exoskeleton/device. It is now important to start analyzing the different kinds of 

hand exoskeleton designs that were proposed in literature.  
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2.2 Hand Rehabilitation Robots Classification 

The mechanical design of robotic hand exoskeleton can be divided into three different 

criterias as proposed in [14], the robot type, method of actuation, method of force transmission, 

and method of control used. The robot type can be classified as either an end effector robot or an 

exoskeleton. An end effector robot is a robot that is used to apply assistive or resistive force at 

the distal end of the fingers, such as in [20]. They can be considered as exoskeleton devices. 

However, the term exoskeleton often indicates a wearable robot that fits on top of the hand. 

Looking more into the design of robotic hand exoskeletons, they can be further classified 

based on the type of actuation. This simply refers to the electronics used to actuate the end-

effector of the robot. The most widely used actuators are electrical motors [21], pneumatic and 

hydraulic actuators [14]. Effective electrical actuators must be coupled with good mechanical 

actuators. These are the end effector devices that generate enough forces to move the fingers 

appropriately. The main types of force transmitting mechanical actuators used in literature can be 

divided to rigid and soft mechanical actuators. Rigid actuators can be composed of linkages [22], 

cables [23] or both linkages and cables [24]. Whereas, soft actuators can be composed of tendon-

driven gloves, and fluidic elastomer actuators driven gloves. 

Finally, the last crucial element in the design of hand exoskeletons is the method of 

control and human-machine interface. The method of control will be further discussed in later 

sections, however, for any control system to be successful, the choice of appropriate and reliable 

sensors is of utmost importance. Sensors provide information on the state of the device and user 

intent which is used by the controller to control the device such that it meets user requirements. 

Throughout the years, sensors such as flex and force sensors were used to detect the bending 

angle of the fingers and force applied by the fingers on an object, respectively, to control the 
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actuation of the device.   These sensors detect physical signals from the surroundings. On the 

other hand, there are sensors that collect biological signals such as the electroencephalogram 

(EEG), and surface electromyography (sEMG) sensors can be used to detect human intent and 

control the robotic device [14]. Regardless of the type of sensors an assistive device use, the 

success of a device depends also on a reliable mechanical hardware that transmits the necessary 

forces to move the fingers when required. 

 

Figure 4: A high-level overview map showing the four main elements in hand exoskeletons 

design and their divisions. 

 

Traditional hand rehabilitation robots were mainly made up of rigid links and joints. 

These types of robots have proven to have high durability, efficiency, and they can be accurately 

and reliably controlled. However, these robots tend to be bulky, heavy, and sometimes reduce the 

natural movement of the hand due to the highly controlled system applied on the hand [25]. In 

addition, many of these robots require the alignment of the linkage’s center of rotation with that 



14 

 

of the joint’s. Therefore, misalignment will not only affect the movement of the hand but can 

also cause injuries to the hand. Finally, compared to soft robots, discussed further in section 2.3, 

they pose a higher risk of injury due to the rigid nature of the robot. Considering all these 

disadvantages, the motivation for using soft hand exoskeleton systems in rehabilitation stems 

from the need to improve human-robot interactions and to allow patients to perform more natural 

movements with the assistive device. 

2.3 Mechanical Design of Soft Hand Exoskeleton Systems 

During the last decade, multiple soft robotic hand exoskeletons were developed to be 

used as rehabilitative, or assistive devices for patients who lost their hand motor functions. The 

main goal was to improve human-robot interactions such that the device is safe and, at the same 

time, comply with the rehabilitation exercises required for the patient. This section reviews the 

different technologies of soft hand exoskeletons in terms of their mechanical design. Rigid 

robotic hand exoskeleton were excluded from this study as not only there have been multiple 

review articles present in literature that discussed them, such as in [15], but also their designs 

will not serve the purpose of understanding the objective of this project.  

One way to classify soft hand exoskeletons is by looking into the actuation method (or 

driving force) used in controlling the human parietal fingers. Therefore, throughout this review, 

the word “actuator” is used to describe the end-effector that actuates the human fingers and not 

the electrical actuators. Two types of actuators were studied, tendon-driven actuators (section 

2.3.1) and fluidic elastomer actuators (section 2.3.2). In each section, a short introduction about 

the design and the materials used for each actuator is provided. This will be followed by a 

discussion on examples of existing gloves in literature that implements the specific type of 

actuator being discussed. For easier understanding of those two sections, Table 2 and Table 3 
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was created to highlight fourteen different soft robotic gloves from the year 2012-2019. These 

were analyzed based on the degrees of freedom they can provide in each finger, their weight, the 

motor unit used (including pumps), pneumatic pressure required to actuate the fingers, and 

output force achieved. This is a short list of gloves that were chosen based on the uniqueness of 

their designs and classified based on the two actuation methods mentioned.  

2.3.1 Tendon-Driven Systems 

Inspired by the human fingers, tendon driven systems were designed to mimic the role of 

the tendons in controlling the movement of the fingers. In these systems, the exoskeleton of the 

soft robot is usually a wearable glove, and in the glove there are tendons that originate from an 

electrical control unit and extend all the way to the tips of the fingers. The tendons are often 

made of soft material, such as Kevlar thread, that are strong and flexible. In the glove, these 

tendons are guided through a special routing guide on the glove to route the tendons such that the 

flexion and extension force transmissions are maximized and appropriate control of the parietal 

fingers can be achieved. Several ways of creating these guides have been proposed in literature, 

but normally the guides for the tendons are designed to go through the dorsal side or the palmar 

side of the glove, ending at the distal end of the fingers, such that they allow the tendons to assist 

and not hinder the ability of flexion and extension of the fingers when tension is applied. The 

movement of the tendons (or tension) is normally controlled by an electrical control unit that 

consists of electrical motors, pulleys and electrical circuit board. In this control system, the 

tendons are attached to the pulleys which are controlled by the rotation of the motors. Rotation of 

the pulleys can lead to either flexion or extension of the fingers based on the tendon routing in 

the fingers. From here, the theme of challenges that can be faced during the use of tendon-driven 

gloves can be expected.  
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As will be discussed, the challenges mainly revolve around friction between the cable and 

the guide created for the cable, derailment of the tendon while the motor tries to extend and flex 

the fingers, and the inaccurate routing of the cables due to different hand dimensions. Table 3 

analyzes six different tendon-driven gloves based on their weight, degrees of freedom achieved 

in each finger, the motor unit used, and force outputs achieved by the glove. These gloves are 

listed in chronological order from the years 2012-2019 and chosen to highlight some of the 

problems with tendon-driven gloves and some of the proposed solutions in literature.  

TABLE 3 

3SIX TENDON-DRIVEN SOFT ROBOTIC GLOVE ANALYZED BASED ON THE 

DEGREES OF FREEDOM THEY CAN ACHIEVE, OUTPUT FORCE, WEIGHT AND 

ELECTRICAL ACTUATOR USED. 

 

References  Year Image DOF (in 

each 

finger) 

Force 

Output 

Motor 

Unit  

Weight Rehabilitat

ive or 

Assistive 

Nilsson et. 

al. [26] 

2012 

 
 

1  20 N (3-4 

N added 

force.) 

  

Falhalber 

DC motor 

700 

g (Total 

weight: 

Power Uni

t + glove ) 

 

Rehabilitat

ive 

Delph et. 

al. [27] 

2013 

 

1 15 N Grip 

Force 

Servo 

motors 

13.2 lbs (el

ectronics 

only) 

Rehabilitat

ive 

Kang et. 

al. [28] 

2016 

 

1 29.5 N, 

grasping a 

75 mm 

cylinder  

Two 

Motors 

(DCX22, 

24V, 20W, 

Maxon) 

1.63 kg 

electronics 

only 

Assistive 
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TABLE 3 (continued) 

References  Year Image DOF (in 

each 

finger) 

Force 

Output 

Motor 

Unit  

Weight Rehabilitat

ive or 

Assistive 

Mohamma

di et. al. 

[29] 

2018 

 

1 22 N pinch 

force, 48 

N grasping 

force 

4 micro 

DC motors 

(Pololu 

Micro 

Metal 

Gear 

motors, 

gear boxes 

(298:1) 

 

330 g 

(glove + 

electronics

) 

Both 

Yi et. al. 

[30] 

2018 

 

1 40 N 

finger tip 

force 

Soft 

bidirection

al Linear 

actuator 

and soft 

orifice 

valves 

Glove 

only: <50 

g 

 

Both 

Gerez al. 

[31] 

2019 

 

1 Pinch 

grasp: 8.9 

N, Power 

grasp 14.3 

N 

Smart 

Motor 

(Dynamixe

l XM430-

W350-R) 

562 g 

(glove + 

electronics

) 

 

 

 

Assistive 

 

The glove in [26] was proposed as a three-finger glove (thumb, middle and ring fingers) 

to improve grasping capabilities and assist in neurological rehabilitation. In this glove, the 

tendons were made up of Dyneema Composite Fabric (DCF) and Teflon (PTFE). The choice of 

using this type of cable was made to lower, at a small level, the friction between the textile 

(glove) and the tendon wires during flexion and extension. Each of the three fingers were 

controlled by a brushed DC motor (Falhalber DC motor) that controls the tension in the tendons. 

The total weight of the glove, including the control unit was 700 grams and the glove was 

capable of assisting a hand in producing a grasping force of 20 N. Although it provided high 
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grasping capabilities, this glove was one of the early gloves that reiterated the issue of friction 

between the wire and the glove when tension is applied, which affects the forces being applied 

on the fingers.  

In an attempt to reduce friction between the tendon and the glove, an approach was taken 

in [27] to use a Bowden cable system that passes through 3D printed guides mounted on the 

palmar and dorsal sides of the gloves. In this glove, the tendons took the shape of a Bowden 

cable system that is composed of a Kevlar thread housed in a polyethylene tubing. The 3D 

printed guides were mounted on the mid-way of each phalanx to ensure that the cable is moving 

along flexion/extension axis of rotation. The guides mounted on the glove’s dorsal side allowed 

the tendons to control extension of the fingers, while, the guides mounted on the palmar side 

controlled flexion of the fingers. Each finger was controlled by a servo motor that had a custom-

designed spool where the Kevlar thread is wrapped around. The rotation of a servo motor on one 

side produced a flexion movement in a finger, while a rotation on the other side produced 

extension movement on a finger. With this system, the glove was capable of assisting a hand in 

producing a grasping force of 15 N. While the glove served the assistive purpose it was designed 

for, their choice of using 3D printed guides to be mounted on the palmar side of the glove might 

interfere with the user sense of touch when using the glove to grasp different objects. 

Therefore, in [32], a different approach was taken to solve the cable friction issue. 

However, this time the approach is not related to changing something in the hardware, but 

manipulating the software, specifically the controller system. Their approach lead to the 

development of a position-based impedance controller for the glove to eliminate the friction 

force coming from the antagonistic wire which allows for better control over the position of the 
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fingers, and it reduces the chances of tendon derailment from the spool/pulley by maintaining a 

taut tendon near the spool.     

So far the gloves created were a fabric based glove. However, when a glove is used in a 

multiple user environment, the transfer of diseases might be encouraged from a patient to another 

patient as they wear and use the glove. Therefore, to allow for sanitization between users, an 

assistive polymer based-tendon driven glove in [28] was designed to assist the index, middle and 

thumb fingers in performing ADL. The glove was made up of silicone (KE-1300T, Shinetsu) and 

it has embedded Teflon tubes for the wire to pass through. To reduce the chances of tendon 

derailment, a slack prevention mechanism was implemented for the DC motors to better control 

the extension and flexion of the fingers. The assistive grasping capabilities of the glove was 

tested using a mat-type pressure sensor that was wrapped around a 50 mm, 75 mm, and 100 mm 

cylinders and the resultant forces obtained were 20.4 N, 29.5 N and 18.8 N, respectively. 

Similarly, the Exo-glove in [29] is a soft glove that was 3D printed out of silicon. However, the 

glove was designed to act as a guide for the tendons and extension/flexion of the fingers was 

controlled by a DC gear motor. 

