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Abstract 

Soft Wearable Robotic Hand  
for People with Hand Paralysis. 

 

Hyunki In 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

Soft wearable robots are good alternatives to rigid-frame exoskeletons 

because they are compact and lightweight. Especially, the hand is very 

complicated and dense structure so that the pre-researched wearable 

exoskeleton robots have limitation in terms of compactness. However, in 

order to achieve both soft and wearable features, the soft wearable robot has 

several issues that have to be solved. 

Firstly, soft wearable robot, consists of soft structure, is operated being 

worn by the user. Because of the soft features, the force applied to the body 

can be larger and more concentrated than that of the rigid exoskeleton. 

Therefore, the safety issues have to be carefully considered. Moreover, the 

characteristics of wearer’s hands which have various properties have to be 

considered while determining design parameters that affects the posture and 

resultant grasping force.  

The second is that the proposed system consists with soft structure driven 

by tendons. In order to comprise the whole system with minimum use of the 

rigid structure, the conventional element should be replaced with soft 
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structure. However, the soft structure is easily deformed while the tendon is 

tensed. The deformation of the structure totally changes the fixation position 

and the path of the tendon. Therefore, the structural deformation should be 

significantly considered during the development of soft wearable robot.  

The main contributions of the dissertation are as following. Proper 

mechanical elements are proposed which are suitable for the soft wearable 

robot. An issue related with the pretension in soft wearable robot is raised and 

the issues are solved by developing the slack enabling mechanism. The proper 

design parameter for pinch are searched with considering deformation of the 

soft structure. All of the concept and element are verified by the experiment 

on the subject with spinal cord injury. The proposed concepts can be used to 

develop other types of soft wearable robots.  

By combining all elements mentioned above, Exo-Glove is developed, 

which is the soft wearable robotic hand for the people with hand paralysis. 

The wearing part of the system is compact and weighs 194 g. The clinical 

experiments and results show the sufficient performance for the execution of 

daily life activities, namely, a pinch force of 20 N, a wrap grasp force of 40 N, 

and a maximum grasped object size of 76 mm. Use of an under-actuation 

mechanism enabled the grasping of objects of various shapes without active 

control. Consequently, Exo-Glove is expected to increase independency and 

quality of life of the people with hand paralysis. 

 

Keywords: Soft wearable robot, Slack enabling actuator, Wearable robotic 

hand, Exoskeleton, Assistive robot, Underactuation 
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Introduction 

 
1.1 Motivation 

1.1.1 Technologies to Assist People with Disability on the Hand  

People with motor function impairment have trouble performing 

activities of daily living (ADLs). Assistance for ADLs is mainly provided by 

caregivers. However, caregiving has limitations. First, because society is 

aging, increasing number of disabled people makes it harder and more 

expensive to hire caregivers. Second, caregiving by another individual 

decreases the independence of people with disabilities, along with their 

quality of life.  

Assistive technology can supplement caregiving. The number of tasks 

that requires a caregiver and the amount of time that they must spend can be 

reduced by using assistive devices [1]. Among the various motor functions, 

the restoration of hand function is critical for performing ADLs. Various 

injuries and diseases, including spinal cord injury [2], stroke [3], and cerebral 

palsy [4], can cause paralysis of the hand and fingers. The number of people 

who suffers a stroke with neurological impairment was estimated to be 3 

million in the U.S., and approximately 795,000 new cases occur each year [5]. 
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Among the various part of the body, the hands are the essential part to interact 

with environment by grasping and manipulating objects. Around 80% of 

stroke survivors have paralysis in their arm and hand [6]. The number of 

people who suffers SCI in the U.S. is estimated to be 259,000, and 

approximately 12,000 new cases occur every year with 50.5% of those having 

paralysis in the hand [7]. Some researchers have reported that restoring hand 

function has a high impact and priority for tetraplegia [2].  

 

 

Many kinds of assistive technology to complement hand motor function 

have been developed and widely used [8]. Most commonly used assistive 

devices for hand function are low-tech assistive aids in shape of handle, cuff, 

           
 

          
 (a) (b) (c) 
 
Figure 1.1 Examples of low-tech assistive device: (a) Wanchik's Typer 

Orthoses is for assisting keyboard typing, (b) Universal cuff is for assisting 

to easily grip some kind of tool such as spool or folk, and (c) Weighted 

button aid is for assisting fastening a button 
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or holder. That kind of aids is widely used to complement the hand motor 

function. Low-tech assistive aids are easily affordable, inexpensive, and easy 

to use without the need for intensive training [9]. However, the low-tech 

assistive aids are only for helping specific tasks and are hard to help people 

with motor functions are severely injured.  

The assistive devices using robot technology can compensate the 

limitation of low-tech assistive aids, because robot is more dexterous and 

automated than low-tech assistive aids. Previously, manipulators for 

assistance have been developed e.g. JACO2 [10], iARM [11] (see Figure 1.2).  

 

 

While conventional robots perform desired tasks by manipulating itself, 

exoskeleton robots perform tasks by manipulating the patient bodies. 

Unlike conventional assistive devices, a wearable robot directly interacts 

with a human operator [12]. Wearable robots can have therapeutic effects by 

ensuring proper movement of the body [13], [14]. The use of a wearable robot 

     
(a) (b) 

 
Figure 1.2 Robotic manipulator to assistive people with disability. (a) 

JACO2 of Kinova Robotics, (b) iARM of Exact Dynamics. 
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in ADLs can induce more intensive and prolonged use of the body in daily life, 

which has a positive effect on the patient’s recovery [15].  

The ultimate assistive technology that needs to be developed for the hand 

is a wearable robotic hand. A wearable robotic hand that restores basic hand 

and finger functions would greatly improve quality of life for people with 

hand motility problems. Such hand robot should be natural looking and simple 

to implement, so that people feel psychologically comfortable when wearing 

it.   

Several wearable robotic hands have been developed to assist 

rehabilitation [16], [17] or daily life motions [18], [19] for these patients. 

Linkage mechanism is applied to WR hand of Wege et al.[16] on dorsal side 

of a finger. Wang et al.[17] used similar structure with pulleys. DiCicco et al. 

[18] developed a WR hand with pneumatic actuators controlled by EMG 

signal and Hasegawa et al. [19] developed a WR hand which uses rigid frame 

actuated by motors and tendons. Some of these WR hands use 3 or more 

actuators to flex and extend a finger[16], [17], [19], the others are under-

actuated by using less than three actuators to move a finger [18]. 

Most of them consist of serially connected rigid links and joints that 

assist body motion by applying force to the body part to which they are 

attached (See Figure 1.3 (a), (b)) [16]–[22]. The positioning of these links and 

joints differs with the body part to which the robot is attached. The frames of 

hard exoskeleton robots for the legs or arms can be positioned along the sides 

of the limbs, but the closeness of the fingers means that the frames for a hand 

robot must be placed along the finger tops. To match the axes of the finger 

and the exoskeleton, many wearable hand robots use linkages at dorsal side of 

the finger [16]–[18], [20], [22] or lateral side of the finger [19], [21]. 
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The mechanisms for matching joints of the robot to joints of the wearer’s 

finger limit the compactness of the wearable robot. Moreover, the rigid frame 

and pin joints constrain the movement of the finger, which decrease the wear-

ability and comfort feeling of the robots. This limitations should be overcome 

because the appearance, light weight, and usability is important factor of the 

choice of the assistive devices [23]. 

  

1.1.2 Soft Structure and Tendon Drive for Compact and Simple 

Wearable Robot 

One way to overcome the limitations of a rigid wearable hand robot is to 

dispense with frames and instead directly attach actuators to the fingers. Such 

 

 (a)  (b)  

 

  (c) 

Figure 1.3 Design concepts for wearable robotic hand: (a),(b) hard 

exoskeletons and (c) soft exoskeleton [2] 
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robots naturally do not have joint alignment problems, and they are compact 

and lightweight because of their simple structure and the materials used to 

make them. In this design, the function of the rigid frame of a conventional 

robot is performed by the finger bones, and actuation can be accomplished by 

tendons, air, or other soft actuators.  

A pneumatic bending actuator has to be attached on hand and has a 

limitation on the size of the actuator because the air pressure is limited and the 

bending force generated by the actuator is proportional to its cross-sectional 

area. On the other hand, the tendon driven mechanism can minimize the 

structure on the hand side, allowing the actuator to be located away from the 

hand and can transmit high force by using Bowden cable. The cross-sectional 

area of the tendon is much smaller than the required that of the pneumatic 

bending actuator. 

In this dissertation, Exo-Glove is introduced which is a wearable robot 

for the hand with soft structure and tendon driven actuation [24] (see Figure 

1.4 and Figure 1.5). 
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Figure 1.4 The Exo-Glove allows the disabled to perform everyday tasks, 

greatly improving their quality of life. 

 

 
Figure 1.5 The Exo-Glove is easy to wear because the actuator can be 

positioned remotely (for example, on the upper arm or on the wheelchair). 
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1.2 Objective and Challenges  

The objectives of this thesis are to develop a soft wearable robotic hand 

to assist hand motor function for the people with paralysis on the hands. The 

proposed system has challenges in two points of view.  

First, the proposed system is operated while it is worn by the user. 

Therefore, the safety issues have to be considered. Moreover, the design 

parameters that affects the posture and resultant grasping force is revealed and 

designed for adapting individuals’ hand which have various properties. The 

target grasp motions are wrap grasp and pinch to grasp various sized objects 

in daily living.  

The second is that the proposed system consists with soft structure driven 

by tendons. In order to comprise the whole system with minimum use of the 

rigid structure, the conventional element should be replaced with soft 

structure. For example, the pulley with ball bearing which is usually used for 

the conventional tendon drive system can be replaced with the tubes made by 

low-frictional material. However, the different characteristics between 

conventional element and replaced soft elements induce some issues. In case 

of the pulleys and the tubes, the increased friction force along the tendon path 

induces efficiency problems. Moreover, since the structure of the system is 

soft, the system is easily deformed while the tendon is tensed. Therefore, the 

structure should be developed by considering of the deformation of the 

structure.  

The detail of the challenges are presented in following section. 
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1.2.1 Challenges on Designing Soft Wearable Structure and 

Developing New Kind of Element for Soft Wearable Structure 

1.2.1.1 Wearing Part 

 In soft wearable robots, force transmission component is attached to the 

body through the soft structure. Along the path of the tendon, shear force is 

applied to the structure and the body. The shear force deforms the structure 

and even damages the body which affects the transmission efficiency and 

safety, respectively. Therefore, the tendon path and the structure which 

comprises the tendon path have to be designed by considering safety and 

deformation issues. 

 New kinds of mechanical elements which are soft and suitable for the 

wearable structure have to be developed to replace the rigid elements. For 

example, conventional adaptation mechanisms that enable objects of 

differing shapes to be grasped by simple control use multiple rigid 

mechanical components. In order to avoid ruining the compactness of the 

soft wearable robots, a new adaptation mechanism is required to 

accomplish the same task without rigid element. 

1.2.1.2 Actuation Part 

 In case of the conventional tendon drive systems, pre-tension is necessary 

for good control performance and to prevent failure at the spool for tendon 

drive. However, in case of the soft wearable robots, pre-tension cause 

problems related with discomfort or injury, as well as hampering efficiency 

because of increased friction along the tendon path.  
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1.2.2 Challenges on Design Parameter Optimization by 

Considering Soft Wearable Structure to Grasp Various Objects 

 The developed soft wearable robotic hand is under-actuated. Because 

human finger has many joints, the tendons for flexion or extension have to 

be multi-articulated in order to reduce the number of the actuators. By 

reducing the number of actuators the whole system can be lighter, simpler, 

and less expensive. Therefore, each finger is actuated by one pair of the 

tendon, one for flexion and the other for extension. How6ever, with the 

under-actuation mechanism, the kinematic and kinetic behavior of the 

fingers are not determined by the actuation control but affected by the 

various properties of the hand such as joint stiffness of the finger. 