Another attempt to reduce tendon derailment besides using the slack prevention method 

proposed in [28] a one-way clutch system and an idle roller, in [33], were used to avoid 

derailment of the wire from the spool as well as to eliminate pretension of the antagonist wire 

when the antagonist wire is being pulled. Additionally, to reduce friction during the transmission 

of forces between the tendon and the fingers, a Teflon coated steel Bowden cables were used as 

tendons. However, the works of both [28] and [33] did not address or eliminate the friction 

forces inside the Bowden cables which affects significantly the actuation performance.  
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The last glove to be discussed, in this section, utilized a different type of actuator than the 

typical DC motor to control the movement of the tendons. In [30], the authors designed a tendon- 

driven 3D printed soft glove that is controlled by a pneumatically driven system that consisting 

of bidirectional linear soft actuators that uses bellows and soft orifice. With this system they 

were able to achieve high output force (40 N) with low actuation pressure (60 kPa).  

All the tendon-driven gloves discussed in this section were capable in supporting the 

hand during grasping movements. However, the use of tendon-driven gloves, especially those 

where the tendons that control the flexion of the fingers pass through the palmar side of the hand 

can interfere with the human sensation of the object being grasped. In addition, many of these 

proposed gloves did not show how the glove can support a hand in grasping an object. From a 

logical perspective, when the glove supports the hand in grasping an apple, for instance, there 

will be an increased frictional force on the palmar tendons due to the force being applied on the 

palm from the apple. If this force is not taken into consideration, the support of the glove to the 

hand will only be valid when the palm is not involved during the grasp of an object. Due to this 

reason and the other tendon-driven glove design challenges discusses in this section, researchers 

started looking into alternatives to provide actuation of the fingers from the dorsal side of the 

hand only, while still using a robotic device. This lead to exploring the feasibility of using fluidic 

elastomer actuators in assisting the flexion and extension of the fingers. 
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2.3.2 Fluidic Elastomer Actuators (FEA’s)  

Fluidic Elastomer Actuators, also called Elastic inflatable actuators (EIA’s), are actuators 

made up of elastomers that have low elastic modulus, large strains, and toughness [34, 25]. 

These elastomers are usually silicone rubbers that have an elastic modulus ranging between 

10^5-10^7 Pa [34]. Usually, the actuators are designed to have an inflatable chamber or void so 

that they can be actuated upon pressurization by a fluid (i.e., liquid, or gas). Hence, the phrase 

“Fluidic Elastomer Actuators” indicates a mechanical actuator whose body is made up of an 

elastomer and controlled by the pressure of a fluid. The motivation for using such kind of 

actuators is that they can be designed to support flexion and extension of the fingers while the 

actuator is mounted on the dorsal side of the hand which gives more freedom for the user to 

interact more with the object being grasped. An advantage that could be a major limitation in 

tendon-driven gloves, as discussed earlier. These kinds of actuators behave like rigid hand 

exoskeletons (RHE) that are made up of joints and links, while overcoming many of the 

disadvantages that RHE possessed. 

Compared to rigid robotic hand exoskeletons, the emergence of fluidic elastomer 

actuators (FEA) driven soft robots has opened new ways to improve human-robot interaction by 

introducing the idea of mechanical compliance and softness in robots [35]. This is to say that 

robots can be mechanically designed to comply with the softness of the objects that they are 

interacting with. Mechanical compliance in rigid robots is controlled mainly by the software 

intelligence provided on the robot [34]. However, for soft robots, the primary method of control 

is through their hardware designs, which determine their motion path, level of compliance, and 

level of softness [34]. Therefore, the use of soft robots will not only increase the chances of 
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having robots that can safely interact with humans but also reduce the sophistication of the 

electronic control system and thus their cost [25, 34-36].  

Based on the mechanical design of these actuators, many different kinds of motion can be 

created, such as bending, extension, twisting, compression, etc. [34]. To achieve these kinds of 

motion, FEAs mechanical design structures are often anisotropic by materials or asymmetric by 

geometry [34]. An actuator that is anisotropic by materials means that the actuator is made up of 

layers of two or more materials, each with a different modulus of elasticity. This way, when the 

actuator is pressurized, the layer with a higher modulus of elasticity acts as a strain limiting 

layer, meaning it will not stretch as much as the layer with lower modulus of elasticity. 

Meanwhile, the layer with a lower modulus of elasticity will radially budge as a normal reaction 

to the increase of pressure inside the actuator which causes the actuator to create a bending 

movement towards the side with larger modulus of elasticity (Figure 5). Furthermore, bending 

motion could also happen by introducing partial eccentricity throughout the axial cross-section of 

the actuator. This way, if the actuator is fabricated from only one type of homogeneous silicone, 

the regions where the actuator wall is thin will have low stretching resistance, while the regions 

with thicker walls will have higher stretching resistance and act as a strain limiting layer. 

Therefore, a bending movement happens towards the side with higher stretching resistance upon 

inflation [34]. Researchers often utilize both asymmetry methods (i.e. material anisotropy and 

geometry asymmetry) in their actuator designs to have better control over the behavior of the 

actuator [34].  
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Figure 5: Material anisotropy and geometry asymmetry as two techniques used to create motion 

in fluidic elastomer actuators. 

 

By using this concept, researchers, throughout this last decade, have created many soft 

robotic hand exoskeletons to be used as rehabilitative, or assistive devices for patients who lost 

their hand motor functions. Table 4 lists in a chronological order eight different designs of soft 

robotic gloves proposed in literature from the years 2013 – 2019, and analyzes them based on 

their weight, degrees of freedom achieved in each finger, the pressure required to actuate the 

finger, the actuator type and force outputs achieved by the glove. These gloves were chosen to 

highlight the evolution of soft robotic gloves, and discuss the capabilities of different kinds of 

soft actuators proposed in literature. Unlike in section 2.3.1, the discussion following Table 4 is 

divided based on different soft actuator types proposed in literature and their capabilities when 

used to create a soft robotic glove. 
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TABLE 4 

4SOFT ROBOTIC GLOVE ANALYZED BASED ON THE DEGREES OF FREEDOM THEY 

CAN ACHIEVE, OUTPUT FORCE, WEIGHT, ACTUATION PRESSURE AND ACTUATOR 

TYPE. 

 

Referenc

es  

Year Image DOF (in 

each 

finger) 

Force 

Output 

Pneumat

ically 

(P) or 

Hydraul

icaly 

(H) 

actuated 

Pressure 

Required  

Weight Actuator 

Type 

Rehabili

tative 

(R) or 

Assistiv

e (A) 

Polygerin

os et. al. 

[37] 

2013 

 
 

1 

(Controlle

d flexion, 

passive 

extension) 

1.21 N 

for index 

finger  

P 43 kPa 160 

grams  

Elastosil 

M4601 

(FEA) 

R 

Polygerin

os et. al. 

[38] 

2015 

 

1 

(Controlle

d flexion, 

passive 

extension) 

8 N H 345 kPa 285 g 

(glove 

only), 

weight of 

belt pack 

(3.3 kg) 

Fiber 

reinforced 

Elastosil 

M4601 

(FEA) 

R 

Zhao et. 

al. [39] 

2016 

 

1 5 N (tip 

force) 

P 

  

270 kPa 

 

- Elastosil 

M4601 

(FEA) 

R, A 

Yap et. 

al. [40] 

2016 

 

1 (actively 

controlled 

extension) 

4.25 N.m 

(full 

actuation 

happens 

in <1 

sec) 

P 100 kPa 150 g 

(without 

the 

control 

system I 

guess) 

  

Electrostati

c 

Discharge 

(ESD) 

Plastic 

Sheets 

R (for 

people 

with 

clenched 

fist 

deformit

y) 

Yap et. 

al. [41] 

2017 

 

1 (actively 

controlled 

flexion 

and 

passively 

controlled 

extension) 

 

9.12 N 

(flexion) 

and 4.5 

N 

(extensio

n) 

P 120 kPa 

 

Glove: ~ 

180 g 

Control 

System: 

1.26 kg 

 

 

 

Fabric 

reinforced 

soft 

actuators 

(FEA) 

A 
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TABLE 4 (continued) 

Cappello 

et. al. 

[42] 

2018 

 

1 (actively 

controlled 

extension 

and 

flexion) 

15 N 

Grip 

Force 

(full 

grasp) 

P 172 kPa 

 

Gove: 77 

g 

Fabric 

based soft 

actuator 

A 

Jiang et. 

al. [43] 

2018 

 

2 (flex 

and 

extend 

PIP and 

MCP 

joints 

independe

ntly) 

11.27 N 

Tip force 

 

  

P 250 kPa 

 

 

Glove: 

~280 g 

Combinatio

n of both 

Tendon 

Driven and 

FEAs. 

R 

Heung et. 

al. [44] 

2019 

 

1 

Controlled 

flexion, 

Active 

Extension 

 

 

 P 200 kPa 207 g Fiber 

reinforced 

actuator 

with torque 

compensati

ng layer 

made of A2 

stainless 

steel 

A 

 

One of the first FEA actuator designs to be used in a rehabilitative glove is the pneumatic 

network (PneuNet) actuator. This actuator utilizes materials of different modulus of elasticities to 

create a bending motion [37]. The body of the actuator is made of a hyper-elastic material (Elastosil 

M4601 A/B Wacker Chemie AG, Germany) and a rectangular piece of paper is embedded at the 

bottom of the actuator to act as a strain limiting layer [37]. Therefore, it can be seen that this 

actuator utilizes the concept of material anisotropy in creating a bending motion in the actuator. 

Upon inflation, a bending motion is achieved due to the expansion of the top layer (silicon), while 

the bottom layer’s extension is constrained due to the elasticity properties of the paper, which is 

larger than that of the silicon. However, to support the full flexion (closure) of the fingers, the 
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actuator should not only bend at each joint but also extend to count for the offset distance created 

by the skin extension.  

With this in mind, Polygerinos et al. developed multi-segment soft actuators that have 

extending and bending segments using the fiber-reinforced actuators [38]. Unlike Pneunets, this 

actuator uses two inextensible materials. These were, woven fiberglass attached at the bottom of 

the actuator and Kevlar fibers wrapped around the actuator body to restrain radial expansion when 

the actuator is pressurized. Depending on the way the Kevlar fiber was wrapped around the 

actuator, four different classes of motion can be achieved by the actuator. These motions include 

bend, bend-twist, extend and extend-twist motions [38, 18]. Bending and extending segments were 

created in all the fingers and a twisting segment was added to the thumb to fully support the range 

of motion of all the fingers. The glove was controlled using a hydraulic pump and valve system 

that allowed the actuator to achieve a maximum tip force of 8N at a hydraulic pressure of 345 kPa 

[38]. All the electronics were mounted in a belt pack to reduce the weight applied on the hand. The 

weight of the glove was 285 g, while the weight of the belt pack was 3.3 kg. The glove was 

successful in supporting the hand to create different grasping postures. However, the pressure 

required to bend the actuators was significantly large which not only increases the cost of 

electronics needed to control this glove but also raises questions on the safeness of the device.  

To enhance bending capabilities, while reducing required operating pressure compared to 

fiber-reinforced soft-actuators, Yap et al. have designed a fabric-reinforced pneumatic actuator 

that has a corrugated top fabric layer [41].  When the actuator is pressurized, the fabric layer is 

unfolded to limit radial expansion. This eliminated the use of fibers as a way to limit radial 

expansion and helped in achieving a higher maximum tip force (9.12 N) at a lower pressure (120 

kPa) [41]. Unlike the fiber-reinforced actuators which had a non-stretchable strain limiting layer, 
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they integrated an elastic fabric layer (with a modulus of elasticity of 0.5 N/mm) at the bottom of 

the actuator to allow for bending and extension motion to happen in the fingers [41]. Another 

benefit of incorporating the elastic fabric layer was that it enhanced finger extension due to its 

elastic recoil properties, which is very useful for patients with high flexor tone or spasticity 

(Modified Ashworth Scale > 2) who cannot extend their fingers passively without being assisted 

by an external force [41]. In fact, the use of a stretchable elastic fabric allowed the soft actuator to 

generate 4.5 N of extension force [41].   