Therefore, the transmission should be designed by considering hand 

properties. 

 Because the system consists of the soft structure, the deformation of the 

structure has to be considered while determining the design parameters. 

 

1.3 Objective and Contribution 

1.3.1 Research Objective 

The objectives of this thesis are to provide the concept of wearable robot 

consist of soft material and driven by tendon, to reveal the issues on proposed 

concept, and to verify the proposed concept through the clinical experiment. 

Figure 1.6 shows the overview of the process from proposing new design 

concept to verifying the concept. 
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The rest of the thesis is organized as follows. Chapter 2 and 3 describe 

the design of the wearing part and actuation part of the Exo-Glove, 

respectively. For the wearing part, the construction the tendon drive 

transmission is described by comparing with the transmission of the human 

finger’s musculoskeletal structure. For the actuation part, the problems of the 

transmission structure of the wearing part related with the pretension are 

presented and novel actuator to solve the problems is introduced. In chapter 4, 

the Exo-Glove and finger system are analyzed to find the design for stable 

grasping. The stiffness of the fingertip, while the finger is at stable position, is 

computed with the quasi-static model. In order to reflect real state of the 

tendon transmission structure, the deformation of the structure is included in 

the motion. Moreover, the stiffness of the finger, with respect to the variation 

of the joint characteristics of the finger, is analyze to find out proper design 

for the individuals. Chapter 5 shows the clinical experiments and results to 

verify the concept, developed elements, and design analysis. The conclusion 

and future work are presented in Chapter 6. 

 
Figure 1.6 Overview of the process 
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1.3.2 Contribution 

The main contribution of this thesis is providing novel design for a soft 

wearable robot for the hand. The developed robot has specially designed 

tendon path which is inspired by the human musculoskeletal system called 

soft tendon routing system. The tendon drive actuator for developed soft 

tendon routing system is also developed. Furthermore, tendon route design for 

stable grasp is analyzed in order to cover the various tasks in activities o daily 

living. The main accomplishments of this thesis are: 

 Proposing concept of tendon driven soft wearable robot and realize it. 

 Development of transmission and structural element for the soft wearable 

robot made of the fabrics (soft tendon routing). 

 Introducing issues of soft tendon routing and development of actuator to 

deal with the issues.  

 Presentation of tendon path design analysis to find out the proper design to 

maximize the stability of the pinch grasping. The criteria of tendon path for 

stable grasping with consideration of the properties of the finger is also 

presented. 

 Verifying the robot function experimentally with both healthy and disabled 

subjects. 
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Wearing Part 

 
2.1 Bio-Inspired Soft Tendon Routing System 

2.1.1 Concept of a Bio-Inspired Soft Tendon Routing System 

 

 

Figure 2.1 The human finger works via tendons, muscles, and pulleys 

acting on the skeleton. The muscles that connect the finger are located in 

the forearm and hand.  
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The Exo-Glove transmits the tension of the tendon to the body in a 

manner inspired by the human hand, for which tendons transmit muscular 

forces to induce flexion and extension of the fingers.  

Three components are required for human tendons to function properly: 

an insertion, the origin of the muscles, and a pulley (see Figure 2.1). Muscles 

are connected to tendons, and tendons are connected to their insertion points 

and to the origin point of the muscles. The pulley is the annular ligament that 

determines the path of the tendons.  

Based on the structure of the human hand, the Exo-Glove has two 

tendons for each finger and the thumb, several types of straps that together 

form the pulley, and supporting structures that form the origin of the muscles. 

These components are designed to transmit normal forces to the body. To 

generate an appropriate finger trajectory for different users, the tendon path of 

the routing system can be adjusted by changing the length and position of the 

fabric straps. 

2.1.2 Muscle Insertion Point: Thimbles 

In soft wearable hand robots, special interfaces attach the tendons to the 

digits. The Exo-Glove uses a glove interface. One of the problems of using a 

glove interface is that it stretches. As can be seen from Figure 2.2 (a), the part 

of the glove near the attachment point is stretched in the proximal direction 

when the flexor tendon is pulled.  

To solve this problem, the tendons are attached to the finger by a 

thimble-like strap made from inextensible fabric, as shown in Figure 2.2 (b). 

When the flexor tendon is pulled, the strap pushes the back and tip of the 

phalange, minimizing deformation of the attachment points. 
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2.1.3 Pulleys: Inextensible Fabric Straps and Teflon Tubes 

In the hand, the annular ligaments attached to the bone act as pulleys, 

and they determine the path of the tendons as shown in Figure 2.1. Without 

the pulleys, the tendons would separate from the finger, a phenomenon 

referred to as bowstringing [25].  

 

The Exo-Glove pulleys are made from fabric straps and a Teflon tube 

and are indicated in gray in Figure 2.2 (b). The straps are attached to the 

dorsal side, with their two ends located on the left and right sides of the 

phalanges. Both ends of the straps are rolled up and stitched to hold the 

Teflon tubes, which minimizes friction when the flexor tendons move. The 

straps are made inextensible to maintain the moment arms of the tendons. The 

 
 (a)    (b) 

 
Figure 2.2 Comparison of interfaces for tendon attachment. The green line 

on the dorsal side represents the extensor tendon, and the red line on the 

volar side represents the flexor tendon. (a) Case in which the tendon is 

directly attached to the glove. (b) Case in which the tendon is attached 

through a thimble-like strap and is fixed near the finger by straps. The 

dotted lines on the fabric straps are the stitch lines that form the hollow 

tubes in which Teflon tubes are installed.  
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positions of the straps determine the moment arms and are crucial for 

generating the required force and posture. 

2.1.4 Origin of Muscles: Tendon Anchoring Support 

 

To control the fingers while also isolating them from movements of the 

wrist and elbow joints, the Exo-Glove uses a Bowden cable such as that used 

  
(a) 

 
(b) 

 
Figure 2.3 Dotted lines indicate sections of tendons and Bowden cables 

that lie on the far side of the hand. (a)  The black arrows indicate the 

force exerted on the tendon anchoring (TA) support by the Bowden cables, 

and the red arrows indicate the distributed force exerted on the TA support 

by the hand. (b) While the tendon moves toward the joint, the tension 

applied to the joint is greater than the tension at the actuator.  
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in the transmission of a bicycle brake. One end of the outer sheath of the cable 

is fixed to the actuator side, and the other end is fixed between the 

metacarpophalangeal (MCP) joint and the wrist joint. The inner tendon is then 

connected to the finger. As shown in Figure 6(a), the actuation can be 

transmitted to the fingers regardless of the movement of the proximal joints. 

This is similar to the way that the actuation of a brake lever can be transmitted 

to the brake regardless of the movement of the handle. Without the Bowden 

cable, it would be necessary to place the actuator on the back of the hand.  

In most soft devices, the actuator is fixed by straps and wrapped around 

the body, which always applies pressure to the skin. To avoid applying 

continuous pressure, the Exo-Glove uses a thin, rigid brace customized to the 

shape of the hand to anchor the tendons. When the tendon is actuated, the 

actuator and the outer sheath of the Bowden cable are forced toward the finger. 

The brace blocks the Bowden cable from moving toward the finger by 

applying a normal force to the hand while actuated, thereby firmly fixing the 

tendon. No pressure is exerted on the hand when the tendon is released. This 

brace is termed a “tendon anchoring support” (see Figure 2.3).  

2.1.5 Fabrication 

The thimble and fabric strap are made by inextensible fabric, and built by 

folding and sewing the fabrics. The outline of the fabrics is cut and the folding 

line is marked by the CO2 Laser machine (Universal Laser systems, USA). 

Figure 2.4 shows the planar figure of the strap and the thimble. At the end of 

the strap and around the lateral side of the thimble, the hollow shall is built by 

folding and sewing the fabric. The Teflon tubes are inserted into the hollow 

shall to construct the path of the tendon.  
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(a) 

 
(b) 

 
Figure 2.4 The planar figure of the strap and the thimble. (a) is for strap, (b) is 

for thimble. The dashed lines represent mountain folding line and the dash-dot 

lines represent the sewing line. The same color of the dash-dot line are 

combined by sewing. 

 

The tendon anchoring support is made by 3D printer (Objet260 Connex, 

Stratasys Ltd.). In order to prevent the concentration of the pressure which is 

applied to the body by the tendon anchoring support, the surface of the tendon 

anchoring support is designed as being well fitted to the surface of the hand.  

For easy don and doff of the Exo-Glove, the tendon anchoring support is 

developed as two separate pieces which are connected by a hinge. During the 

don and doff, the tendon anchoring support are opened. After putting on the 

Exo-Glove, the tendon anchoring support are closed to fix the support on to 

the wrist. To fix the tendon anchoring support in closed configuration, the 

Velcro is attached to the support.  
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2.2 Underactuation Mechanism for Soft Tendon Routing 

System 

2.2.1 Mechanical Design of Underactuation Mechanism for Soft 

Tendon Routing System 

To achieve stable grasping using fewer actuators than the number of 

fingers, an underactuation mechanism for adaptation is required. Stable 

grasping requires the index and middle fingers to touch the object, and the 

contact forces of the two fingers should be well distributed. If only one of the 

two fingers touches the object or one much more force than the other, the 

object will rotate and the grasp will fail.  

The under-actuation over more than two fingers for robotic hand is 

proposed in several robotic hands. Kamikawa et al. [26] proposed differential 

mechanism using linkage and A. dollar et al. [27] developed an under-

actuated prosthetics hand using a multiple pulley. However existing 

differential mechanisms generally need additional working space for the 

linkage structure or moving pulley. We propose a novel differential 

mechanism which does not need additional working space by new wire 

routing on the glove. 

The Exo-Glove uses a mechanism developed for adaptive grasping in 

underactuated soft wearable robots [28]. The basic concept of the mechanism 

is the same as that of a conventional differential mechanism, that is, 

distribution of the pulled length of the tendon to multiple fingers. To 

implement the mechanism, we installed U-shaped tubes at the tips of the 

index and middle fingers and between the fingers. The tendons used for finger 

flexion were then passed through the tubes, as shown in Figure 2.5. To flex 

the fingers, the motor winds the spool, and the total length of the tendon from 
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the spool to the fingers is reduced. The shortened length and the tension of the 

tendon are then distributed to both fingers because the path of the tendon, 

which is formed by the tubes, does not restrict the tendon. The mechanism 

therefore also enables adaptation when the glove is in contact with an uneven 

surface. U-shaped tubes were used because a mechanical pulley is unsuitable 

for a soft wearable robot. The tubes act as a pulley, and the tendons can freely 

move through the tubes, possibly changing its direction. 

 

 
Figure 2.5 shows the movement of the tendon in our proposed 

mechanism. Part (a) shows the index and middle fingers moving identically, 

and part (b) shows the index finger fixed by the environment while the middle 

finger is flexed. The mechanism can be extended to actuate more fingers at 

         
(a)               (b) 

Figure 2.5 Tendon movement in the Exo-Glove adaptive mechanism. (a) 

The two fingers move identically. (b) The middle finger is fixed while the 

index finger moves. 
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the same time.  

 

2.2.2 Evaluation of Underactuation Mechanism 

To verify the adaptive grasping performance of the proposed mechanism, 

the proposed mechanism is compared with two other underactuation 

mechanisms using quasi-static analysis. Since the friction force has to be 

significantly considered to characterize the performance of the transmission of 

Exo-Glove, the friction force along the tendon path is considered before 

introducing the evaluation of the underactuation mechanism. 

2.2.2.1 Friction Force along the Transmission 

Generally, in tendon-driven devices, the friction force along the 

transmission is reduced by the mechanical pulleys. However, as mentioned 

earlier, tubes replace the mechanical pulleys in Exo-Glove for soft and 

compact structure. Friction force is generated when the wires slip over the 

tubes. 

Including the tendon driven robotic hand, most of the friction force 

originates from the points where the wire is bent [29], [30]. At these points, 

the tension of the wire induces a normal force on the wire and friction force is 

generated. The friction at the straight section of the tubes is negligible. 

Throughout the transmission, after the wire passes some place where the 

friction force generated, the tension of the wire decreases owing to the friction 

force. In Exo-Glove, the friction force is generated between the tube and the 

wire. Then, the tensions of the wire before and after it passes the tube are 

related as 

 T 	ξT   (1) 
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where Tin is the tension of the tendon at the inlet of the tube and Tout is the 

tension of the tendon at the outlet of the tube, and ξ is the tension decrease 

rate of tension.  

There are two kinds of place in the tube where the friction occurs.  

Firstly, in case where the wire is gradually bent inside of the outer sheath 

such as U-shape tube, the tension decrease rate ξU can be calculated by 

capstan equation [31], [32] which is  

 ξ exp	  (2) 

where v denotes the relative velocity of the wire with respect to the tubes at 

the contact surface, μ denotes the friction coefficient between the wire and the 

tubes, and ϕU denotes the integration of the bending angle of the wire along 

the U-shaped tube.  

The other places where the friction generated are the inlet and outlet of 

the tubes. When fingers are bent, the tube and the wire are not aligned and, 

therefore, the tendons are locally bent at those places. In this case the normal 

force is applied to the wire at the tube edge and the friction force is 

concentrated at the edge. There is no model and measured data to explain the 

friction in such case. By measuring the friction force in various angles of the 

tube and the wire, friction characteristics at tube edge can be understood. 

Figure 2.6 is the experiment tool to measure the friction at the edge of 

the tube and along the U-shape tube. The device can measure the tensions at 

the both end of the wire while the wire passes through the tubes. By 

comparing the tensions of the wire at the entrance and exit of the tube, the 

tension decrease rate at the edge of the tube can be revealed.  

The tensions are measured by two load cells (Transducer Techniques, Inc. 
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MLP-10) at the each end of the cable and the data was acquired by Compaq 

Rio with 100Hz of frequency. A electrical motor and a linear spring (1.25 

N/mm) were used to generate the tension of the wire while the wire moves 

related with the tubes.  

 

 

Figure 2.6 Experimental setup 

 
 In order to measure the both friction forces at the tube edge and U-

shape tube, the device can be reconfigured. When the friction of U-shape tube 

is measured, the load cell 1 is located as shown in solid line at Figure 2.6. 

When the friction at straight tube edge is measured, the load cell 1 is located 

as shown in dotted line at Figure 2.6. While the load cell 1measures the 

tension applied to the spring, the tension of the wire applied to the servomotor 

is measured by the load cell 2. When the wire is pulled by the motor, the 

linear spring is extended and the wire moves toward the servo motor. In this 

case, the exit of the tube close to the spring is the inlet and the other exit is the 

outlet of the tube. When the wire is released, the linear spring is contracted 

and the wires moves toward the spring. Then, the inlet and outlet exit of the 
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tube is changed. The friction force is the difference of the tensions of the wire 

at the inlet and the outlet of the tube and the tension decrease rate of the 

equation (1) is the ratio of the outlet tension to the inlet tension.  

In order to study the effect of the bending angle of the wire at the edge of 

the tube, the experimental device comprises of two plates. The wire passes 

two tubes which are fixed to each plate and the angle between the tubes is 

adjusted by the servomotor 1 (see Figure 2.6). 

 
 (a)  (b) 

 
 (c) (d) 

 
Figure 2.7 (a) friction force at the U-shape tube and friction forces at straight 

tube while the bending angles at the edge of the tubes are (b) 30°, (c) 60°, and 

(d) 90° 

 
First, the friction between wire and U-shape tube was measured at θ = 0°. 

To determine the friction coefficient between the tubes and the wire. Then, the 
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angle (θ) was varied in the experiment in order to study the characteristics of 

the friction at the edge of the tube. 500 μm diameter stainless steel tubes and 

150 μm diameter NiTi-alloy wires, which were used in the prototype, are used 

in the experiment. 

Figure 2.7 (a) shows both tensions at the both exits of the U-shape tube 

while (b), (c), and (d) show the tensions at the both exits of the two un-

parallel tubes. The tensions are repeatedly loaded and unloaded to the wire by 

the servo motor. The x axis represents the friction force which is defined as 

the difference between the forces applied to the servo motor and the linear 

spring. While the tension loaded to the wire (while the friction is increasing), 

the tension measured by the load cell 2 is the input tension and the tension 

measured by the load cell 1 is the output tension, and vice versa. 

0.183(1 )e 

 

Figure 2.8 The tendency of the friction forces according to the bending angle 

of the wire 

 

Figure 2.8 shows the friction force measured at different angles when the 
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input tension is 3N. The angles from 0° to 90° represent bending angle of the 

wire at the edge of the tubes and 180° represents U-shape tube. The friction of 

the un-parallel tubes shows same tendency with the case of U-shape tube.  

Therefore, the tension decrease rate of tube edge is expressed as 

  exp( sgn( ) )E Ev     (2-1)  

where ϕE denotes the bending angle of the wire at the edge of the tube. 

Because ξU and ξE are expressed by an exponential function, the total tension 

decrease rate ξ for the tension after the wire has passed multiple bent points is 

expressed as 

  exp( sgn( ) )i i iv      (3)  

where ϕi denotes the bending angle of each bent point where i denotes the 

individual bent point.  

2.2.2.2 Grasping Performance  

The performance of the proposed adaptation mechanism is evaluated by 

comparing the contact force of each finger. As mentioned earlier, the 

difference between these contact forces should be as small as possible. The 

performances of the three kinds of adaptation mechanisms are considered and 

compared. 

To analyze the distribution of the tension that pulls each finger, a simple 

model having two digits is established, as shown in Figure 2.9. Each digit of 

the model consists of one link and is connected to the main frame by one 

rotational joint. To simulate the action of grasping objects of various shapes, 

contact points for each digit are set in various positions. One contact point is 

set separately for each digit. After the digits flex and reach the contact points, 

contact forces are generated between the digits and the contact points.  
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The models corresponding to the three different adaptation mechanisms 

are shown in Figure 2.9. 

The first mechanism (Figure 2.9 (a)) achieves adaptive grasping using parallel 

springs [33]. The force generated by the actuator is distributed to two wires 

that are connected to each digit. A spring is connected serially with each wire 

and the compliance of the wire, and the spring is expressed as a spring. Owing 

to the compliance of these springs, the actuator can wind the wire further even 

after the digits cannot be flexed post contact. Therefore, the digit that is not in 

contact can be flexed further even though the other digit is already in contact. 

The second mechanism (Figure 2.9 (b)) is a differential mechanism that 

uses a movable pulley [27]. The third mechanism is the proposed differential 

mechanism (Figure 2.9 (c)) that is implemented in Exo-Glove. In the 

proposed mechanism, one wire is connected to both digits and the wire can 

move through the movable pulley or the U-shaped tube between the digits. 

Then, each digit can be fully flexed until they touch the object. 
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To determine the contact forces at each digit, the tension and the moment 

arm of the wire to each joint should be calculated. Because the mass, velocity, 

and acceleration of the digits are small, the motion of the digits can be treated 

as quasi-static. Then, the motion and the contact force can be derived by the 

 
 (a)    (b) 

  
 (c) (d) 
 
Figure 2.9 Different types of multi-finger underactuation mechanisms: (a) 

using parallel springs, (b) using movable pulley, and (c) using special 

routing of wire (proposed mechanism). The two rounded rectangles 

represent the fingers and the dotted line under the fingers represents the 

joint linking them to the palm. (d) Flexion angles and configuration of the 

wire. The finger has only one phalanx in this model. 
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moment equilibrium: 

  , ,( ) ( ) 0i i i s i i c c ir T l F        (4) 

where ri and Ti denote the moment arm of the wire to the joint and the total 

tension of the wire to the joint, respectively; τs,i is the passive moment of the 

joint with respect to the joint angle; and Fc,i and lc denote the contact force and 

the distance from the joint to the contact point, respectively. Further, i is the 

index representing either the left or the right digit. The tension of the wire to 

the joint is affected by the friction force. Then, the actual tension transmitted 

to the wire can be calculated as  

  ( , ) ( , , )i i i i i i iT k x x         (5) 

where k is the stiffness in elongation direction of the cable, δ is its elongation, 

and ξ is the tension decrease rate according to the friction model presented in 

the previous section. The direction of the friction force and the elongation of 

both ends of the wire are determined by the movement of the wire. 
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(a) 

 

(b) 

 

(c) 

Figure 2.10 Simulation results for various multi-finger underactuation 

mechanisms: (a) parallel spring mechanism, (b) differential mechanism 

using movable pulley, and (c) differential mechanism used in Exo-Glove. 

The left graphs show the positions and the right graphs show the forces of 

each fingertip. 
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Figure 2.10 shows the reaction forces between the digits and the objects 

when one digit contacts the object at a flexion angle of 40° and the other one 

does so at 80°. The largest difference in contact forces between the fingers is 

observed for the parallel spring mechanism. The force difference in this case 

can be decreased by implementing springs that are more compliant. However, 

compliance of the springs decreases the stiffness of the digits and the response 

rate of the force and position control.  

The smallest difference in contact forces without losing the stiffness of 

the transmission is observed for the movable pulley mechanism. However, 

space is required to move the pulley during its operation. Unlike in 

conventional robots, in wearable robots, the movable pulley and the space in 

which it will move are rarely located within the robot; this limits the 

simplicity and compactness of the device.  

The force difference in the proposed mechanism—used in Exo-Glove—

is almost the same as that in the movable pulley mechanism despite the 

friction forces being present on the curved path of the tendon. The stiffness of 

the transmission is also almost the same as that in the movable pulley 

mechanism. 

2.3 Prototype of Wearing Part 

By combining all the elements, the prototype of wearing part is 

developed as shown in Figure 2.11. The commercially available outdoor glove 

is chosen as the base structure, which is compliant enough for easy don and 

doff. Steel extension springs with zero pitch, 3.5 mm of diameter, and 1.5 m 

of length is used as outer sheath of the Bowden cable. The weight is 194 g and 

the shape has very low profile so that the biggest dorsal encumbrance is 

smaller than 5 mm. 
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Figure 2.11 prototype of wearing part 
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Actuation Part 

 
3.1 Development of New Actuator for Soft Tendon 

Routing System 

3.1.1 Issues on the Soft Tendon Routing System with Pre-Tension 

In a conventional tendon drive system, pre-tension is necessary to 

maintain joint stiffness and ensure a short response time. Additionally, if the 

tendon is driven by a spool, the tension is required to keep the tendon is well 

wounded around the spool. Without the pretension, the tendon can be derailed 

from the spool and the system fails consequently. Pre-tension is achieved by 

an antagonistic tendon arrangement. However, in a soft tendon routing system, 

pre-tension should be avoided for the following reasons:  

 It results in the application of unnecessary force on the joints and skin, 

causing discomfort and possible injury for the wearer.  

 It severely interferes with finger movement, thereby decreasing the 

effectiveness of the device. 
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 Because of the kinematic nonlinearity of the soft structure, the 

maintaining tension becomes very large.  

To reduce or eliminate the pre-tension problem, the tendon should be 

fully released or even pushed by the actuator when the actuator releases it. 

However, slackening occurs when the tension is decreased. If a spool is used 

to drive the tendon, slackening may cause the tendon to derail from the spool, 

resulting in system failure. 

Several solutions have been proposed to prevent the derailing issue [34], 

[35]. Agrawal et al. placed a rubber piece in front of the spool to hold the 

tendon. Chernyak et al. used an active tensioner to account for the lost slack 

and keep the cable from the derailing. However, neither mechanism can 

eliminate the tension on the tendon during the release of the tendon.  