Expanding on this work, Heung et al., in [44], had a goal of enhancing extension forces in 

FEA actuators which is normally created when the actuator deflates as a passive movement. They 

studied the effect of using a torque compensating layer (i.e., A2 stainless steel plates) attached at 

the bottom of a fiber-reinforced actuators, made up of Dragon Skin 30 material, to act as a strain 

limiting layer. This lead to the development of a double segmented soft-elastic composite actuator 

that controls finger flexion and assists finger extension [44].  

So far, the actuator bodies of the discussed actuators were made up of hyper-elastic 

materials such as Elastosil M4601 or Dragon Skin 30. By utilizing the concept of material 

anisotropy and geometrical anisotropy, researchers were able to create actuators made up different 

materials that are capable of creating bending or extension movement upon pressurization. One of 

the very famous examples is the McKibben pneumatic artificial muscle (PAM) actuators, which 

were studied as possible actuators for assistive and rehabilitative gloves. This type of actuators 

were invented by Joseph L. Mckibben in the 1950s and were inspired by the movement of the 

human muscles, PAMs. These muscles consist of a braided mesh that covers an inner inflatable 

bladder. The muscles are clamped in both ends so that when the inner bladder is pressurized, radial 

expansion happens, causing contraction of the muscles. The authors in [45] created an assistive 
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glove based on PAM actuators. They attached an inextensible layer to the bottom side of the 

actuators to be able to create a bending instead of a contraction motion from the actuators (Figure 

6). This pneumatically driven glove was able to achieve an assisting force of 17 N at a pressure of 

4 bars (~400 kPa) [45]. 

 

Figure 6: Mckibben pneumatic actuators [45]. 

 

All these previous actuator designs and gloves provide a controlled flexion movement to 

the paretic fingers, by means of pressure exerted from a fluid (gas or liquid). However, the 

extension behavior of these fingers was mainly passive that is dependent on the elastic recoil 

properties of the strain limiting layer and the glove material.   

A rehabilitative glove that provides active extension was designed in [40] for stroke 

patients with clenched fist deformity to assist in opening their fingers. To do that, they used 

inflatable plastic actuators, which are composed of two electrostatic discharge (ESD) plastic sheets 

bonded together by a heat sealer [40]. When inflated, the plastic actuator stiffens and straightens 

to provide finger extension.   
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Whether the purpose of the glove created is to operate as an assistive or rehabilitative 

device, it is it is important for the hardware to be coupled with the right control system that utilizes 

appropriate sensors so that actuation of the soft actuators facilitates the purpose the actuator was 

designed for.  

2.4 Control of FEAs 

For soft actuators that are pneumatically or hydraulically driven, many researchers have 

implemented a low-level control system to control the pressure inside the actuator. These were 

mainly pump-valve systems that are used to control the inlet and outlet flow of fluid inside the 

soft actuator. To better understand how these systems are controlled, this section can be looked 

at from a fluid flow (mechanical) perspective and from a feedback control (electrical) 

perspective. A good understanding of both perspectives in controlling the bending behavior of an 

FEA will result in a reliable control system for the actuator. 

From the fluid flow perspective, a fluid (gas, or liquid) generator is used to supply fluid 

and increase the pressure inside the actuator. The fluid flow is controlled by a system of valves 

that are connected to the pressure generator. In literature, binary (on/off) solenoid valves were 

often used to control the inlet and outlet flow of fluid inside the actuator [38, 39, 41]. For 

instance, five three-way normally closed valves were used in [41] to control the pneumatic 

pressure inside the actuator, such that when the valve is on, the actuator inflates and when the 

valve is off the air inside the actuator leaves to the atmosphere (actuator deflates). Therefore, to 

achieve the desired bending angle and output force from an actuator, it is crucial to appropriately 

control the state of the valves, which will only happen by utilizing appropriate sensors that can 

provide information about the pressure inside the actuator, or bending behavior when increasing 

the pressure. 
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This leads to one of the most crucial elements in the electrical control systems of FEA 

that is feedback control. In [40-42, 45, 37], pressure sensors were used to provide feedback on 

the pressure inside the actuator. Other researchers also explored the use of commercial non-

stretchable flex and force sensors to detect the bending angle and force applied by the actuator 

[45]. These non-stretchable sensors were often attached to the bottom side of the soft actuator to 

act as strain limiting layers. However, this method of embedding the sensor inside the soft 

actuator had one disadvantage over the actuator’s behavior. Mainly, they prevented the actuator 

from creating any type of motion, except for bending. Therefore, actuators that utilize these 

sensors might not support the extension of the skin from the dorsal side during flexion of the 

fingers, for instance. 

To increase the range of motion capabilities of FEA actuators, researchers explored the 

use of stretchable sensors inside the actuators as better alternatives to non-stretchable sensors. 

This way a sensor will be integrated inside the FEA actuator while not impeding the movement 

of the actuator by any means. Stretchable sensors are often made up of low moduli material 

(range 10^5 Pa – 10^6 Pa) that has embedded microfluidic channels filled with conductive metal 

liquid (such as Eutectic Indium Gallium alloy or EGaln) [35]. When the soft robot is stretched, 

the sensor measures the change in resistance of the metal liquid, which can be used to evaluate 

strain. Soft lithography has been a widely used technique in creating these sensors not only 

because of its ability to create the micro-sized fluidic channels, but also in creating multiple 

layers of these channels to detect strain, curvature, and force from the actuators [35, 46]. A more 

comprehensive analysis of proprioceptive sensing in soft robotic actuators can be found in [46].  

The data collected from these sensors are used in a feedback controller that has one main 

goal of minimizing the error between the desired signal (pressure or bending angle signal) and 
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the measured signal from the sensor, while meeting the design requirements assigned (i.e. 

acceptable steady-state error, overshoot, undershoot, etc.). In literature, various feedback 

controllers have been used, such as PID [41], sliding mode controller (SMC) [38], and state 

machine controller, to regulate the pressure inside the actuator. These systems calculate an error 

value by comparing the measured pressure value from the sensor to a predefined desired pressure 

value (reference pressure) and work on minimizing this error. Choosing the reference pressure 

value is key in these systems, and choosing it is based on the bending angle desired by the 

actuators. This can be found both empirically [38], through experiments by manually changing 

the input pressure until the desired bending angle is achieved, or analytically through modeling 

and studying the pressure vs. bending angle behavior (which requires verification empirically).   

The last and most crucial part of the control systems of assistive robotic gloves is to 

detect the user intent in flexing and extending the fingers. For most of the soft robotic gloves 

analyzed, on/off buttons were used to activate different fingers and achieve different grasping 

postures. Although it is a simple control method and very reliable in controlling the movement of 

the actuators, it is always better to have a proportional control over the soft robot through 

biological signals from the body. Many researchers have used features extracted from biological 

signals using devices such as surface electromyography (sEMG), electroencephalography (EEG) 

and electrooculography (EOG) in controlling the assistive gloves. For instance, Polygerinos et. 

al. designed an open-loop sEMG control system to control three states of the actuators namely, 

flexion, extension and holding of air/fluid inside the actuator [47]. The sEMG electrodes were 

placed on the flexor digitorium and extensor digitorium muscles to detect the gross muscular 

activity in them and use this information in controlling the actuators of the glove. Prior to 

performing a task, switches were used to activate a preselected group of actuators that are needed 
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for performing the task. Then, the sEMG electrodes are used to detect muscle activity to flex or 

extend these preselected actuators. 

Yap et al. have improved this control design by using the same open-loop sEMG control 

method, but instead of using switches to pre-activate the desired actuators, they used radio-

frequency identification techniques (RFID) sensor and tags to serve as non-physical switches in 

controlling the activation of the actuators [48]. However, patients with neuromuscular diseases, 

such as stroke, have weak muscle activities, which makes it sometimes hard to classify different 

gestures [49]. Based on this, Zhang et al. have designed a multimodal human-machine interface 

that uses eye movements (EOG signals), hand gestures (EMG signals), and motor imagery (EEG 

signals) to control the glove [49]. Each of the three signals has its own disadvantages when used 

alone in controlling the glove. However, when used together, they can achieve more hand 

grasping postures and reduce chances of misclassification [49]. For instance, electrooculography 

(EOG) signals can be used to record eye movement. However, over time, patients eye could 

potentially get dry or fatigued. Therefore, a control algorithm based solely on EOG signals might 

not be a reliable option in controlling the glove for long term usage. Similarly, changes in the 

EEG signals while the patient is thinking of performing a task could not be used independently in 

controlling the soft glove due to insufficient spatial resolution in controlling individual fingers 

[49]. In [50] a control system that uses binocular eye-tracking to detect and distinguish voluntary 

winks from involuntary blinks have been designed to aid in grasping. This was compared to 

alternative control methods such as speech and EMG control. The results showed that wink 

control had better results in terms of feature classification and user satisfaction [50].   
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Figure 7: Summary high-level overview of soft actuators’ feedback control  

 

CHAPTER 3 

METHODS AND MATERIALS 

3.1 Modeling of the Soft Robotic Actuator (SRAs) 

Modeling the soft robotic actuators is very important in understanding how changes in 

the mechanical design/geometrical parameters of the actuator could affect its bending behavior 

and force outputs with respect to changes in the input pressure. This information gives an 

understanding on how to optimize the actuator design parameters to achieve the requirements set 

for the actuator.  

By saying design parameters of the actuator, it means the main mechanical parameters 

which can be divided into material properties of the elastomer used to make up the soft actuator 

and the geometry dimensions of the actuator. An example of a crucial material property of 
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elastomers is their hardness which is measured using the Shore A hardness scale. A large shore 

A hardness value would represent a stiffer and a harder material to stretch compared to a lower 

shore A hardness elastomer. On the other hand, the geometry of the actuator includes all the 

geometrical aspects such as the outer (obvious) dimensions and the inner (hidden) dimensions of 

the actuator. The outer or obvious dimensions include height, width and length of the actuator. In 

many applications, the value of these parameters is constrained by the application space. For 

instance, when designing a soft robotic glove, the width of the soft actuators should be less than 

or close to the width of the human finger. Otherwise, there will be undesired friction between the 

movement of adjacent actuators, which will affect the efficiency at which the parietal fingers are 

actuated. The other dimensions are the inner dimensions, which basically describes the 

measurements of the pneumatic chamber, height of the pneumatic chamber from the axis of 

rotation, wall thickness between the outer wall of the actuator and the pneumatic chamber, etc.  

Besides geometrical parameters, it is also essential to consider the cross-sectional shape 

of the actuator as it plays a factor on the bending resistance of the actuator. In literature, soft 

actuators took many shapes which include semicircular actuators [38, 41, 51], rectangular 

actuators [44, 52], and circular actuators [45, 53]. In [54], a bending stiffness analysis was done 

to compare the bending stiffness of the mentioned three different cross-sectional shapes of the 

actuator when they are pressurized to achieve a 360-degree angle. This analysis concluded that 

an actuator with a semicircular cross-sectional area has the least bending resistance compared to 

the rectangular and full circular cross-sectional regions [54].  In other words, the semicircular 

actuator requires less pressure to achieve a 360-degree bending angle compared to the other 

cross-sectional areas. All these actuators had a constant cross-sectional area along the length of 

the actuator. 
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On the other hand, there are publications on actuators with increasing cross-sectional 

dimensions throughout the axial length of the actuator. For instance, in [55], a soft robotic hand 

design was proposed with actuators that have a decreasing rectangular cross-section across the 

length of the actuator. But regardless of the actuator shape, any changes in the elastomer or 

geometrical parameters of the soft actuators will produce a different bending behavior from the 

actuator. 

This section describes three different methods that can be used in finding the design 

parameter values that will yield the best performances. Namely, the empirical method (section 

3.1.1), analytical method (section 3.1.2), and finite element analysis (FEA) (section 3.1.3). The 

focus in these sections is on a single actuator. However, a more comprehensive discussion on the 

glove design requirements, the actual shape, and dimensions of the actuator used for the 

proposed soft robotic glove can be found in section 3.2.   