Another solution is eliminating the spool by utilizing linear actuators 

[36]. Linear actuators do not fail even if slack occurs. However, a linear 

actuator has a disadvantage in terms of its size because the length of the linear 

actuator has to be longer than the required stroke of the tendon. 

As a solution to these issues, a tendon drive that uses a spool is proposed 

in this thesis as a novel “slack enabling mechanism.” This mechanism is 

based on the previously developed capstan brake [37]. This slack enabling 

mechanism guarantees an operation without failure by maintaining the tension 

of the tendon around the spool regardless of whether the rest of the tendon is 

tense or loose. Furthermore, this slack enabling mechanism allows the use of 

multiple spools in an array with a single actuator. 
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3.1.2 Necessity of Slack Enabling Mechanism in Soft Wearable 

Robot 

3.1.2.1 To Mechanically Prevent Derailing of Tendon from Spool 

A spool and motor combination is one of the most convenient and 

commonly used actuation methods for a tendon drive system. In this system, 

as mentioned in the introduction, the tendon around the spool should always 

be under tension to prevent derailing. If the tendon is derailed from the spool, 

the system will fail. The tension needed to prevent derailing is related to the 

stiffness of the tendon and radius of the pulley. A higher tendon stiffness and 

smaller pulley radius will increase the required tension.  

In order to maintain the tension, the tendon is pre-tensioned via a tension 

control in many systems. However, the tension control complicates the system, 

which might not otherwise require tension control. In addition, the stability of 

the system is not guaranteed while the system is turned off. Furthermore, 

because of the limited bandwidth and uncertainties of the tension control, it is 

not capable of preventing a failure in some cases. In order to overcome the 

limited bandwidth of the control, the target pre-tension of the control has to be 

higher than the minimum tension needed to prevent derailment. However, the 

pre-tension is related to safety, inefficiency, and malfunction issues with a 

soft wearable robot. These issues will be explained in the last part of this 

section. 

3.1.2.2 To Actuate Multiple Tendons with Single Actuator 

The total number of actuators will be reduced if a single actuator can 

drive multiple tendons simultaneously, which can potentially increase the 

compactness and efficiency of a wearable robot. The slack enabling 

mechanism makes it possible to actuate multiple tendons with a single 
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actuator by using multiple spools in an array.  

In a tendon drive system, multiple tendons are commonly used to actuate 

a single joint or multiple joints [38]. A single tendon can only transmit the 

pulling force in the direction determined by the tendon routing. Therefore, in 

order to actively actuate joints in multiple directions, or at least bi-

directionally, the joints have to be actuated by multiple tendons. For example, 

a revolute joint can be actuated in both directions using an antagonistic tendon 

pair. By using the spool array, multiple number of the tendons can be actuated 

with one actuator, which reduces the number of the actuator. By using 

synergy concept [39], [40], the functionality can be maintained even though 

the number of the actuator is reduce. 

Without tensioning individual tendons, a spool array cannot be used 

because of the derailment issues mentioned in the previous section. Because a 

single actuator cannot control the tensions of multiple tendons individually, 

the tension of each tendon has to be maintained without the tension control. If 

the tendons are pre-tensioned, and the exact lengths of the tendons are wound 

or unwound using well-designed spools with respect to the movement of the 

joints, all the tendons could maintain the required tension to prevent slack. 

However, in the case of a soft wearable robot, the relationship between the 

joint movement and tendon length is nonlinear and changeable because of the 

deformation of the soft structure. 

In order to use a spool array, the individual tendons should be tensioned 

using a mechanical structure. The slack enabling mechanism meets this 

requirement. 
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3.1.2.3 To Eliminate Safety and Inefficiency Issues Caused by Pre-

tension 

The slack enabling mechanism can increase the force transmission 

efficiency and safety by eliminating the pre-tension.  

Because a soft wearable robot consists of soft material and no joints, the 

tension of the tendon is directly applied to the wearer’s skin and joints (see 

Figure 3.1). Therefore, the pre-tension presses the skin continuously, which 

can cause damage such as pressure sores.  

The pre-tension of the tendon is also closely related to the drag of the 

antagonistic actuation. When one of the tendons is pulled to rotate the joint, 

the pre-tension of the opposite tendon acts as a drag. The drag decreases the 

efficiency and can even causes a system malfunction.  

Furthermore, the pre-tension induces a friction force along the tendon 

route, which increases the drag. Friction-reducing components such as ball 

bearings are hard to implement in soft wearable robots. Thus, the friction 

effect should be carefully considered. The increase in the drag can be 

explained by the friction force along the transmission which is expressed by 

equation (1) and (3)  
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According to the equation, the tension applied to the joint, which acts as 

drag, is proportional to the tension applied to the actuator. Since the tendon 

moves from the actuator to the joint side, the tension applied to the joint is 

larger than the tension applied to the actuator. The ratio between two tensions 

is the tension decrease rate which is exponential to the product of the friction 

coefficient and bending angle of the tendon. The drag force becomes very 

large if the path of the tendon is complex. Moreover, in order to overcome the 

drag, the actuation tension should be higher, which increases the force applied 

to the skin. Additionally, the drag force changes when the tendon path is 

changed, which makes it hard to control. 

The friction applied to the antagonistic tendon can be eliminated by 

eliminating the tension of the tendon at the actuator. Actually, the slack 

enabling mechanism proposed in this thesis can even push the tendon. 

Therefore, the slack enabling mechanism can handle the pre-tension and drag 

issues. 

  

 
 
Figure 3.1 Force transmission components in soft tendon-driven wearable 

robot. Red arrows indicate the force applied to the wearer’s body by the 

force transmission 
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3.1.3 Concept of Slack Enabling Mechanism 

3.1.3.1 Slack Enabling Mechanism for Single Spool 

 

The slack enabling mechanism has the job of mechanically maintaining 

the tension around the spool and loosening the tendon at the outlet of the 

actuator. The schematics of the slack enabling mechanism are shown in 

Figure 3.2. The basic idea is that a feeder and idler pair pulls the tendon from 

the spool utilizing the friction force. The spool and shaft of the feeder are 

mechanically linked to allow the feeder and spool to be actuated by a single 

actuator.  

The required action of the feeder, in order to always pull the tendon, 

depends on the movement of the spool. If the spool releases the tendon, the 

 
(a) 

 
(b) 

 
Figure 3.2 Schematic diagram of slack enabling mechanism while (a) 

spool unwinds tendon and (b) spool winds tendon.  
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feeder, with the idler, should draw the tendon faster than the releasing speed 

of the spool. If the spool winds the tendon, the feeder and idler should drag 

the tendon.  

To realize the required operation of the feeder, the rotation of the feeder 

shaft is selectively transmitted to the feeder by implementing a one-way 

bearing between the shaft and feeder. As shown in Figure 3.2(a), when the 

spool unwinds the tendon, the feeder rotates, whereas the feeder stops when 

the spool winds the tendon, as shown in Figure 3.2 (b). Additionally, the radii 

of the spool and feeder, as well as the transmission between them, are 

designed to make the linear velocity of the feeder faster than that of the spool 

during unwinding.  

Because the system always tensions the tendon from the spool, the 

system is restored to a stable state even after the tendon around the spool is 

loosened.  

3.1.3.2 Slack Enabling Mechanism for Multiple Spools  

 

The slack enabling mechanism can be expanded to an array, which 

allows a single actuator to drive multiple tendons. Figure 3.3 shows the slack 

 

Figure 3.3 Schematics of slack enabling mechanism for multiple spools. 
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enabling mechanism used for a pair of spools as an example. As can be seen 

in Figure 3.3, two spools and two feeders are stacked onto respective axes. 

Just as with the single-spool case, the axes of the spools and feeders are 

mechanically linked. A belt is utilized in the example.  

One of the most important considerations for tendon driving with a 

multi-spool array is the excursion ratio and driving direction of the tendons. 

Generally, the required excursion of the multiple tendons varies depending on 

the application. A tendon pair in which tendons are connected in opposite 

directions allows a single actuator to be used as an antagonistic actuator. 

The ratio of the excursion of each tendon is adjusted by changing the 

ratio of the radius of each spool. Because the linear velocity of the feeder 

should be greater than the linear velocity of the spool, the radius of each 

feeder is designed following the spool radius. To match the linear velocity of 

the feeders, the idlers that share the axis should rotate at different speeds. 

Therefore, each idler should have an independent freely rotating bearing. 

The tendon can be actuated in opposite directions against the other 

tendons by installing it in the opposite direction on the spool. In order not to 

increase the number of feeder axes and feeder-spool transmission components, 

all the feeders should be installed on a single feeder shaft. The feeders for the 

reversely installed tendons are installed by changing the direction of the one-

way bearing, and the tendons contact to the feeder on opposite sides.  

Because all the requirements can be satisfied regardless of the number of 

tendons, ideally the slack enabling mechanism is expandable to an unlimited 

number of spools.  
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3.1.4 Prototype Development and Evaluation 

3.1.4.1 Prototype Development 

Figure 3.4 shows the developed slack enabling actuator for antagonistic 

actuation using two spools. This prototype consists of dual spools, feeders, 

and idlers, which were made of aluminum. The tendon was comprised of a 

0.53-mm-diameter, 7-strand titanium wire (kink-free bead stringing wire, 

Beadalon). The spools were mounted on a single DC motor (Maxon DCX 22S, 

5.5 W, 6 V) with a 26:1 reduction ratio. A rotary encoder was used to count 

the motor position with a resolution of 1/256 counts per revolution. The 

diameter of the both spool was 10 mm. To transmit the force from the motor 

shaft to each feeder, two spur gears with a 1.2:1 gear ratio were used. In 

addition, the radius of each feeder had an appropriate value to ensure that the 

linear velocity of the feeder was faster than that of the spool (1.36:1).  
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(a) 

 

 
(b) 

 

 
(c) 

 
Figure 3.4 Prototype of slack enabling mechanism for dual spools. (a) and 

(b) are top view and side view of the prototype, respectively, while (c) is the 

picture of the prototype. 
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The idler was installed on an aluminum bar, which was attached to the 

motor frame at one end by a hinge and at the other end by a spring screw. The 

force on the tendon could be adjusted by tightening the spring screw. 

The detail specification of the actuation part including processor and 

electronics are presented in Table 3.1. 

 

Table 3.1 Specification of the actuation part 

Processor TMS320F2808, Texas Instruments 

Motor driver Escon module 50/5, Maxon 

Interface board Custom-made PCB 

Motor DCX22, 24 V, 20 W, Maxon 

Gearhead GPX22 LN 16:1, Maxon 

Encoder ENX16 512 CPT, Maxon 

Tension sensor Custom made using force sensor from Ktoyo 

Battery Li-ion, 28.8 V, 2200 mAh 

Software Embedded coder with Simulink, MathWorks 

 

3.1.4.2 Kinematic Characteristics of Slack Enabling Actuator 

To verify the concept of the slack enabling mechanism, the wound and 

released lengths of the tendons, when the motor drove the spool, were 

measured. For the experiment, actuator was not attached to the glove and 

tested by single actuator separately. Two tendons, one for extension and one 

for flexion, were exposed from the end of the sheath. The excursion length of 

the tendon is collected by measuring the distance from the exit of the sheath to 

the end of the tendon. . 
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For the experiment, the outer sheathes length of which were 200 mm 

long was used. One end of each outer sheath was connected to the actuator 

and the other end was connected to the sheath holder, which was installed on 

a table. In order to measure the movement of the tendon, the exposed tendons 

on the outside of the sheath moved along two grooves on the table. During the 

experiment, the spool was driven in both the clockwise and counter-clockwise 

directions at same amounts and speeds. The rotation angle of the motor was 

measured by the implemented encoder.  

The movement of the tendon was measured using a vision tracking 

system. Four retro-reflective markers with 4-mm diameters were attached to 

both tendons and the exits of the corresponding outer sheathes. Eight infrared 

video cameras (Bonita B3, Vicon Inc.) were positioned around the hand, and 

the working volume (50 × 50 × 50 cm3) was calibrated to produce a 

measurement accuracy of better than 0.3 mm. The capture rate was 100 

frames/s, and the resolution of each frame was 300,000 pixels.  