3.1.1 Empirical Methods 

In the empirical method, an initial design of the actuator is created based on prior 

knowledge of previous designs of soft actuators proposed in literature and an understanding of 

their bending performances. After creating an initial design of the actuator, testing of this 

actuator is performed practically with an open-loop control system to observe the performance of 

the actuator in terms of force outputs and bending angle with respect to input pressure. This 

initial design is normally followed by several other design iterations that are created to 

understand how changes in the design parameters could affect the actuator behavior.  

As described, the empirical method can be thought of as a “trial and error” method of 

finding the right actuator parameters that meets performance requirements. While this method 

has a major advantage of physically observing the behavior of the actuator without spending time 
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trying to model the non-linearities of the actuator analytically, it can also come with a 

disadvantage. This disadvantage is the cost associated with the trial and error process such as, 

material costs. But, if the cost or abundance of the elastomer is not an issue, the empirical 

method is a good method of identifying the required design parameters. However, if the material 

and fabrication process costs are not an issue, then the two modeling methods (i.e. analytical 

method and FEA) can be taken into consideration. 

3.1.2 Analytical Methods 

For the Analytical Methods, many researchers have used the Euler-Bernoulli’s beam 

theory as a model to estimate the bending behavior and output forces from a soft actuator [34]. 

This theory describes the linear bending behavior of a beam when subjected to an axial load. 

Figure 8 below shows a typical behavior of a bending beam when subjected to a downward force 

at the end of a beam. On one side of the beam there is compression and on the other side there is 

tension. Equation 1 below is the Euler beam’s  equation  

 

Figure 8: Linear bending behavior of the beam 
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The Euler beam equation can be expressed as 

 
𝑑2𝑤

𝑑𝑥2
=

𝑀

𝐸𝐼
 (1) 

Where 
𝑑2𝑤

𝑑𝑥2   is the double derivative of the deflection 𝑤 at a point x along the longitudinal axis of 

the beam, 𝑀 is the bending moment due to a load F,  𝐸 is the modulus of elasticity of the beam, 

and 𝐼 is the moment of inertia of the beam’s cross-sectional area.  

In the case of a soft robotic actuator, it can be thought of as a thick-walled pressure 

vessel. When it is pressurized, an axial, circumferential and radial stresses are applied around its 

walls.  However, the wall of this pressure vessel (soft actuator) is made up of a hyper-elastic 

material that exhibits a non-linear stress-strain relationship graph. In other words, the modulus of 

elasticity E is not a constant value anymore. Therefore, the first step in modeling the bending 

behavior of the actuator is to understand the stress-strain relationship of the elastomer that makes 

up the body of the actuator. This relationship can be obtained from a uniaxial compression and 

tensile test experiment on a specimen of the used elastomer. Once the stress-strain relationship 

graph/data is obtained, it can be fitted to a hyper-elastic constitutive model such as Yeoh, 

Mooney-Rivlin, Neo-Hookean, Ogden, etc. [34, 56].  All these hyper-elastic models can describe 

the volumetric deformation of a hyperelastic material if the correct estimation of the material 

parameters is made [58]. These models are functions of the strain energy density (𝑊) of the 

material that depends on the strain tensor invariants (𝐼1, 𝐼2, 𝐼3) and material constants that are 

specific to the tested hyper-elastic material [56]. Each of the three strain tensor invariants can be 

described as a function of the three (axial, circumferential and radial) principal stretch ratios 

(𝜆1, 𝜆2, 𝜆3) [54]. Whereas, the material constants are arbitrary values that are estimated after 

fitting the stress-strain graph to a hyper-elastic constitutive model [58].  
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For instance, to describe the mechanical behavior of a Dragon Skin 10 Medium material 

(Smooth-On inc.), a uniaxial tensile and compression test can be done on a specimen of this 

silicon. The resultant stress-strain graph can be fitted to a hyper-elastic model such as the Yeoh 

model [56]. Assuming that this material is nearly incompressible and isotropic, which is a valid 

assumption for rubber-like materials [57, 58]. The Yeoh model equation is expressed as [56] 

 

 𝑊 =  ∑ 𝐶𝑖(𝐼1 − 3)𝑖  =  𝐶1(𝐼1 − 3) + 𝐶2(𝐼1 − 3)2 + 𝐶3(𝐼1 − 3)3

3

𝑖=1

 (2) 

 

Where, 𝑊 is the strain-energy density, 𝐶𝑖  are the material constants, 𝐼1 is the first strain tensor 

invariant. The first strain tensor invariant is a function of the three principal stretch ratios which 

can be expressed as [56] 

 𝐼1 =  𝜆1
2 + 𝜆2

2 + 𝜆3
2 (3) 

 

Where 𝜆1 is a magnitude of the material stretch along the axial direction of the actuator, which 

can be denoted as λ [54]. Many actuator designs in literature incorporated additional strain 

limiting layers around the actuator body to limit its circumferential stretch. Therefore, it was 

often assumed that the stretch in the circumferential direction 𝜆2  is very small, and vanishes 

with time. Thus it can be equal to 1. For instance in [54, 44], 𝜆2 was assumed to be 1 due to the 

fiber reinforcement around the actuator that limited the stretch in the circumferential direction. In 

addition, due to the incompressibility assumption, the third strain tensor 𝐼3 is 1.  

 𝐼3 =  𝜆1𝜆2𝜆3 = 1 (4) 
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Thus, 𝜆3 can be expressed as 

 𝜆3 =
1

𝜆
 (5) 

 

The remaining unknowns in the strain energy density (𝑊) equation are the material 

constants (𝐶1, 𝐶2, 𝐶3). These material parameters are specific to the DS-10M material and can be 

found through fitting the stress-strain graph to the Yeoh model. Once all the parameters in the 

strain-energy density function are identified, the principal nominal stresses 𝜎𝑖 can be expressed 

as [54,56] 

 𝜎𝑖 =
𝜕𝑊

𝜕𝜆𝑖
−

1

𝜆𝑖
𝑝 (6) 

Where 𝑝 is the hydrostatic pressure or Lagrange multiplier [54, 56]. 

From the three (axial, circumferential and radial) principal nominal stresses, the bending 

moment for each principal nominal stress can be expressed as  

 𝑀𝜎𝑖
 = ∫ 𝜎𝑖𝑙 𝑑𝐴

𝐴

 ;       𝑤ℎ𝑒𝑟𝑒 𝑖 = 1, 2, 3 (7) 

Where 𝑀𝜎𝑖
is the moment produced from an internal principal stress 𝜎𝑖, 𝑙 is the length of the 

moment-arm from the chosen axis and ∫ 𝑙 𝑑𝐴
𝐴

 is the first moment of area that depends on the 

cross-sectional area where the stress is being applied [59]. The total bending moment of the soft 

actuator could be identified through the summation of all the moments produced from the three 

internal axial stresses on the actuator.  

 Mθ = 𝑀𝜎1
+ 𝑀𝜎2

+ 𝑀𝜎3
 (8) 

Where 𝑀𝜎𝑖
is the bending moment due to an internal principal stress (i.e. axial, circumferential, 

radial), Mθ is the bending moment at an angle θ (Figure 8) . It is important to note that each 
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internal principal stress (𝜎1, 𝜎2, 𝜎3) is a stress produced to resist expansion/movement of the 

actuator. These depend greatly on the elasticity behavior of the hyper-elastic material and the 

strain-limiting layer used on the actuator.  Therefore, at equilibrium, the moment due to the input 

pressure can be related to Mθ as 

 Mp = Mθ (9) 

Where Mp is the moment caused due to the input pressure which can be expressed as 

 𝑀𝑝  = ∫ 𝑃𝑖𝑛𝑙 𝑑𝐴

𝐴

 (10) 

Where 𝑃𝑖𝑛 is the input pressure, ∫ 𝑙 𝑑𝐴
𝐴

 is the first moment of area that depends on the actuator 

cross-sectional area, and 𝑙 is the length of the moment-arm from the chosen axis. 

These equations can be used in understanding the basic bending response of an actuator designed 

at a particular geometry [54]. A major weakness in this modeling method is that they do not take 

into consideration material interactions of the different material layers of the actuator [54]. A 

more accurate representation of the bending behavior from an actuator can be obtained through 

finite element analysis, but at a higher computational cost [54]. 

3.1.3 Finite Element Analysis (FEA) 

Many FEA programs such as Comsol Multiphysics, Abaqus, and Ansys can be used in 

modeling the dynamic non-linear behavior of the actuators when pressurized. Similar to the 

analytical model, the first step is to identify the hyper-elastic model and its material constants 

that best describes the mechanical behavior of the hyperelastic material used. From here, the 

software will combine information about the geometry of each layer in the actuator with their 

material properties to provide a visual representation of the global bending behavior of the 

actuator when pressurized. The advantage of using an FEA software is that different actuator 
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geometries can be tested in the program and the best actuator geometry can be identified and 

practically implemented. Another advantage of FEA programs is that they can be combined with 

design optimization algorithms that can let the program calculate the bending behavior of 

different actuator geometries and calculate the best actuator geometry that meets some pre-

defined design requirements [60].   

Until now, a high-level overview of the three different possible ways of predicting the 

bending behavior of a soft elastic actuator has been discussed. It is now important to start  

designing the five soft actuators that will be used for the soft robotic glove. 

3.2 Mechanical Design of the Five Soft Robotic Actuators (SRAs) 

The mechanical design of the soft robotic glove should meet some important design 

requirements that will significantly impact user willingness in using the device during 

rehabilitation. Based on the review done in Section 2.1 the glove should meet the following 

(mechanical) design requirements. First, the glove should be lightweight (< 0.5 kg), such that it 

is not cumbersome for the user while performing the rehabilitative exercises. Second, the soft 

actuators must be capable of providing enough flexion and extension forces that are high enough 

to overcome the varying joint stiffness present in the parietal hands of different stroke patients. 

Stiffness of the joints vary based on the severity level of stroke, and in some patients, a stroke 

injury could result in clenched fist disorders [40]. Therefore, the stroke population targeted in 

this project are patients who have difficulty flexing their parietal fingers. This way, the goal is to 

create a glove that is capable of creating higher flexion forces than extension forces. As 

discussed in Section 2.1, the flexion forces needed to manipulate objects of daily living is 

between 10-15 N. For rehabilitation, it is not important for the glove to reach such high forces, 

rather the glove should create forces around this range to assist the fingers during flexion and 
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extension in rehabilitation exercises. Last and foremost, the glove must be designed to support 

the range of motion of all the fingers. This includes taking into consideration the (approximately 

10 mm) extension of the skin that happens during flexion of the fingers. 

Besides these design requirements, the glove must show an improvement on the 

predecessor soft robotic glove designs proposed in literature. As discussed in Section 2.3.2, there 

are many areas that could be improved in the design of FEA driven soft robotic glove. Those 

areas include improvements in the required actuation pressure of the actuators, output flexion 

forces, weight of the glove, and fabrication time of the soft robotic glove. In this project, the goal 

is to design soft robotic actuators that can be quickly fabricated, can produce high flexion forces 

at lower operating pressures, and be lighter in weight as compared to existing designs of soft 

robotic gloves. 

This section is divided into two sections to cover all the aspects of the mechanical design 

and testing of the soft robotic glove. Section 3.2.1 covers the materials used and the fabrication 

process of the five soft robotic actuators. Section 3.2.2 covers the methods that will be used to 

evaluate the range of motion and output blocked tip-forces from the actuator. 