 

Figure 3.5 show the experimental result. The tendon can move in both 

directions, away from the motor and toward the motor, without additional 

 
 

Figure 3.5 Excursion of the tendons with respect to the rotation of the 

spool actuated by the motor.  
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tensioning mechanism out of the actuator. During the tendons move in both 

directions, the ratio of the excursion of both tendon to the rotation angle of the 

spool were constant as 10.5 mm/rad. The ratio is the sum of the diameter of 

the spool and the tendon, which means that the tendons are pulled and pushed 

by the actuator without loss.  

The meaning of the result is that the slack enabling mechanism 

guarantees eliminating the pretension and preventing the derailing of the 

tendon from the spool. 

3.1.4.3 Index/Middle Finger Extension Range with/without Slack 

Enabling Actuator 

 

In order to show the practical advantage of the slack enabling actuator, 

the extension motions of the index and middle fingers were compared with 

and without pre-tension in the flexor.  

 
Figure 3.6 Experimental setup. To measure the tension of the extensor, the 

customized tension meter consisting of three pulleys and load cell is used. 
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Figure 3.6 shows the experimental setup. Before the extension began, 

pre-tension was applied to the flexor tendon, and it was pulled manually to 

flex the fingers, after which the actuator pulled the extensor to extend the 

fingers. Pre-tension was applied to the flexor using a balance weight (20g, 

100g). To measure the tension of the extensor tendon, a customized tension 

meter (333FB Cell, Ktoyo Co., Ltd., Korea) was used. The lengths of both 

outer sheathes were 800 mm long and both sheathes were wound around a 

reel. The diameter of this reel was 100 mm. The experiments were conducted 

with the outer sheath wrapped once around the cylinder.  

The movement of the fingers was tracked using the vision system 

described in the previous section. Because the index and middle fingers were 

extended together, as explained in the section IV, only the kinematics of the 

index finger was tracked. Five retro-reflective markers were attached to the 

side of the fingertip and several joints, namely the distal interphalangeal joint, 

proximal interphalangeal joint, metacarpal joint, and between metacarpal joint 

and wrist joint.  

Figure 3.7 shows the trajectory and tension during the Exo-Glove extend 

the index finger while the flexor is tensed or not. The contour of the fingers 

represents the initial flexed position before the actuator pulls the extensor. 

Because of the passive moment of the finger joints, the initial posture of the 

finger is more extended in the case without pretension compared with the case 

with pretension. While the flexor is pre-tensed by the weight, the finger 

cannot be fully extended (Figure 3.7 (b), (c)) while the extension was fully 

achieved in case without pretension (Figure 3.7 (a)). The range of the finger 

extension is very important for the grasping. If the finger is not extended 

enough, the size of the object which can be grasped is limited. 
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(a) 

 
(b) 

 
(c) 

Figure 3.7 Extension of the finger without or with the pretension at the 

flexor. The dots indicate the trajectory of the markers on the side of the finger 

joints. The color of the dots represents the tension of the extensor while the 

markers pass the points. (a) represents the extension without pretension at the 

flexor, which is the case of the actuation by the dual slack enabling actuator. 

(b),(c) represent the extension with the pretension at the flexor. The amount 

of the pretension are (a) 20gf, (b) 100gf 
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In terms of the required tension of the extensor for the extension motion, 

the case without pretension shows better performance. Even though very low 

level of pretension is applied to the flexor, the extensor require much more 

tension to extend the finger.  

In case without pretension, extension is possible with low level of the 

tension of the extensor. Therefore, the force applied to the body during the 

motion is mild. As previously mentioned, it is importance to use the wearable 

robot comfortably avoiding misgiving damages. 

 

3.2 Control and Interface 

 
3.2.1 Control Algorithm 

To perform a grasping motion, the position and force should be 

controlled by the user. To open and close the hand to perform this grasp, the 

user has to control the position of the hand to open the hand properly, and to 

control the force to maintain the proper grasping force. To control the position 

and force with a single control input, admittance control is implemented (see 

Figure 3.8) [41]. The concept of the admittance control used in Exo-Glove is 

maintaining the difference between the actual position and reference position 

of the tendon as proportional to the measured tension of the tendon. The 

reference position of the tendon is determined by the control command. Then, 

the tendons act as being pulled by serially attached springs. While the finger 

are freely moving without contact, the tension of the tendon is almost zero and 

does not change. In that condition, the position of the tendon which 

determines the posture of the finger is almost same with the reference position. 

Consequently, the position of the hand is controlled by the control command 
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while the finger does not contact to the object. After the fingers contact to the 

object, the positions of tendons are constrained because the postures of the 

fingers are constrained by the geometrical condition of the object and fingers. 

Then, the different between the actual position and reference position of the 

tendon is increased while the control input increase the reference position of 

the tendon, which increases contact force. Consequently, the contact force 

applied to the object by the finger is controlled by the control command while 

the finger contacts to the object. 

 

In addition to the simplicity of the control, the compliant characteristic of 

the control algorithm guarantees the safety of the wearable device. As 

mentioned above, the tendons act as being pulled by virtual springs so that the 

tension of the tendon does not increase rapidly. The compliance of the virtual 

springs can be adjusted by changing parameters of the control algorithm. 

In order to realize the control concept, sensors to measure the tension and 

wound length of the tendon are implemented in the actuation unit. In order to 

realize the whole control system, the input interface which determines the 

desired position of the tendon should be chosen.  

  

 
Figure 3.8 Admittance control scheme used in Exo-Glove 
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3.2.2 Human Robot Interface to Detect the Intension  

The expected user of the Exo-Glove is a person with severe disability. 

This severe disability limits the use of complex control input. Therefore, a 

simple input command should be used to control the assistive device. For the 

admittance control, a single analog input to determine the desired position of 

the control is required. Various kinds of human robot interfaces, including 

EMG, EEG, and other analog switches for detecting body motion, can be used 

as control inputs.  

 

Among the candidates, wrist motion is chosen as the control input for some 

reasons. First, wrist motion is easy to detect and reliable. A simple bend 

sensor can detect wrist motion with high reliability. Second, people with a 

paralyzed hand are often familiar with performing wrist motion which can be 

used to induce finger motion to grasp an object [42]. By extending the wrist, 

    

(a) 

  

 (b) 

Figure 3.9 Wrist angle sensor (part attached between TA support and 

wrist) to detect user intension by detecting bending angle of wrist. 
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the fingers can be flexed, and the extension of the fingers can be achieved by 

flexing the wrist, which is known as the tenodesis effect. However, 

unfortunately, the grasping force generated by the tenodesis effect is very 

small in most cases. By using wrist motion as a control input, Exo-Glove can 

help disabled people. 

To measure the wrist angle, as shown in Figure 3.9, a flexible bending 

sensor is implemented to the back of the wrist; between the wrist and the 

tendon anchoring support.  

 

3.2.3 Experiment 

3.2.3.1 Verifying Reliability of the Sensor 

  

In order to verify that the sensor tracks the wrist angle, the wrist angle 

and the output of the sensor are measured simultaneously. The wrist angle is 

measured by vision based motion tracking method. Two markers are attached 

 

Figure 3.10 Experimental setup to verify the reliability of the bending 

sensor to measure the wrist angle  

 



53 
 

to the MCP joint and metacarpal bone to track the orientation of the hand in 

sagittal plane, and the other two markers are attached to the forearm to track 

the orientation of the forearm. The marker are captured by the digital 

camcorder by 60 fps, and the sensor output is measured by the Compactrio 

(National Instrument Co., USA) by 100 Hz.  

3.2.3.2 Verifying Usability of the Wrist Motion 

In order to verify the usability of the concept, the clinical test is 

performed. For the experiment, two participants are selected; one is healthy 

subject and the other has paralyzed hand due to the spinal cord injury (C6, 

ASIA B). Both participants try to use the Exo-Glove via wrist motion and try 

to grasp various objects.  

 

3.2.4 Result 

As shown in Figure 3.11, the resistance of the sensor relatively well 

tracks the angle of the wrist angle. In clinical trial, both participants well use 

the wrist motion to control the Exo-Glove.  
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(a) 

 
(b) 

Figure 3.11 Wrist angle and resistance of the wrist bending angle sensor. 

(a) shows the wrist angle and resistance of the sensor with respect to the 

time, (b) shows that the linearity of the bending sensor with respect to the 

wrist angle. 
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Design for Stable Grasping  

 
4.1 Grasping Stability with Underactuated Finger 

In order to maximize the functionality, the wearable robot should assist 

both power grasp and pinch. However, pinch is difficult to be achieved with 

under-actuated robotic fingers. As mentioned in chapter 2, Exo-Glove uses 

only one tendon pair for each finger actuation, one for extension and the other 

for flexion, thus, the Exo-glove is also underactuated system. The posture and 

fingertip force of the finger vary according to the design of the transmission, 

the tension of the tendon, and the force exerted from the environment.  

For the proper pinch, thumb, index and middle fingers have to be in 

stable posture during pinch. In that posture, the moment and force equilibrium 

are satisfied at all the joints and fingertips. Moreover, even after the posture of 

the finger is changed by the external perturbation, the posture should be 

restored to equilibrium posture after the perturbation is removed. The 

fingertip force should resist against the external force such as weight of the 

grasped object. In order to achieve the requirements, the higher fingertip 

stiffness is required, while the finger is in stable posture. 

In the case of robotic fingers, fingertip stiffness can be adjusted by 
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changing the design of mechanical component, such as links and mechanical 

limits. However, in case of wearable robot, design change is very limited, 

because the human finger is included. Moreover, the soft structure of the 

device and the finger are deformed during the operation. Therefore, the 

deformation of the structure should be considered. 

In this chapter, the stable posture of the finger and the fingertip stiffness 

is explored by establishing index finger model. In order to reflect soft 

properties of Exo-Glove and the wearer, deformation and finger joint 

properties are included in the model. Because the index finger and the middle 

finger have similar shapes, only the design for the index finger is considered 

hereafter.  

  

4.2 Static Pinch Model of Index/Middle Finger 

4.2.1 Potential Energy of the System to Find the Finger Posture 

Satisfying Force and Moment Equilibrium 

In order to find the fingertip stiffness of the finger, the posture of the 

finger has to be determined first. The posture of the finger affects the fingertip 

stiffness itself and determines other parameters that affect the fingertip 

stiffness such as joint stiffness and moment arms of the tendons to the finger 

joints. Since the finger has 3 DOF in sagittal plane, the finger have one free 

degree of freedom even after the fingertip contact to the object surface. The 

posture of the finger after contact to the object is determined by force and 

moment equilibrium. To find the posture of the finger satisfying the force and 

moment equilibrium, the potential energy of the finger-robot system is 

considered. The posture that minimizes the potential energy of the system 

satisfies the force and moment equilibrium.  
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In the system, the main components that store the potential energy is the 

compliance of the finger joints, while the tendon applies the work into the 

system. The potential energy of the Exo-Glove and finger system is  

V ∑ 		 TL  (6)   

where i is 1, 2, and 3 which represent MCP, PIP, and DIP joint, respectively. 

Mi represents passive moment of each joint, θi represents the flexion angle of 

each joint, T is the tension applied to the tendon, and L is the pulled length of 

the tendon.  

The pulled length of the tendon can be written as the opposite number of 

exposed length of the tendon, which is the summation of the distance between 

thimble, straps, and TA support. The exposed tendon length is expressed as  

L D        (7) 

where D3, D2, and D1 are the distance between thimble and strap on middle 

phalange, straps on middle and proximal phalange, and strap on proximal 

phalange and TA support, respectively. Then, the potential energy can be 

expressed as 

	∑ 		 T∑   (6-1) 
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Among the parameters that determine the finger posture, the exposed 

tendon length with respect to the finger posture is the only tunable parameter 

in Exo-Glove. The exposed tendon length with respect to the joint angle is 

determined by the length and position of the straps and the thimble. Therefore, 

the performance of the pinch is determined by the strap and thimble design. 