3.2.1 Design and Fabrication of SRAs  

All the soft robotic actuators were created using the soft lithography method. In this 

technique, liquid silicone is poured over three dimensional (3D) printed molds and allowed to 

cure to take the shape of the mold. To implement this technique, first, finger measurements from 

a medium-size right hand were taken. This consideration is important as one of the main design 

constraints is maintaining a width of the actuator to be less than or equal to the width of the 

finger to prevent friction between adjacent actuators during actuation.  
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The preliminary steps taken prior to the actual fabrication of the soft actuators consist of 

the preparation of the actuator molds and the materials that will make up the body of the 

actuator. These steps began with the creation of 3D molds SolidWorks® with dimensions similar 

to a medium hand size fingers. The molds are two-part molds, namely the actuator body mold 

and the pneumatic chamber rod. The body mold determines the shape of the actuator, while the 

pneumatic chamber rod determines the shape of the pneumatic void inside the actuator (Figure 

9). This mold design was inspired by previous designs proposed in [38, 41, 44]. The pneumatic 

chamber rod has a combined semi-circle and rectangle cross-section. This geometry was chosen 

as it provides a higher (first) moment of area compared to a semicircular or a rectangular cross-

section. As a result, the bending force produced by the actuator could be enhanced.  In addition, 

the actuator body mold was designed to have corrugated membranes as it was found in [41] that 

the addition of a corrugated membrane on the actuator can enhance the actuator’s bending 

capabilities when pressurized. After the molds were created in Solidworks®, they were 3D 

printed using poly-lactic acid (PLA) material. 

 

Figure 9: The design of the two-part mold created in SolidWorks®. 
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Two different materials were used to make up the body of the actuator. Dragon Skin 10 

Medium (DS10-M) (Smooth-On inc.) was chosen to be the hyper-elastic material used to make 

up the body of the soft actuator. This material was selected as it has a faster curing time and 

lower shore A hardness value (10 A) compared to the elastomers used in [38, 41, 44]. Using this 

material is beneficial as it will allow for faster fabrication of the soft actuator and reduced input 

pressure requirement to bend the actuator compared to other soft actuators that used elastomers 

with a higher shore A hardness. Reducing the soft actuator fabrication time has many benefits 

that make it a very important feature to have in the design process. First, it allows for fast 

prototyping, hence quick testing of different actuator geometries and dimensions. Second, it 

allows for faster fabrication of different soft robotic gloves’ sizes to suit varying hand 

dimensions (i.e., small, medium, and large glove sizes). Finally, it allows for a quick replacement 

of an actuator that fails due to reasons such as an uncontrolled high input pressure causing the 

actuator to burst. Besides, DS-10M has a lower resistance to stretch, which reduces the required 

input pressure to bend the actuator. Having, low-pressure driven soft actuators are very important 

as it increases the safeness of the glove usage. Besides DS-10M, a polyester interlock fabric was 

used as the strain-limiting layer attached at the bottom of the actuator. This type of fabric can 

stretch approximately 10 mm on one side, allowing the actuator to extend and bend, supporting 

skin extension on the dorsal side of the fingers during flexion.  

To fabricate the actuators, a weighing scale and a plastic cup were used to weigh equal 

amounts of the two parts (part A and part B) of the silicone. Both parts were mixed carefully in 

the cup with a plastic spoon. Then, the mixed liquid silicon was poured on the 3D printed molds. 

Immediately after pouring the silicone, a rectangular piece of fabric that was cut to the same 

length and width of the actuator was placed on top of the mold (Figure 10). The silicone was 
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allowed to cure for approximately 6 hours. After the silicone was cured, the two piece mold was 

separated from the cured soft actuator.  

 

Figure 10: Fabrication process of the soft robotic actuators. 

At this point, the soft actuator with the combined strain limiting layer has an open end. 

To close the proximal open end of the actuator, equal amounts of the two-part silicon were 

mixed and poured into a small cup. The actuators were held straight by another cup such that the 

open end is immersed halfway into the smaller cup filled with silicon (Figure 11). Once the 

actuator cured, the actuator was removed from the small cup, and the extra silicone around the 

actuator was cut and removed using scissors. Then, a small hole was drilled at the closed end for 

the pneumatic tubing to pass through. In this project, a 1/8 inch polyurethane rubber tubing 

(McMaster Inc.) was used.  
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Figure 11: Steps used in closing the proximal open end of the soft actuator. 

The current prototype of soft actuators has a width of 11 mm and a height of 14 mm 

(Figure 12). The length of the thumb, index, middle, ring, and little fingers are 135 mm, 150mm, 

160 mm, 150 mm and 135 mm, respectively. The thickness of the top and side walls (d and f, 

respectively) for all the actuators is 3 mm. Whereas, the wall thickness between the bottom of the 

pneumatic chamber and the bottom of the actuator (c) is 4 mm. The height of the corrugated 

membrane (e) is 3 mm. Finally, for the pneumatic chamber, the radius of the semicircle (a) is 2.5 

mm, while the length of the rectangle (b) is 1 mm. These dimensions were chosen empirically 

with the goal of having acceptable radial budging at a lower cost of required input pressure to 

bend the actuator. As it is mentioned in [41, 54], increasing the wall thickness inside the actuator 

will reduce radial budging when the actuator is pressurized, but with the cost of increasing the 

required input pressure to bend the actuator. 
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Figure 12: Dimensions of the five soft robotic actuator. 

 

In order to support the range of motion of the fingers, the four soft actuators that support 

the range of motion of the four fingers (i.e., index, middle, ring, and little fingers) must extend 

and bend while the thumb actuator must extend bend and twist. The combined extension and 

bending motion is mainly controlled by the elasticity of the strain limiting layer (i.e., fabric). 

When the actuator is pressurized, the actuator stretches from the top and side walls, while the 

bottom (fabric) layer stretches approximately 10 mm, allowing the actuator to create a combined 

bending and extension motion. In addition, it was found empirically that manipulating the side 

wall thickness (f) throughout the length of the actuator, as shown in figure 12, can help in 

controlling the bending direction of the actuator. For instance, if the designed actuator is required 

only to extend and bend which is crucial for the four fingers, the wall thickness must be exactly 

the same on both the sides of the actuator, as shown in Figure 13 A. This is done by controlling 
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the position of the pneumatic chamber rod in the molding process such that it is positioned 

perpendicular (at a 90-degree angle) with the vertical line (Figure 13 A). This way, when the 

actuator is pressurized, the side walls expand at the same volume causing the actuator to bend in 

the middle and not towards any side. However, to mimic the thumb range of motion, it is 

important to control the bending direction of the actuator. To do this, the pneumatic chamber rod 

can be tilted (approx. at a 1-degree angle) such that one side of the actuator has an increasing 

wall thickness while the other side has a decreasing wall thickness (Figure 13 B). This way, 

when the actuator is pressurized, the side with the reduced wall thickness will expand more than 

the side with increased wall thickness causing the actuator to bend towards the side with higher 

wall thickness. With the present dimensions of the proposed actuator, it was found that tilting the 

pneumatic chamber rod such that the wall thickness between the very end of the rod and side of 

the actuator is reduced by 1 mm will create a bending motion similar to that of the thumb finger.  

In [38], a method of controlling the bending direction of the actuator was proposed by 

wrapping an inextensible fiber around the actuator at a certain helical geometry. Their approach 

extends the fabrication time of the actuator even longer, as they are required to go through more 

molding stages to ensure proper alignment of the fiber around the actuator. Unlike the fiber-

reinforced soft actuators, the proposed method of controlling the bending direction of the soft 

actuator does not affect the fabrication time as it is all based on the right preparation of the two-

piece molds.  
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Figure 13: Controlling bending direction by changing the wall thickness on the sides of the 

actuator. 

 

Now that the actuator design and fabrication are discussed, it is very important to 

evaluate the mechanical behavior of the proposed soft actuators and be able to compare it to the 

performance of other soft robotic actuators in literature. Section 3.2.2 describes how the behavior 

of the actuator was analyzed based on its blocked tip force outputs and the capability of the glove 

in supporting the range of motion of the fingers. 

3.2.2 Evaluation of the Mechanical Behavior of the SRAs 

One way to study the bending capabilities of the soft robotic actuators is by analyzing 

their blocked tip force (BTF) outputs. In the BTF experiment, the goal is to measure forces 

produced at the tip of the actuator, while preventing the actuator from creating a bending motion 

when it is pressurized. To do this, the actuator is constrained by a top, and bottom flat platforms, 

and a load cell is placed under the distal tip of the actuator to measure the force produced at the 

tip when the actuator is pressurized. The objective of the top and bottom constraining platforms 
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is to prevent the actuator from bending. This simplifies the analytical modeling of this 

experiment, which helps in the initial prediction of the expected BTF outputs with respect to the 

input pressure. The BTF experiment has been widely used in literature [38, 41], and it was 

chosen in this project for easier comparison of the current actuator prototype’s BTF outputs to 

that of existing designs of soft robotic actuators. In this project, the BTF study was done in two 

stages. The first was the analytical modeling stage, which was used to predict the blocked tip 

force results for the current actuator geometry. The second was the testing stage, where an 

experimental setup was created to test the blocked-tip force outputs from the soft actuator 

practically. 

The BTF experiment can be analytically modeled with an understanding of the bending 

moments created inside the soft actuator when it is pressurized. Figure 14(A) shows a typical 

setup of a BTF experiment where there are a top and bottom constraining platforms used to 

prevent the actuator from bending, and a load cell used to measure the forces produced at the 

distal tip. On the other side of the figure, Figure 14(B), an axial cross-section of the actuator is 

shown with labeled dimensions.  

 

Figure 14: (A) BTF experimental setup showing the forces and moments applied on the soft 

actuator. (B) Axial cross-section of the actuator with labeled dimensions. 
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At equilibrium, the moment about point  𝑂 can be expressed as [41] 

 𝑀𝑃 = 𝑀𝑇 + 𝑀𝐵 + 𝑀𝐹 (11) 

 

Where 𝑀𝑃 is the bending moment due to the input pressure, 𝑀𝑇 is the moment created from the 

material resistance to stretch at the top layer of the actuator, 𝑀𝐵 is the moment created from the 

material resistance to stretch at the bottom layer of the actuator, and 𝑀𝐹 is the bending moment 

due to the force applied at the tip of the actuator on the load cell  (Figure 14 A) [41]. Since the 

top and bottom constraints prevent the actuator from bending, 𝑀𝑇 and 𝑀𝐵 become 

 𝑀𝑇 = 𝑀𝐵 = 0 (12) 

Whereas, the bending moment due to the perpendicular force applied at the tip of the actuator on 

the surface of the load cell can be expressed as 

 𝑀𝐹 = 𝐹 ∗ 𝐿𝐹 (13) 

 

The bending moment due to the input pressure, Mp, can be expressed as  

 𝑀𝑃  = 𝑃𝑖𝑛 ⋅ (2 ∫ (𝑎 sin 𝜃 + 𝑏 + 𝑐)𝑎2 cos 𝜃2

𝜋
2⁄

0

𝑑𝜃 + ∫ 2𝑎 (𝑦 + 𝑐)𝑑𝑦

𝑏

0

) (14) 

 

Where, ( 2 ∫ (𝑎 sin 𝜃 + 𝑏 + 𝑐)𝑎2 cos 𝜃2
𝜋

2⁄

0
𝑑𝜃 ) is the first moment of area for the semi-circular 

portion of the pneumatic chamber [54], and the ( ∫ 2𝑎 (𝑦 + 𝑐)𝑑𝑦
𝑏

0
 ) is the first moment of area 

for the rectangular portion of the pneumatic chamber [44]. 𝑀𝑃 can be expressed as  

 𝑀𝑃  = 𝑃𝑖𝑛 ⋅ (
4𝑎3 + 3𝜋𝑎2(𝑏 + 𝑐)

6
+ 𝑏2𝑎 + 2𝑎𝑏𝑐) (15) 
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In order to verify the output of equation 15, it was necessary to perform the practical part 

of the BTF test. To do this, a multipurpose testing platform was created to not only facilitate 

testing the BTF of individual soft actuators, but also test the ROM of all five actuators 

simultaneously while performing different grasping postures (figure 15). In addition, this 

platform provides a space to stabilize the electro-pneumatic system during any kind of testing. 

This is important because the pump often vibrates when it pumps air into the actuators. This 

vibration causes the pump to move and all the electro-pneumatic system attached to the pump to 

move, as well. The electro-pneumatic system mounted on the testing platform consists of a 

miniature diaphragm pneumatic pump (D861-22-01, Parker Hannifin, OH), five miniature 

solenoid valves (X-valve, Parker Hannifin, OH) and five pneumatic pressure sensors (MPX 5500 

DP) (Figure 15). These electro-pneumatic components were controlled by an Arduino Mega 

2560 microcontroller and two four-channel IRF540N MOSFET boards and were powered by a 

small portable 12-volt lithium-ion battery (Figure 15).  

 

Figure 15: Experimental setup for the blocked tip force experiment 
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The testing setup used for the BTF experiment is similar to that presented in [38, 41]. In 

this setup, a middle soft actuator finger was placed in between a top and bottom wooden 

platforms to constrain the bending motion of the actuator when it is pressurized (Figure 15). At 

the bottom of the distal tip of the actuator, a digital force gauge was used to measure the forces 

produced at the tip of the actuator. The pressure inside the actuator was controlled in this 

experiment using an open-loop control system. While, the wooden platform holds the full 

electro-pneumatic system needed to control the actuation of the five finger actuators, the open-

loop control system of the BTF experiment only used three of the electro-pneumatic components 

present there. These include the pneumatic pump, one solenoid valve, and one pressure sensor.  

In the BTF experiment, the actuator was allowed to inflate from 0-100 kPa. Once the 

pressure reaches this pressure, a battery switch was turned off to terminate the experiment. To 

monitor the pressure inside the actuator, Simulink/MATLAB® was used to communicate with 

the microcontroller, visualize the data produced from the pressure sensor, and save this data. The 

pressure sensor and output tip force data were recorded simultaneously. This open-loop 

experiment was repeated ten times, and an average tip force with respect to pressure input was 

created from the saved data.   

The BTF experiment is an open-loop experiment that helps in understanding the 

relationship between the forces produced at the tip of the actuator and the pressure inside the 

actuator. This relationship helps in understanding the actuator’s bending force capabilities. The 

information resulting from this experiment can help in better understanding the necessary 

changes that need to be made in the actuator geometry to produce the desired output force. From 

here, the next step is to move from the open-loop control system to creating a closed-loop control 

system that depends on user-intent in bending the five soft robotic actuators. 
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3.3 Electrical Control System of the Soft Robotic Glove (SRG) 

The main objective of the electrical control system is to not only facilitate rehabilitation 

of the parietal hand, but also reliably detect user intent and control the actuation of the soft 

robotic glove. To facilitate rehabilitation, it is important to remember that one of the main goals 

of rehabilitation is to maximize repetition and effort of the parietal hand [19]. This means the 

speed of finger actuation must be taken into consideration when designing the electrical control 

system for the soft robotic glove. As mentioned in [18], an actuation frequency of 0.5 Hz is 

sufficient for performing rehabilitation exercises. In addition, the overshoot and undershoot of 

the closed-loop system must be in an acceptable range that does not cause a visible shakiness in 

the finger. Finally, the control system must reliably detect user intent in moving the parietal 

fingers.  

There are many ways to detect user intent as discussed in Section 2.4. The goal of this 

project is to facilitate bilateral training of the parietal fingers. In other words, the electrical 

system must detect movement in the healthy hand and translate it to a similar movement in the 

parietal hand through the soft robotic glove. For this reason, flex sensors were chosen in this 

project to detect movement in the healthy fingers. This was done by attaching five flex sensors 

on top of a nylon glove that is worn on the healthy hand. A master-slave control system was 

created to detect movement in the healthy fingers and translate it into a similar actuation on the 

soft robotic glove. 

This method of detecting user intent must be coupled with a stable electropneumatic 

system to control the actuation of the soft robotic glove. There are two main objectives from the 

electropneumatic system. First, the system must be airtight and provide no leakage throughout 

the pneumatic line that starts from the air source (pump) and ends at the actuator. Second, the 
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system must provide enough high pressure that is capable of bending all the actuators up to a 

360-degree angle. 

To ensure that these requirements are met, this section is divided into two subsections. 

Section 3.3.1 lists the electropneumatic hardware used in this project and describes some of their 

important technical details. Section 3.3.2 discusses the control logic flowchart for the master-

slave control system and the platform used to create the code for the control system.  

3.3.1 Electrical and Electropneumatic Hardware 

The main goal of the electrical control system is to control the pressure inside the soft 

actuators of the soft robotic glove. Figure 16 A shows the flex sensor nylon glove that is used to 

detect the movement in the healthy fingers, and Figure 16 B shows the soft robotic glove that is 

worn on the parietal hand. 

 

Figure 16: (A) Flex sensor nylon glove. (B) Soft robotic nylon glove. 

The flex sensors used in this project were a 2.2-inch flexible non-stretchable sensors. 

These flex-sensors have an adhesive back surface that makes them easy to be mounted on top of 

the black nylon glove. As the healthy fingers bend, the resistance inside the flex sensors 

increases proportionally to the bending angle. The analog voltage produced from these sensors 
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can be read by a microcontroller such as the Atmega 2560 microcontroller using a simple voltage 

divider circuit. The Atmega 2560 microcontroller has a 10 bit analog to digital converter (ADC), 

which converts the analog voltage into a digital value between 0 and 1024. The converted analog 

to digital value is used to actuate or relax the soft-robotic glove. 

The electro-pneumatic hardware used to control the actuation of the soft robotic glove is 

very similar to that used in the BTF experiment. The only difference was instead of using the 

D861-22-01 pneumatic pump (Parker Hannifin, OH), a micro air pump (Keyukang Electronic 

Co.)  that is less expensive was used to reduce the cost of the electro-pneumatic system. This 

pump has an operating voltage of 12 V, a maximum pressure rating of 120 kPa, and can provide 

airflow at a rate of 8 L/min. The five miniature solenoid valves (X-valve, Parker Hannifin, OH) 

were used to control airflow into and out of the five soft actuators. These miniature valves are a 

three-way normally closed valves. This means that they have three ports where one port is an 

inlet, another port is an outlet to load, and the last port is an outlet to atmosphere. These valves 

were connected pneumatically in between the pump and the soft actuator, such that when they 

are energized, they let air pass into the actuator, and when de-energized, they let air out of the 

actuator (into the atmosphere) (Figure 17 B). In between the valve and the soft actuator is a 

pressure sensor (MPX 5500 DP) that provides information on the pressure inside the actuator 

(Figure 17). This pressure sensor has a pressure rating of  0-550 kPa, with a response time of 1 

millisecond, sensitivity of 9 mv/kPa, and an error of ± 2.5% [61]. When pressure increases 

inside the actuator, the output voltage from the pressure sensor increases linearly. The 

relationship between the output voltage and pressure inside the actuator can be expressed 

through a transfer function as [61] 

 𝑉𝑜𝑢𝑡 = 𝑉𝑆 (0.0018 𝑃 + 0.04)± 𝐸𝑟𝑟𝑜𝑟 (16) 
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Where 𝑉𝑜𝑢𝑡 is the output voltage from the pressure sensor, 𝑉𝑆 is 5V input voltage to the sensor, 

and 𝑃 is the measured pressure. 

 

Figure 17: (A) Pneumatic connection schematic of the soft robotic glove. (B) Practical 

implementation of the pneumatic connection schematic. 

To ensure that the pressure sensor is going to provide an accurate measurement of the 

pressure inside the actuator, the pressure sensors were calibrated, and their output pressure was 

compared simultaneously with a pressure gauge from a mini compressor (portable air 

compressor, Audew). This was an open-loop experiment where the mini compressor was used to 

pump air inside the actuator, and the pressure sensor was connected pneumatically in between 

the air compressor and the actuator (Figure 18). The digital pressure sensor was connected to a 

microcontroller (Arduino Mega 2560) that can supply 5V and is able to read the output voltage 

from the sensor. In the experiment, the compressor is turned on for approximately 2 seconds. 

This 2 second period corresponds to a full flexion movement from the actuator. During the 2 

seconds, two things are happening simultaneously. First, the microcontroller is reading output 

voltage changes from the digital pressure sensor. Using a Simulink/MATLAB code that 

communicates with the microcontroller in real-time, the output voltage readings are converted 
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into a pressure reading in kPa and are saved in a 2D  matrix format in MATLAB. Second, the 

reading from the pressure gauge of the compressor was recorded using a phone camera 

throughout the two seconds of the experiment. The video taken in the experiment was re-played 

in slow-motion and a pressure reading was noted in a paper every 20 milliseconds from the time 

the compressor was turned on.  

 

Figure 18: Testing setup used to calibrate the pressure sensors. 

 

After plotting the raw pressure vs time data on MATLAB, it was found that there was high 

frequency noise in the data with low amplitude as shown in Figure 19.  



59 

 

 

Figure 19: Frequency response of the raw data collected from the pressure sensor. 

 

Therefore, a low pass filter with a cut-off frequency at 5 Hz was created to remove the high 

frequency noise. The raw and processed pressure vs time data from the pressure sensor and the 

raw data from the gauge of the mini compressor were plotted in one graph as shown in Figure 

20. The graph shows that the MPX-550 DP pressure sensor has a very high accuracy in 

measuring the actual pressure inside the actuator when compared to mini compressor’s gauge 

pressure sensor reading.  
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Figure 20: Pressure with respect to time graph of the raw pressure sensor reading (kPa), 

processed pressure sensor reading, and the estimated pressure gauge reading. 

 

It is now important to control the on/off states of the pump and the valves. For this 

reason, two four-channel MOSFET boards that can be controlled by a PWM signal were used to 

control the input voltage from a 12 Volt lithium-ion battery going to the motors. Each MOSFET 

in the board controls the action of one of the six motors (i.e., the pump and five valves). Arduino 

Mega 2560 was used to control the MOSFETs int this project because it provides enough analog 

inputs (i.e., 16 analog inputs) for the ten sensors used in this project (i.e., five pressure sensors 

and five flex sensors). Figure 21 below shows the full assembly of the electro-pneumatic 

components along with the pair of gloves that the stroke patient will wear during rehabilitation. 
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Figure 21: Electopneumatic system. 

3.3.2 Master-Slave Control System 

The primary goal of the Master-Slave control system is to use the information from the 

flex-sensors (user intent) and the pressure sensors (bending behavior of the actuator) in providing 

an appropriate actuation in the soft robotic glove. By saying Master-Slave control, it is meant to 

mention a system where the output of an electrical device (Master) controls the behavior of 

another electrical device (Slave). In the case of this project, the “Master” device is the flex sensor 

glove, and the slave glove is the soft robotic glove. Where one flex sensor controls the actuation 

of its respective soft robotic actuator, on the other hand. For instance, if an index finger in the 

healthy hand starts bending, the respective parietal index finger on the other hand gets actuated. 
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To simplify the control logic, Figure 22 shows the control flowchart used for a single finger or 

actuator. 

 

Figure 22: Control system flow chart that works on utilizing data from the sensors to actuate a 

single actuator [63]. 

 

This flow chart shows a control system where the master glove is used to either turn 

on/off a closed-loop system designed for each actuator in the soft robotic glove. For instance,  if 

a finger in the user’s healthy hand is flexed and a particular threshold value is passed, this 

activates a closed-loop system of the respective finger in the parietal hand. As a result of flexing 

a healthy finger, the pump and the valve controlling the respective soft actuator in the parietal 

hand are turned on, allowing air to pass inside the actuator. As the pressure inside the actuator 

increases, the bending angle of the soft actuator increases. The pressure will keep increasing until 

a desired pressure reference value is reached. The desired reference pressure corresponds to the 

desired bending angle the actuator will achieve. A proportional-integral (PI) controller was used 

to maintain the bending angle or the pressure inside the actuator. The goal of the controller is to 

minimize the error between the measured pressure and the desired (reference) pressure value. It 

does that by controlling the on/off state of the valve while letting the pump remain in the on state 

to keep pumping air and support the actuation of other fingers if actuated. When the valve is on, 
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the actuator inflates, and when it is off, the actuator deflates. The controller works by switching 

the valve between the on/off states quickly to maintain the pressure inside the actuator. 