The position and the length of the thimble and straps are shown in Figure 4.1. 

 
(a) 

 
(b) 

 
Figure 4.1 Schematic of fingertip force direction and parameters that 

determine fingertip force. (a) shows the simplified design of the Exo-

Glove. The figure in small rounded square shows the detail design of the 

straps around the PIP and MCP joints. (b) shows the schematics that 

shows the design parameter of thimble and straps 
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The exposed tendon length is calculated by  

 ‖ ‖ (8) 

where R(θi) represents rotation matrix while θi is the flexion of the ith joint. vi 

represents the position and length of the thimble, straps, and TA support, Li 

represents the length and orientation of the ith phalange. 0, 1, 2, and 3 of i 

represent wrist joint, MCP, PIP, and DIP joint of the finger, respectively. vi 

and Li are expressed as  

  (9) 

 0  (10) 

where χi and ψi are the parameters that represent the length and the position of 

the straps, respectively. The length of the strap is defined as the distance from 

the line connecting distal and proximal finger joints to the end of the strap. 

The position of the strap is defined as the distance from the centerline of the 

strap along the strap length to the proximal finger joint. Yi is the length of the 

phalange. The parameters are shown in Figure 4.1 (b).  

By finding joint angles that minimize the potential energy, one can 

obtain the stable posture of the finger while the tendon of the wearable robot 

is pulled.  
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4.2.2 Geometrical Constraints of the Model 

 

Figure 4.2 Geometric constraint of the index/middle finger after contact 

 
In order to find the posture, while the fingertip is in contact to the object, 

the geometric constraint should be considered. By assuming the shape of the 

fingertip as sphere and nonslip condition between fingertip and object, one 

can obtain geometric constraint as  

Constraint 1: 

    (11) 

By considering the limit of the joint angle, the second constraint can be 

obtained as  

Constraint 2: 

45° , , 90°    (12) 

Finally, by considering the geometrical relationship between the lengths of 

the phalanges, joint angles and the position of the fingertip, one can obtain the 

last constraint as 
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Constraint 3: 

     (13) 

where , , , and  are the position vector of the phalanges that are 

expressed in Figure 4.2. 

 

4.3 Deformation of the Straps and Thimble 

Because Exo-Glove consists of soft structure, the structure is easily 

deformed. The deformation induces the change of the position and length of 

the straps and thimble. Even though the straps and thimble are made of fabric 

which are hardly extensible, the straps and thimble are deformed while the 

tension is applied by the tendon. The deformation is affected by the tension of 

the tendon and posture of the finger. The factors that affecting the 

deformation of the straps and thimble are as follows 

 

1. Deformation of the fabrics itself 

2. Deformation of the skin and glove 

3. Rotation of the straps 

 

The effects of the deformation can be shown by comparing the moment 

arms of the tendon to the finger joint by considering whether the structure is 

deformed or not. The moment arm is the change rate of the exposed tendon 

length with respect to the joint angle, which affects the finger posture, 

fingertip stiffness, and fingertip force. According to consideration of the 

deformation, the trend of the change of the moment arm with respect to the 

joint angle differs as shown in Figure 4.3. Especially, in case of the two straps 
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are located near the finger joint and the length of the straps are longer than the 

distance between the straps. The moment arm can be misestimated as being 

decreased while the joint angle is increased (see Figure 4.3 (b)) 

 

However, in reality, if the deformation of the structure is considered, the 

moment arm is increased, while the joint is flexed. Black line of Figure 4.3 (b) 

 

(a) 

  

(b) 

Figure 4.3 Trend of moment arm with respect to the joint angle with or 

without deformation of the structure. 
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shows the estimation of the moment arm with the consideration of the 

deformation, which reflects real behavior better. Therefore, in order to 

calculate the moment arm properly, the deformation model of the strap should 

be considered.  

The deform model is founded as shown in Figure 4.4. Two straps on 

middle phalange and proximal phalange are modeled as the combination of 

the rotational spring and linear spring. And the thimble at the fingertip is 

modeled as the orthogonally connected two linear springs.  

 

Figure 4.4 Straps and thimble deformation model 

 
The rotation angles of the straps, and the elongation of the straps and the 

thimble, while the tendon is tensed, are estimated by using energy method by 

finding the deformation that minimizes the potential energy of the strap-

tendon system. The potential energy of the system is expressed as 

V 	∑ , 	 ∑ , 	      (14) 

D 5, D 10, D 10    (15) 
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where Fs,i is the tension loaded on the straps and thimble, while they are 

elongated, δi represents the elongation of the straps and thimble. The Ms,i is 

the applied moment to each strap, while the rotation angle of the strap is ηi. 

The T is the tension of the tendon and L is the excursion length of the tendon. 

Because the straps have their own widths which are 10 mm, the positions of 

each straps and thimble follow the geometrical constraint which is expressed 

 
(a) 

 
(b) 

 
Figure 4.5 Elongation of the straps while the strap is pulled by the tendon 

in longitudinal direction of the strap. χ0 represents the initial length of the 

strap. (a) shows the result about the strap on middle phalange, (b) shows 

the result about the strap on proximal phalange. 
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as equation (15).  

Because the straps freely rotate, following the pulled direction, the 

moments to rotate the straps are ignored. In order to find out the relationship 

between the elongation of the straps and the loaded force, the elongation test 

is performed, while the straps and thimble are installed onto the finger with 

the glove. 

Figure 4.5 shows the result of the elongation test for the straps with 

respect to the different initial length of the straps. The results show that the 

relationship between elongation and loading force does not depend on initial 

length of the strap. The straps are easily elongated at first but hardly at last so 

that the elongation model of the strap is fitted to exponential function. 
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(a) 

 

(b) 

Figure 4.6 Elongation of the thimbles in x, y direction while the strap is pulled 

by the tendon in longitudinal direction of the strap, respectively 

 
Figure 4.6 shows the result of the elongation test for the thimble. The 

initial position (ψ3) and length (χ3) of the thimble is 5 mm and 4 mm, 

respectively. Similar with the results of the elongation of the straps, the 

thimbles are easily elongated at first but hardly at last. Therefore, the 

elongation of the thimble is modeled as the exponential function as well. 

By implementing deformation characteristics of the straps and thimble to 

the equation (14), the potential energy of the straps can be calculated. In order 
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to verify the deformation model, the deformation of the straps and thimble is 

estimated and measured. During the experiment, the tension of the tendon is 

increased while the fingertip is constrained by the contact to the object. Figure 

4.7 shows that the estimated deformation follows experimental data well.  

 

Figure 4.7 Comparison between estimated deformation of the thimble and 

straps with experimental result. 

 

4.4 Fingertip Stiffness and Equilibrium Posture 

By combining the deformation model with the finger model, the fingertip 

stiffness, fingertip force, and equilibrium posture of Exo-Glove can be 

analyzed. Then, the potential energy of the system is expressed as  

 	 ∑ 		 T ∑ ∑ , 	 ∑ , 	  (6-2)     

As mentioned above, the equilibrium posture of the finger can be 

obtained by finding parameters that minimize the potential energy.  

The fingertip stiffness is the change rate of the fingertip force with 

respect to the change of the fingertip position, which is shown in Figure 4.8. 
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To evaluate the performance, the x-directional fingertip stiffness is analyzed. 

If the fingertip stiffness is high, fingers can be recovered to stable posture 

easily and quickly after being perturbed by the external force. With higher 

stiffness, payload in x direction is higher, which means that heavier object can 

be pinched.  

The fingertip stiffness can be obtained by Hessian matrix of the potential 

energy. In order to consider only the effect of the fingertip position, the 

contact angle and the deformation of the straps and the thimble are 

predetermined to minimize the potential energy with respect to the fingertip 

position. Then, one can get the potential energy V* which is the function of 

fingertip position as below.  

, , , , ⟶ ∗ ,  (16) 

Then, the Hessian matrix of the potential energy is expressed as 

H 	

∗ ∗

∗ ∗   (17) 

 

 
Figure 4.8 Fingertip stiffness of Exo-Glove 
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For the analysis, the previous work on passive moment characteristics of 

finger [43] joint is used (see Figure 4.9).  

 

Figure 4.9 Passive moment characteristics of each joint used in analysis [43] 

 
 

 

4.5 Trend of the Fingertip Stiffenss According to the 

Strap Design 

In order to reveal the effect of design parameter, the fingertip stiffness 

according to the strap and thimble design is studied.  

4.5.1 Strap Design Criteria 

The straps and thimble have to be designed by considering the 

appearance and wrap grasp as well. If the length of the straps are too long, the 

flexor tendon will bulge to the palm side. Especially, if the joints are flexed, 

the flexor tendon will bulge more. The amount of bulging out of the tendon 

has an adverse effect on appearance and can eject the object during the wrap 

grasp. Therefore, the length of the strap should be minimized as possible.  

Because the MCP joint is the most proximal joint, the moment arm of the 
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tendon to the MCP joint should be the largest, because the proximal joint 

requires larger moment for proper grasping[44]. Then, strap design, which 

minimizes the moment arm to MCP joint, minimizes the bulging out of the 

tendon along the tendon path.  

The moment arm to MCP joint is determined by the strap on proximal 

phalange. In order to minimize the moment arm to the MCP joint, the position 

of the strap should be close to palm as possible. Therefore, the length of the 

strap on the proximal phalange should be designed as the end of the strap just 

to reach the palm surface of the phalange.  

For the thimble design, the fixation of the thimble should be considered. 

If the position of the thimble is too far from the DIP joint or if the length of 

the thimble is too short, the thimble can peel off from the fingertip.   

4.5.2 Three Glove Design for Performance Comparison 

In order to show the influence of the strap design, 3 different lengths and 

positions of the strap are considered with the criteria mentioned above. The 

design parameters of each cases are shown in Table 4.1 and the parameters are 

shown in Figure 4.1. Glove 1 and 3 have short strap lengths while strap 

position is far from the joint in case of Glove 1 and Glove 3 has short strap 

position distance. Glove 2 has long strap length and intermediate strap 

position. Figure 4.10 shows the selected Glove designs. 
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 (a)  (b) 

        

 (c) (d) 

Figure 4.10 Selected glove design for evaluation. (a), (b), and (c) represent 

Glove 1, Glove 2, and Glove 3, respectively. (d) represents the location of 

each Glove design on the map which will be shown in next section.  

 

Table 4.1 Selected design parameters for three gloves. (Units: mm) 

Glove 
1 

χ0 χ1 χ2 χ3 ψ0 ψ1 ψ2 ψ3 

20 5 4.5 4 -70 20 22 5 

Glove 
2 

χ0 χ1 χ2 χ3 ψ0 ψ1 ψ2 ψ3 

20 5 4.5 4 -70 20 7 5 

Glove 
3 

χ0 χ1 χ2 χ3 ψ0 ψ1 ψ2 ψ3 

20 5 9 4 -70 20 12 5 
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4.5.3 Fingertip Stiffness According to the Strap Design  

With the criteria mentioned above, the fingertip stiffness with respect to 

the position and length of the strap on middle phalange is explored. For the 

simplification, the object is assumed as plane shape and firmly supported by 

the thumb. Therefore, the fingertip moves horizontally on the contact surface 

while the rotation on the surface is still allowed.  

Figure 4.11 and Figure 4.12 show the simulation result. The graphs show 

the fingertip stiffness with respect to the strap design during pinch. The 

difference between the results of Figure 4.11 and Figure 4.12 are the y-

directional fingertip position which reflects the height of the object. In order 

to reveal the effect of the joint characteristics of the finger, 3 different joint 

stiffness conditions are applied to each case. The first case is that all three 

joints of the finger has same joint stiffness (Figure 4.11 (b), Figure 4.12(b)). 

The second case is that the stiffness of the PIP joint is half of the others 

(Figure 4.11 (a), Figure 4.12(a)). The third case is that the stiffness of the PIP 

joint is 2 times higher than the other’s (Figure 4.11 (c), Figure 4.12(c)). 

The amount of the fingertip stiffness is indicated in colored contour map. 

Red means higher stiffness and blue means lower stiffness. The black indicate 

unstable region which means that the posture of the finger will be extended 

while the flexor is pulled and the grasp fails.  

  



73 
 

 
 (a) (b) 

 
(c) 

 
Figure 4.11 Fingertip stiffness with respect to the strap design while the 

height of the object (ytp) is 10 mm. (b) shows the case that the joint stiffness 

of MCP, DIP, and PIP joint is same. (c) shows the case that PIP joint stiffness 

is two times higher than that of the other joints. (a) shows the case that PIP 

joint stiffness is half of that of the other joints 

 

As shown in all the graphs in Figure 4.11 and Figure 4.12, the Glove 2 

are always in unstable region. In that case, the moment arm of the tendon to 

the PIP joint is the smallest. Consequently, moment applied to the PIP joint is 

insufficient to maintain the posture.  

The Glove 3 has largest fingertip stiffness when the height of the object 
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is small, but if the height increases, the fingertip stiffness goes down. In spite 

of that, the Glove 1 has proper fingertip stiffness in both large and small 

height of the object.  

 

 
 (a) (b) 

 
(c) 

 
Figure 4.12 Fingertip stiffness with respect to the strap design while the 

height of the object (ytp) is 30 mm. (b) shows the case that the joint stiffness 

of MCP, DIP, and PIP joint is same. (c) shows the case that PIP joint stiffness 

is two times higher than that of the other joints. (a) shows the case that PIP 

joint stiffness is half of that of the other joints 
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In point of view of joint stiffness difference, the higher PIP joint stiffness 

results in higher fingertip stiffness. However, the change of the PIP joint 

stiffness does not change the trend of the fingertip stiffness distribution.  

4.5.4 Fingertip force distribution according to the strap design 

  

 (a) (b) 

 

(c) 

Figure 4.13 Fingertip forces with respect to the fingertip position when the 

height of the object (ytp) is 10 mm. The stiffness of all the joints are same. 

Black line represent the equilibrium posture of the finger with respect to the 

fingertip position. Blue circles represent the shape of the fingertip. Red lines 

represent the contact forces of each posture. (a) is the case of Glove 1, (b) is 

the case of Glove 2, and (c) is the case of Glove 3. 
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In order to understand the characteristics of each design of glove in detail, 

the fingertip force, while the fingertip moves along the contact surface, is 

explored.   

 

 (a) (b) 
 

 

(c) 

Figure 4.14 Fingertip forces with respect to the fingertip position when the 

height of the object (ytp) is 30 mm. (a) is the case of Glove 1, (b) is the case 

of Glove 2, and (c) is the case of Glove 3. 

 

As shown in Figure 4.13 and Figure 4.14, in case of the glove 3, the 

fingertip forces head toward the outside of the hand. Therefore, even though 
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the fingertip contacts to the object, the grasp is very unstable. 

In case of the glove 2, the fingertip forces becomes to head toward the 

inside of the hand. As the fingertip gets inside of the hand, the straps and 

thimbles are getting close, and the geometrical constraint maintains the finger 

in stable state. However, the position of the thumb is about at 50 mm in x 

coordinate, so that the object rotates counterclockwise when one tries to pinch 

the small object. Consequently, the pinch fails.  

In case of the glove 1, the fingertip forces are converged on one point. 

Because the direction of the fingertip force moves the object and fingertip into 

one point, the posture and grasping is stable. The posture of the finger at the 

equilibrium forms the palmar pinch in which DIP joint is extended while the 

other joints are flexed. With the palmar pinch, the finger pad contacts to the 

object. Then, large contact area and compliance property of finger pad 

increases pinch stability. 

4.5.5 Stiffnes Ellipsoid of the Pinched Object According to the 

Strap Design 

The Stiffness of the object pinched by the index, middle fingers, and the 

thumb are studied to show the stability of the pinch in planar plane. The 

stiffness distribution of the pinched object can be calculated by the eigenvalue 

and eigenvector of the stiffness matrix, which is the Hessian matrix of the 

potential energy. In order to calculate the potential energy of the pinched 

object, the fingertip stiffness of the index, middle finger, and the thumb is 

considered. 

Figure 4.15 shows the stiffness ellipsoids of the pinched object in case of 

Glove 1 and Glove 3. As shown in the graphs, the Glove 1 has higher x-

directional stiffness while the y-directional stiffness is similar in most of the 
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cases.   

 

(a) 

 

(b) 

Figure 4.15 Stiffness ellipsoid while the index, middle finger and thumb pinch 

the object. Red ellipsoids indicate the 2D stiffness while the fingers are at the 

equilibrium posture. Blue ellipsoids indicates the 2D stiffness while the 

fingers are pulled toward the outside of the hand by the external force. (a) is 

the case of Glove 1, (b) is the case of Glove 3. 
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Performance Evaluation 

 
The performance of grasps with Exo-Glove was investigated through 

experiments. The force and motion of a grasp were measured while Exo-

Glove was worn by a 30-year-old healthy male subject. After that, grasping of 

various-shaped objects was attempted experimentally, in which one healthy 

subject and one disabled subject participated as subjects. The disabled subject 

sustained traumatic injuries to the sixth cervical spine (C6; ASIA B) resulting 

in tetraplegia. 

All procedures were approved by the Institutional Review Board of 

Seoul National University (IRB No. 1401/001-019). 

5.1 Kinematics  

To demonstrate the kinematic characteristics of the Exo-Glove, we used 

an infrared vision system to film finger motions of the healthy subject while 

he was wearing the device. Thirteen retro-reflective hemispheric markers, 

each 4 mm in diameter, were attached to the fingertips, the joints of the index 

and middle fingers and the thumb, and the ulnar and  upside of the wrist. 

Eight infrared video cameras (Bonita B3, Vicon Inc.) were positioned around 

the hand, and the working volume (50 × 50 × 50 cm3) was calibrated to 
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produce an accuracy of less than 0.3 mm. The capture rate was 100 frames/s, 

and the resolution of each frame was 300,000 pixels.  

 

 

 
(a) 

 
(b) 

Figure 5.1 Achievable flexion/extension ranges of the index and middle 

fingers when using the Exo-Glove without contacting an object. The 

circular, rectangular, and triangular markers in the figure represent the 

markers attached to the thumb, index finger, and middle finger, 

respectively. (a) shows the trajectory of the digits in the sagittal plane, 

and (b) shows the trajectory in the frontal plane. The three positions 

marked by the stars in (a) indicate the positions of the load cells used to 

measure the pinching force. 
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The finger trajectory was captured while the finger was flexed from the 

extended posture. The extended posture was achieved by pulling the extensor 

until the fingers were straight. The fingers and thumb were then flexed until 

their tips met. This was done by simultaneously releasing the extensor and 

pulling the flexor.  

The positions of the markers shown in Figure 5.1 correspond to the 

extended posture. The line beginning from each marker represents the 

trajectory of the marker while the digits were flexed. 

 

 

Table 5.1 Joint angles during tripod grasping. The MCP angles of fingers 

at extension phase are regarded as 0°. The thumb anteposition angle 

represents how much the thumb flexes in front of the palm. DIP, PIP, and 

IP stand for distal interphalangeal, proximal interphalangeal, and 

interphalangeal joints, respectively. 

 Extension Phase Flexion Phase

Index finger MCP 0° 46° 

Index finger PIP 4° 48° 

Index finger DIP 5° 12° 

Middle finger MCP 0° 46° 

Middle finger PIP 6° 54° 

Middle finger DIP 4° 12° 

Thumb anteposition 64° 51° 

Thumb abduction 31° 0° 

Thumb IP 0° 27° 
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As shown in Figure 5.1, sufficient extension and flexion ranges could be 

achieved, and the tips of the fingers and thumb met at a point when flexed. 

Although the flexion range was smaller than that of voluntary movement of 

the fingers, it was sufficient for pinching and wrap grasping. A sufficient 

extension and flexion range of motion can be achieved because pretension of 

the flexor and extensor tendons is not required, thanks to the slack enabling 

mechanism of the actuator. The ranges of the joint angles are presented in 

Table 1; joints angles are calculated by following the procedure described in 

[45]. 

 

5.2 Pinching Force 

The pinching force is evaluated in two point of view. First, the fingertip 

force distribution while the posture of the index and middle finger is different 

is measured. To prevent unwanted rotation of the grasped object while pinch 

motion, the fingertip forces at the index and middle finger should be similar. 

As mentioned in previous chapter, the differential mechanism is employed in 

order to evenly distribute the fingertip force of the index and middle finger. 

Second, the maximum payload of the pinch with respect to the different strap 

design is evaluated.  
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5.2.1 Fingertip Force Distribution 

 
Figure 5.2 Experimental setup to measure the fingertip force 

 
The experimental setup to measure the fingertip force is shown in Figure 

5.2. The forces at the index and middle fingertips were measured by two-axis 

load cells. Two customized two-axis load cells (two 333FB cells, KTOYO 

Co., Ltd., Korea) were installed at the frame to measure the fingertip force. 

The position of the load cells can be adjusted to measure the contact forces 

when the fingers are in different positions. Before the experiment, the 

positions of the load cells were preset. Then, the tendon was pulled by the 

actuator until its tension reached 50 N. The positions of the load cells are 

indicated in Figure 5.1 (a), where position 1 indicates an extended position, 

position 2 indicates a mid-position, and position 3 indicates a flexed position 

of the fingers. To prevent the movement of the hand, this fixation frame is 

installed and its protruding part is placed between the index and middle 

fingers, as well as between the middle and ring fingers. During the 

measurement, the tension of the wire is measured using the load cell 

implemented in the motor unit. 
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Figure 5.3 Relationship between tension of the tendon and fingertip force of 

index finger 
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Time (s) 

(a) 

 
Time (s) 

(b) 

 
Time (s) 

(c) 
 

Figure 5.4 Fingertip forces of index and middle fingers when the contact 

positions of the fingers are different. The tip of the middle finger contacts the 

load cell at its straight position, whereas the tip of the index finger contacts 

the load cell at (a) position 1, (b) position 2, and (c) position 3. 
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The experimental results are shown in Figure 5.3 and Figure 5.4. The 

fingertip force of index finger in all cases have linear relationship with respect 

to the tension of the tendon. As shown in Figure 5.3, the fingertip force of the 

index finger reaches 12 N when the tension of the tendon is about 50 N. 

Therefore, the sum of contact forces of the two fingers was about 25 N when 

the tension of the actuation tendon reached 50 N which is the preset maximum 

force. This fingertip force of 20 N is enough to perform ADL. Smaby et al. 

[46] measured the pinch force while performing several daily tasks (opening 

and closing zippers; inserting and removing an electrical plug, key, and ATM 

card; using a fork; and using a remote control button). Their results showed 

that most of these tasks required less than 20 N, except for inserting and 

removing a plug (which required from 18 N to 31 N).  

In Figure 5.4, ① and ② indicate the points at which the middle finger 

and index finger, respectively, touch the load cell. The difference between the 

fingertip forces increases when the distance between the tips of the index and 

middle fingers is larger, as expected. The maximum difference in fingertip 

forces occurs when the tips are farthest from each other, and the difference is 

less than 1 N. The difference is comparatively small considering that the force 

required to push the remote control button was about 1 N [46]. 

5.2.2 Pinch Evaluation with Respect to the Strap Design 

In order to verify the pinching force analysis, three glove (Glove 1, 2 and 

3) is tested on the subject with spinal cord injury. The level of the injury of 

the subject is C6, which means the subject cannot move the finger at all.  