Electrically, this is done by sending an appropriate PWM value to the MOSFET, which controls 

the operating state of the valve. Once the flex sensor value becomes less than the chosen 

threshold value, the system is turned off. Figure 23 shows the closed-loop control system for the 

soft robotic glove that is activated by the master glove.  

 

 

Figure 23: Closed-loop control system used to control the soft robotic glove [63]. 

 

Controlling multiple fingers simultaneously to support a grasping posture follows the 

same logic as discussed in controlling a single finger. Figure 24 shows the full master-slave 

control system logic used to control all the actuators of the soft robotic glove. When comparing 

Figure 22 with Figure 24, it can be noticed that the only difference in the new control logic is the 

pump not being controlled by the PI controller, rather it is controlled directly by the flex sensor 

output value, where a higher value than a certain threshold would turn on the pump and vice 

versa to turn it off. This way, if a second finger in the master glove started flexing, the pump will 

remain turned on to support the bending of the respective finger in the slave glove. The PI 

controller controls the state of the valve associated with that soft actuator. For instance, if an 
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index finger in the master glove started actuating and two seconds later the middle finger in the 

same glove started actuating, the pump will remain on to support both fingers, and the bending 

angle of the two soft actuators is controlled by their respective valves. 

 

 

Figure 24: Master-slave control system flow chart to control all the fingers of the soft robotic 

glove 

 

This Master-Slave control system was coded in Simulink/MATLAB. This platform was 

chosen because it provides an easier interface to visualize multiple real-time output data from the 

sensors, as compared to the Arduino IDE platform. In addition, Simulink allows for fast real-
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time adjustment over the PI values of the controller. Similar to the Arduino IDE platform, 

Simulink communicates with the ATmega2560 microcontroller, using its own compiler that 

compiles the higher-level C++ code created in Simulink to a lower level Hex code that can be 

understood by the microcontroller.  
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CHAPTER 4 

RESULTS 

4.1 Mechanical Performance of the Soft Actuator 

The mechanical performance of the soft actuators can be assessed by looking into their blocked 

tip-force outputs (Section 4.1.1) and their range of motion (Section 4.1.2).   

4.1.1 Blocked-Tip Force Test 

The blocked tip force (BTF) experiment was performed on a single actuator (middle) finger 

actuator. This experiment was repeated ten times, and the average results of these trials were 

used to plot the blocked tip force outputs with respect to input pressure, as shown in Figure 25 

[62]. In addition, the analytical BTF results obtained from the model discussed in Section 3.2.2 

were also plotted in the same graph. Both the analytical and experiment results show an 

exponential increase in force with respect to the input pressure. As the pressure increases inside 

the actuator, the force produced at the tip increases[62]. While the analytical model predicted a 

higher maximum output force from the actuator, the actuator achieved a maximum force of 9.5 N 

at 99.5 kPa in the BTF experiment [62].  
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Figure 25: Analytical and experiment results of the blocked tip force outputs with respect to the 

input pressure [62].  

 

4.1.2 Range of Motion of the Soft Robotic Actuators 

As discussed previously, the main goal from designing a soft actuator is not only to create 

enough bending forces to bend a finger, but most importantly, support the range of motion of the 

fingers. The bending behavior of the soft actuators designed to support the range of motion of the 

four fingers (i.e. index, middle ring and little fingers) were tested. Figure 26 (A) shows the 

bending behavior of a little/pinky finger actuator. On the other hand, the soft actuator designed to 

support the range of motion of the thumb was tested and its bending behavior is shown in Figure 

26 (B). It can be seen that this actuator combines an extension, bending and twisting movements 

to mimic the typical bending behavior of the thumb. All the actuators were stitched on top of a 

glove and tested for their capability in supporting a full grasp movement (Figure 26 (D)). The 

weight of the soft robotic glove is 125 grams. 
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Figure 26: (A) Actuator supporting bending movement in the little finger. (B) Actuator creating a 

combined bend and twisting movement for the thumb. (C) Relaxed state of the glove. (D) Palmar 

grasp of the glove [62].  

 

4.2 Master-Slave Control System Behavior 

To understand the Master-Slave control system behavior, it is important to analyze the 

electrical response of the control system during actuation. Figure 27 shows the typical electrical 

response of the master-slave control system when one finger is actuated. In this case, the 

actuation of the index finger was studied. The figure tries to communicate the four different 

stages associated with a typical finger actuation. This, normally, starts with the finger being fully 

relaxed (extension). Then, finger flexion happens. This is followed by maintaining the bending 

angle for a certain period of time. Finally, the finger relaxes. There are two plots in the figure. 

The top figure shows the output of the flex sensor attached to the index finger on the master 

glove, while the bottom plot shows the output of the pressure sensor associated with the index 

soft actuator on the Slave glove.  
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Figure 27: Electrical response of the Master-Slave control system during the four stages of 

actuation. 

 

The experiments starts when both hands of the participant are in the relaxed state. A step 

input of 80 kPa is sent after a second from the start of the experiment to the PI controller. 

However, actuation of the index soft actuator does not start because the index flex sensor is 

relaxed, and its amplitude is below the index finger activation threshold value (950). At around 

2.6 seconds, the index finger in the master glove starts flexing, which increases the resistance 

inside the index flex sensor. This causes an increase in the analog voltage output of the flex 

sensor. At around 2.7 seconds, the converted analog voltage to digital value, using the 10 bit 

ADC of the Atmega 2560 microcontroller, passed a threshold value of 950. At this moment, the 

PI controller got activated, and it started working on minimizing the error between the step input 

and the measured pressure inside the actuator. Therefore, the PI controller turns on the pump and 

the valve controlling airflow to the index soft actuator. As a result, the actuator starts inflating 

and bending the parietal index finger. At around 4.7 seconds, the actuator has reached the desired 

input pressure of 80 kPa which corresponds to almost a full flexion of the fingers. At this point, 

the PI controller tries to maintain the pressure at 80 kPa. As a result, a consistent ripple of 



70 

 

overshoot and undershoot is observed. At around 12.4 seconds, the index finger in the master 

glove started relaxing, and the flex sensor amplitude value dropped below the threshold value at 

around 2.6 seconds. As a result, the PI controller turned off the valve controlling the soft actuator 

to release the air out of the actuator and extend the parietal finger.  

The electrical response of the master-slave control system was further studied while 

performing different grasping postures that require the actuation of two or more fingers, such as 

pinch grasp (Figure 28), tripod pinch grasp (Figure 29), and palmar grasp (Figure 30).  

 

Figure 28: Electrical response of the master-slave control system during a pinch grasp 

movement. The graphs are color coded for each finger for easier analysis of the effect of the flex-

sensor glove on the soft robotic glove. 

 

 Figure 28 shows the typical electrical response of the glove system as a person performs 

a bilateral pinch grasp movement with the glove. This figure shows the electrical activity in each 

finger of the flex sensor glove (left) and the respective electrical response behavior of the soft 

robotic glove actuators (right). The graphs are color-coded where light grey in both gloves 



71 

 

correspond to the electrical activity in the little/pinky fingers, light orange is for the ring fingers, 

light blue is for the middle fingers, light pink is for the index fingers, and light green is for the 

thumb fingers. During a bilateral pinch grasp movement, the thumb and index fingers in both 

hands are the only fingers that are moving, and the rest of the fingers are relaxed. It can be seen 

in the figure that at around 10 seconds from the start of the experiment the electrical amplitude of 

both the index and the thumb fingers started increasing and eventually surpassed the threshold 

value (blue line) assigned to activate (or deactivate) the thumb and index fingers in the soft 

robotic gloves. The remaining fingers in the flex sensor glove remained in a relaxed state. This 

can also be seen in the figure as the electrical signal in the middle, ring, and little fingers did not 

go beyond their activation threshold values. As a result of the movement created in the flex-

sensor glove, the index and thumb actuators on the soft robotic glove started to flex, and their PI 

controllers were activated. This is reflected in the electrical response of those two fingers where 

the pressure in both fingers started increasing at around 10 seconds, trying to reach the desired 

input pressure. The recorded (rise) time for the two actuators to reach full flexion is around 3 

seconds. In addition, a consistent ripple of overshoot and undershoot were observed in the 

system as the PI controller tried to track the desired input pressure. However, no physical 

shakiness was observed in the actuators.  
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Figure 29: Electrical response of the master-slave control system during a tripod pinch grasp 

movement. The graphs are color coded for each finger for easier analysis of the effect of the flex-

sensor glove on the soft robotic glove. 

 

 Similar to Figure 28, Figure 29 shows the electrical response of the glove system during a 

tripod pinch grasp movement. In this type of hand grasp, the index, middle, and thumb fingers 

are moving, while the ring and little fingers are relaxed. As shown in the figure, as the amplitude 

of the electrical signal for the thumb, index, and middle fingers in the flex sensor glove surpassed 

their predefined threshold values, the respective fingers in the soft robotic glove started 

actuating. The electrical response behavior of the actuators was very similar to that shown in 

Figure 27 and Figure 28, with very subtle differences in the degree of overshoot and undershoot. 

However, similar to the previously discussed figures (i.e., Figure 27 and Figure 28), there was no 

observable shakiness in the actuators. The recorded (rise) time for the two actuators to reach full 

flexion was around 4 seconds. 
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Figure 30: Electrical response of the master-slave control system during a palmar grasp 

movement. The graphs are color-coded for each finger for easier analysis of the effect of the 

flex-sensor glove on the soft robotic glove. 

 

The bilateral palmar grasp movement was the last grasping posture in which the electrical 

response of the system was studied. The response of the system exhibited very similar behaviors 

to the previously explained figures (i.e., Figures 27, 28, and 29). However, the only major 

difference was an increased delay for all the actuators to reach full flexion. A rise time of 5 

seconds was needed for each actuator to reach a full flexion angle.  

Finally, the glove system was tested on a healthy human subject. Figure 28 below shows 

the performance of the glove as the subject performs a pinch grasp, a tripod pinch grasp, and a 

full grasping posture (Figure 28).  
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Figure 31: (A) Pinch grasp. (B) Tripod pinch grasp. (C) Full grasp  
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CHAPTER 5 

DISCUSSION 

The results show that the soft robotic glove system was successful in meeting the design 

objectives of the project. These objectives can be divided into mechanical and electrical design 

objectives. From the mechanical perspective, the objectives were to design a soft robotic glove 

that can be quickly fabricated, produce high flexion forces at lower operating pressures and be 

lighter in weight as compared to existing designs of soft robotic gloves. From the electrical 

perspective, the soft robotic glove control system should facilitate bilateral training of the hands. 

To provide a good discussion over the obtained results, this section was broken down into two 

main subsections. Section 5.1 evaluates the mechanical performance of the actuators. Section 5.2 

discusses the electrical control system results and possible ways to improve it.   

5.1 Evaluation of the Mechanical Design of the Actuator 

5.1.1 Blocked Tip Force Experiment 

The blocked tip force results revealed an exponential increase in the output forces from 

the actuator’s tip with respect to the input pressure. This exponential increase is similar to the 

results obtained in [38, 41]. However, it is important to note that due to the low shore A hardness 

of the silicone used in making the proposed actuator, the bending behavior of the actuator is 

more sensitive to changes in the input pressure. Thus, the BTF results show a faster increase in 

the force output with smaller changes in pressure as compared to the results in [38, 41]. In 

addition, the soft actuator was successful in achieving higher blocked tip force outputs at lower 

pressures as compared to other soft actuator designs in literature (Table 5). 
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TABLE 5 

5 COMPARISON OF SOFT ROBOTIC GLOVES IN TERMS OF BLOCKED TIP FORCE, 

OPERATING PRESSURE, AND WEIGHT [62,63]. 

Soft Robotic Gloves Blocked Tip Force 

results (N) 

Operating Pressure 

(kPa) 

Weight of the glove 

(g) 

Proposed design [62] 9.5 99.5 128 

Polygerinos et al. [38] 8 345 285 

Yap et. al. [41] 9.12 120 180 

Jiang Y. [43] 11.27 250 280 

 

The analytical model provided a good approximation to the experimental BTF outputs. 

The main reason that contributed to the difference between the analytical and experimental BTF 

results was the weakness of the analytical model in considering radial budging of the actuator 

when being pressurized. More specifically, when the actuator is being pressurized, the radius of 

the semicircular section of the pneumatic chamber increases. However, in the analytical model, 

the radius 𝑎 was assumed to be constant as it was hard to model the nonlinear changes in the 

radius 𝑎 as the pressure increases.  

5.1.2 Bending Behavior of the Soft Actuators 

All the soft actuators were successful in supporting the full range of motion of the 

fingers. However, as the soft actuators were being pressurized, a considerable amount of radial 

budging was noticed. Normally, this expansion is equally distributed around the sides of the 

actuator. Since the soft robotic glove had two different types of actuators, equally distributed 

expansion around the sides of the actuators was true for actuators that provide a bending motion 

only. However, this radial budging was not equally distributed for the thumb actuator. This is 
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because one side of the thumb actuator has a reducing wall thickness, and the other side has an 

increasing wall thickness. More expansion happened on the side with reducing wall thickness, 

and less expansion happened in the side with increasing wall thickness. 

Although this radial budging did not affect the actuation of the parietal fingers, it might 

not be aesthetically pleasing to the user. This radial budging can be reduced by increasing the 

wall thickness of the actuators, which will increase the resistance of the actuators to stretch. 

However, this will increase the pressure input requirement to bend the actuators. Alternatively, a 

fabric layer that has a very limited amount of stretch (approx. 10 mm) could be wrapped around 

the lateral sides of the actuator to limit radial budging.  

5.2 Evaluation of the Electrical Design of the Actuator 

The master-slave control system was successful in meeting the design requirement 

assigned for the controller of the soft robotic glove. There are two design requirements that the 

controller had to meet. First, the actuation bandwidth should be around 0.5 Hz. From the graph 

shown in Figure 27, it can be seen that the actuator met this requirement as it took around 2 

seconds to achieve full flexion of the parietal finger. This can be seen in the figure as a rise time 

period that starts from approximately 2.7 seconds to 4.7 seconds. It is important to note that as 

more actuators are being activated, the time required for the actuators to achieve a full flexion 

angle increases. This is simply because more load is being added to the system. In fact, during a 

palmar grasp movement, all the actuators took approximately 5 seconds to achieve a full flexion 

angle. In order to reduce this rise time period, a pump with a higher pneumatic flow rate can be 

used instead of the current pump that supplies air at a rate of 8 L/min.   

The second design requirement was related to the overshoot and undershoot of the 

electrical system. While no percentages were assigned for acceptable deviation from the 
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reference pressure, the requirement was they had to be low such that no shakiness movement is 

observed in the parietal finger. This is because an overshoot or undershoot in the system 

indicates an increase or a decrease in the pressure inside the actuator, respectively. This, in turn, 

will increase or decrease the bending angle of the soft actuator. Hence, the parietal finger will be 

moving in an undesirable back, and forth behavior as the controller tries to track a reference step 

input pressure.  The ideal scenario from a controller would be controlling the valve such that the 

pressure inside the actuator reaches the desired pressure with a small overshoot and undershoot 

as possible and zero steady-state error.  

However, to some extent, these ideal electrical design requirements were not met by the 

controller. Figure 27 shows that as the PI controller tries to maintain the pressure inside the 

actuator, there was a consistent small (amplitude) ripple of overshoot and undershoot of pressure 

inside the actuator. This suggests that the controller failed to achieve a zero steady-state error as 

it tried to track the reference signal. This happened not because of weakness from the controller 

design, but due to a wrong choice of valve hardware. The valves used in this project were a 

miniature on/off solenoid valves (x-valves). These have an on/off response time of 20 

milliseconds (50 Hz) [64]. To control the pressure inside the actuators with on/off solenoid 

valves, the chosen valves must provide a higher response frequency than 50 Hz.  

This is because the PI controller (saturated between 0-255) is a proportional controller 

that works by sending a PWM duty cycle between 0 (0% duty cycle)  and 255 (100% duty cycle) 

to control the activity level of the valve.  Therefore, any valve used with this controller must be 

responsive to every value between 0 and 255. However, due to the on/off nature of the valves, 

they do not respond to any value other than 0as off or 255 as on. In addition, changing the PWM 

frequency will only change the PWM duty cycle threshold at which the valves turn on/off. For 
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instance, increasing the PWM frequency from the natural 450 Hz produced by the PWM pins in 

the Arduino Mega 2560 to 15000 Hz will only help the valves to turn on at a PWM duty cycle 

value less than 255, like 150. In fact, the effect of changing the PWM frequency on the behavior 

of the valves and the electrical response of the system was tested in MATLAB/Simulink. This 

was done by creating custom PWM blocks based on a C code in Simulink to communicate with 

the Atmega 2560 PWM pins. The creation of these custom blocks was necessary as the PWM 

blocks provided in the Arduino Simulink library allows the user to only control the PWM duty 

cycle, but not the PWM frequency. These blocks provide a PWM frequency of 490 Hz. On the 

other hand, the custom PWM blocks were created primarily to provide easy adjustments over the 

PWM frequency of the PWM pins in the microcontroller. Upon testing different PWM 

frequencies and their effect in improving the electrical response of the system, it was found that 

providing a PWM frequency around 50 Hz generated the least overshoot and undershoot from 

the system. This is expected because the response frequency of the x-valves is 50 Hz. 

Although changing the PWM frequency will not provide a zero-steady state error, there 

are two solutions that can achieve this. The first solution could be a change in the pump-valve 

pneumatic system such that two on/off  2-way normally closed valves are used to control air 

pressure inside the actuator. This system will provide a more accurate control over the air 

pressure inside the actuator as compared to using only one three-way normally closed solenoid 

valve (x-valve). However, this solution will increase the cost and the bulkiness of the system as 

ten on/off solenoid valves will be used in this case. Alternatively, a proportional solenoid valve 

could be used instead of the x-valves. The proportional valves will be responsive to every PWM 

duty cycle value produced from the PI controller. Hence, it will provide precise control over the 

pressure inside the actuators.  
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Besides not achieving a  zero steady-state error, the electrical system met all the design 

requirements set previously. This is because the degree of overshoot(increase in pressure) and 

undershoot (decrease in pressure), which is proportional to the bending force, did not provide a 

visible shakiness in the soft actuators or the parietal fingers. Three reasons might suggest why 

shakiness in the fingers was not observed. To begin with, the degree of overshoot and undershoot 

of the system were not high enough to overcome the stiffness in the joints of the fingers and 

cause them to move. This suggests that the mechanical system was more stable than the electrical 

system. In addition, looking carefully at the electrical response of the system (Figure 27), it can 

be seen that the degree of undershoot is higher than that of the overshoot. This means that as the 

controller tried to maintain the bending angle or bending force on the actuator, the extension 

forces are higher than the flexion forces. On the physical system, this was not observed because 

the actuator was designed to provide higher flexion forces than extension forces. In other words, 

the soft actuator was designed to produce a higher bending force and angle on the actuator with a 

small increase in pressure, while produce small extension forces at larger reduction in pressure. 

Finally, the material used in the fabrication of the soft actuators made the actuator’s strain more 

responsive to small changes in pressure [63]. These strains were allocated more on the radial 

budging of the actuator as compared to more flexion forces [63].  
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CHAPTER 6 

CONCLUSION 

This research project proposes a design of a soft robotic glove that can facilitate bilateral 

training in stroke rehabilitation. The objective was to create a lighter weight soft robotic glove 

that can be quickly fabricated and is capable of providing high flexion forces at low pressures as 

compared to other designs of soft robotic gloves in literature. The robotic glove was made up of 

five soft actuators that are stitched on top of a nylon glove. The body of the actuators was made 

up of silicone with a Shore A hardness of 10 A. To create a bending motion, a fabric layer that 

can stretch (approx. 10mm) was used as a strain limiting layer at the bottom of the actuator. All 

the soft actuators were capable of supporting the full range of motion of the fingers. To make this 

possible, two different types of actuators were created. The first type is actuators that can extend 

and bend to support the range of motion of all the four fingers (i.e., index, middle, ring, and little 

fingers). The second type is actuators that can extend bend and twist to support the range of 

motion of the thumb finger. To analyze the mechanical capabilities of the actuators, a blocked tip 

force (BTF) analytical model that is specific to the geometry of the actuators was developed. 

This model was verified with the actual BTF experiment, which revealed that the actuator is 

capable of creating a 9.5 N blocked tip force at a pressure of 99.5 kPa.  

This improved version of soft robotic glove was controlled by a glove with five flex 

sensors via a master-slave control system. In this system, the flex sensor glove (master glove) is 

worn on the healthy hand. A movement in one of the fingers in the healthy hand activates a PI 

controller on the respective soft actuator in the parietal hand. This controller works on 

controlling the pressure inside the soft actuator such that the difference between the measured 

pressure and the desired pressure is minimized. After analyzing the electrical response of the 
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controller, the actuator actuation time (flexion period) was found to be 2 seconds, which met the 

actuation speed that is conducive for rehabilitation. In addition, as the controller tried to track the 

reference input pressure, an undesirable consistent overshoot and undershoot was observed. 

However, it did not cause a visible shakiness in the parietal finger.  
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CHAPTER 7 

FUTURE RESEARCH 

There is room for improvement in both the mechanical structure of the soft robotic 

actuators and their control system. The mechanical design of the soft actuators mainly provides 

higher flexion forces than extension forces. In many stroke patients, extension of the fingers 

could be a challenge. Therefore, it is important to have actuators that are capable of providing 

controlled flexion and extension forces. One way to enhance extension forces is by using five 

small retractable springs that extend from the wrist of the parietal hand to the distal tip of the 

actuator. As the actuators are depressurized, the spring assists the actuators in extending the 

parietal fingers. This solution needs more investigation into what spring stiffness is needed and 

how to variate this stiffness suit the varying joint stiffnesses between different stroke patients. 

Besides, another improvement could be made on the design of the actuators to reduce radial 

budging during pressurization. This could be achieved by increasing the wall thickness on the 

lateral side of the actuator, which will result in increasing the stiffness of the side walls to 

stretch. Hence, reduce the radial budging of the actuators. 

From the electrical point of view, the control system response could be improved by 

using proportional valves instead of on/off solenoid valves. This will help in achieving a zero-

steady state error from the system, which is not possible with the current on/off solenoid valves 

in use. Additionally, the reference pressure to the PI controller is normally inserted manually 

before the activation of the master-slave control system. This reference pressure indicates a fixed 

desired bending angle the actuators need to achieve. While making the parietal fingers bend to a 

certain predefined angle that is close to full flexion would work for many rehabilitation 

exercises, it is better to have a proportional control to include more exercises with different 
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objects.  This means that the system needs to proportionally adjust the reference input pressure 

based on the bending resistance of the flex sensor. One way to achieve this is to study the 

relationship between the bending angle of the finger and output analog from the flex sensor on 

the healthy hand. As well as, study the changes in pressure with respect to the bending angle of 

the parietal finger. Then, try to use both information in creating a transfer function that will 

correlate the bending resistance in a flex sensor on the master glove with the pressure inside the 

respective soft actuator in the slave glove such that both fingers bend at the same angle. Finally, 

the glove needs to be tested on stroke patients to understand user needs and address some of the 

challenges they are facing with the soft robotic glove. 
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Figure 32: 2D drawing of the index actuator’s body mold with dimensions. 

 

 

Figure 33: 2D drawing of the index actuator’s body mold with dimensions. 
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Figure 34: A Simulink/MATLAB code to control the soft robotic actuators with five on/off 

buttons. 

 

 

Figure 35: Simulink/MATLAB code for the master-slave control system – it allows the flex 

sensor glove to control the actuation of the soft robotic glove. 

 