The glove 2 and 3 fails to grasp object because the Glove 2 is unstable 

and Glove 3 moves the finger inside of the hand too much. The cylindrical 
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object, diameter and weight of which are 15 mm and 50 g, only can be 

grasped by Glove 1. 

 

Figure 5.5 Pinching small object. Case of glove 1 

 

 
Figure 5.6 Pinching small object. Case of glove 2 

 

 
Figure 5.7 Pinching small object. Case of glove 3   
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5.2.3 Maximum Payload of the Pinch 

In order to verify the design optimization for pinch, the maximum 

payload of the pinch has measured. In this experiment, the subject who have 

paralysis on the hand pinches the thin and thick block with 3 differently 

designed glove. The subject is requested to pull the block up until he drop the 

block. For the firm support by the thumb, thumb is folded and the plane 

surface on dorsal side of the thumb is used for the pinch. By using the load 

cell, the maximum pinching force is measured. The subject is requested to 

repeat to pinch and pull the object 5 times. Figure 5.8 shows the experimental 

setup. And, the dimension of the block to be pinched are presented in Table 

5.2. 

 

Figure 5.8 Experimental setup to measure the maximum payload of the pinch 

 
Table 5.2 Dimension of the block for the experiment 

Thin block Thick block 

40 × 40 × 10 mm 40 × 40 × 30 mm 

 

y 

x 
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Figure 5.9 shows the results of the experiment. Similar with the 

simulation result, the glove 1 can pinch the block harder than other gloves in 

both cases. 

 

(a) 

 

(b) 

Figure 5.9 Maximum payload of pinch according to the glove design. (a) is 

for thin block, (b) is for thick block 
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5.3 Wrap Grasping Force 

A wrap grasp with the palm and fingers is used to grasp a comparably 

large and heavy object. To measure the grasping force required in this case, a 

grasping experiment was performed. The experimental setup is shown in 

Figure 5.10. Three polyvinylchloride pipes with different diameters were used 

as the objects to be grasped. A 160 mm × 160 mm pressure mat sensor 

(Pliance® hand mat sensor, Novel Inc., Germany) was wrapped around the 

pipe to measure the pressure distribution during the grasp. During the 

experiment, the pipes were kept vertical on the table and the 30-year-old male 

subject moved his hand toward the pipe in a natural way. The flexion tendon 

was pulled by the motor until the tension of the tendon at the motor reached 

50 N.  

 

Figure 5.10 Experimental setup to measure wrap-grasp force. The forces 

while grasping pipes of various diameters are measured using a pressure mat. 
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 (a) 

 
 (b)  

 
(c) 

 

 
  3 10 15 20 25 35 45  
  kPa 

(d) 
 

Figure 5.11 Pressure distribution during wrap grasp of cylindrical objects 

of various sizes: diameters of (a) 115 mm, (b) 76 mm, and (c) 48 mm. In 

all of the graphs, the pressure concentration point on the left side shows 

the contact of the thumb with the pipe, and the two points of pressure 

concentration on the right side indicate the contacts of the middle and 

index fingers with the pipe. (d) Pressure scale bar. 
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The results of this experiment are presented in Figure 5.11. The graphs 

show the pressure distributions when the tension of the actuation tendon was 

50 N, except for the case where the grasp failed. Grasping the largest pipe 

(115 mm in diameter) was impossible, because this pipe was too big to be 

wrapped into the fingers and thumb and ejection thus occurred. Figure 5.11 (a) 

shows the maximum force before the pipe is ejected from the hand. The other 

pipes were grasped successfully with Exo-Glove. The sum of the normal 

forces during the grasping of the pipes is about 40 N. Because all of the force 

is the normal force, a cylindrical object weighing about 2 kg can be held if we 

assume that the friction coefficient between the glove and the object is 0.5. 

This force is sufficient for performing daily tasks such as grasping cups and 

bottles.  

5.4 Performance Comparison with Other Soft Wearable 

Robotic Hands 

The performance of the Exo-Glove is compared with the other soft 

wearable robotic hands. The criteria of the comparison is size, range of 

motion, fingertip force, wrap grasping force, and achievable motion. The 

results is shown in Table 5.3. Among the comparison target, Gloreha, SEM 

glove, and Robo-Glove is driven by tendons in spite of Soft robotic glove uses 

pneumatic bending actuator. The biggest encumbrance is considered as the 

size, and it is measured by the photos shown in references while the sizes of 

the finger appeared in each references are assumed as similar to each other. 

Sum of the flexion angles of middle finger is considered as the range of 

motion of each devices. Because the maximum flexion angle of Exo-Glove is 

measured when the middle finger contacts to the thumb even though the 

middle finger can be flexed more, the real range of motion of Exo-Glove is 

regarded as wider than the value appeared in the table. 
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Table 5.3 Performance comparison with the other soft wearable robotic hands 

 Size  
 

Range of 
motion  
 

Fingertip 
force 

Wrap 
grasping 
force 

Actuation 
mode 

Exo-
Glove 

<5 mm 112° 
(when middle 
finger contact to 
the thumb) 

24 N  
(with at 50 
N of tension)

40 N 
(with at 50 
N of 
tension) 

Flexion 
and 
extension 

Gloreha 
[47]  

~30 mm 
(during 
flexion 
phase) 

X 5 N X Flexion 
and 
extension 

SEM 
glove 
[48] 

<5 mm X 
(extension is not 
assisted) 

3~4 N X Only 
flexion 

Robo-
glove 
[49] 

<5 mm X 

(extension is not 
assisted) 

X 40 N 
(developm
ent goal) 

Only 
flexion 

Soft 
robotic 
glove 
[50] 

~40 mm 250° 

(without wearer)

8N  
(at 345 kPa, 
without 
wearer) 

X Flexion 
and 
extension 

 

  

5.5 Grasping of Various-Shaped Objects 

Grasping of various-shaped objects was attempted experimentally, 

wherein a healthy subject and a subject with SCI wearing Exo-Glove 

participated. The subject with SCI is 41-years-old male and injured 6 months 

ago. He sustained traumatic injuries to the fourth cervical spine (C6; ASIA B) 

resulting in tetraplegia. He cannot flex and extend his fingers and the thumb at 

all but he can move elbow and shoulder. The target objects were a plastic 

bottle with 400 ml water, 500 g weights, a baseball and a spray half filled with 

water. During the experiment, the subject could determine the approach path 



94 
 

and orientation of the hand by himself. Figure 5.12 and Figure 5.13 show the 

grasp performed by the disabled subject using Exo-Glove. As shown in the 

both figures, the subject can grasp all the target objects well. After the 

experiment, the subject is very satisfied because he feels like he uses his hand 

again. 

 

 

 
Figure 5.12 Various grasping motions with Exo-Glove. Thanks to the 

simple human–robot interface and one-finger and multi-finger 

underactuation mechanisms, grasping is easily achieved. The target objects 

grasped, as shown in this figure are a spray, a bottle, a ball, and a weight. 
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Figure 5.13 Quality of life with Exo-Glove. Pouring and drinking water is 

performed by the subject with spinal cord injury (C6, ASIA B) independently  
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Conclusion and Future Work 

 
6.1 Conculsion 

The main contributions of the dissertation are proposing proper 

mechanical element which is suitable for the soft wearable robot structure; 

raising an issue related with the pretension in soft wearable robot, and solving 

the issues by developing the slack enabling mechanism; finding out the proper 

design for pinch by considering deformation of the soft structure; and all of 

them are verified by the experiment on the spinal cord injured subject.  

The Exo-Glove is most suitable for people incapable of closing or 

opening their hands but able to use other joints of the upper limb, including 

wrist, elbow, and shoulder joints. The Exo-Glove can also be used by people 

with medium- to low-level finger spasticity, as long as all finger joints exhibit 

the same degree of spasticity. When the spasticity varies widely among the 

finger joints, it is difficult to achieve effective movements with the Exo-Glove, 

even if the design is adjusted for the user. High spasticity precludes using the 

Exo-Glove because the high tendon tension that would be required could 

harm the user’s skin.  

Because the conventional elements of a hard exoskeleton are unsuitable 
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for the soft structure of the proposed device, the Exo-Glove employs a new 

design inspired by human finger anatomy. Owing to the inherent features of 

the soft structure, no joint alignment was required between the device and the 

human body, which enhances the simplicity of the device. The following new 

elements were developed for Exo-Glove:  

  The mechanical pulleys used in conventional tendon routing systems were 

replaced by fabric straps and Teflon tubes. The proposed structures are to 

transmit the force in normal direction to the body. Therefore, no pressure is 

required to generate friction force to fix the structure to the body. 

  A thimble and tendon anchoring support were used to achieve a fixed point 

of force transmission in the soft tendon routing system. The tendon 

anchoring support normally stays loose and applies force on the body only 

when the pulling force is applied to move the finger. This prevents 

continuous application of undesirable pressure on the user’s body. 

  Bowden cables were used to achieve remote positioning of the actuator. 

The Bowden cables are fixed at the TA support and permit the wrist, elbow, 

and shoulder joints to move freely without affecting or being affected by 

the system.  

 Because pre-tension of the tendons could cause injury and increase friction, 

the soft tendon routing system was designed for zero pre-tension of the 

tendons. This, however, caused slackening of the tendons. The problem 

was solved by using tubes to form the tendon path and introducing a slack 

enabling mechanism into the actuator to enable the tendons to move with 

zero tension.  
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  To enable easier grasp using few actuators and simple control, a new 

adaptation mechanism consist of several tubes was developed. The 

mechanism reduced the overall size of the device.  

  Wrist motion was used as the control input for easy and intuitive control.  

Since the finger is under-actuated, the contact forces and fingertip 

stiffness significantly depend on the strap, thimble design, and the stiffness of 

the wearer’s joints. To optimize the contact posture at equilibrium, fingertip 

force, and fingertip stiffness, the thimble, strap design is analyzed. Since the 

soft structure deforms while the finger moves and the tendon is actuated, the 

deformation is considered during the thimble, strap design analysis. By the 

analysis, it is revealed that the short length and further position of the strap on 

middle phalange results in stable and stiff pinch. Moreover, the effect of the 

difference of the joint stiffness is also studied.  

Finally, the performance of the developed Exo-Glove is verified. The 

range of motion is enough to perform the wrap grasp and pinch and the tips of 

the index, middle finger, and the thumb meet together without finger 

trajectory control. The fingertip force is about 12 N per each finger while the 

50 N of tendon is applied on the finger, which means total pinching force is 

about 24 N. This pinch force is much higher than other soft wearable robotic 

hands. Gloreha can generate 5 N [47]. SEM Glove [48] can generate 3~4 N. 

And, the actuator of the soft robotic glove can generate 8N in the direction of 

the finger, which is shown in the experiment on the actuator without the 

wearer [50]. The Exo-Glove can generate large force because the structures of 

the soft tendon routing transmit the force to the body in normal direction and 

the slip does not occur during the actuation even without using the friction 

force. If the structures requires shear force to be fixed on the body, excessive 

pressure should be applied to the body to obtain enough shear force. 
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6.2 Future Work 

Further study is needed in the sensory and control systems, ease of 

wearing, user adjustability of the device, and the thumb mechanism. For 

example, grasping safety and stability could be improved by implementing a 

sensor that detects the contact force and finger configuration and a control 

based on sensory data. Ease of don and doff can be improved by minimizing 

device components (for example, by removing the part of the glove over the 

palm). In addition, experiments should be performed with a wider range of 

subjects.  

The therapeutic effect of Exo-Glove also should be studied. Since the 

wearable robotic hand can move the hand directly, Exo-Glove can be used as 

the training or therapeutic device. In previous study, to get better therapeutic 

effect, the motivated, intensive, and task oriented training should be 

performed [51]. Therefore, in order to maximize the effect of the wearable 

device, the patient should frequently use the device. We think that Exo-Glove 

has great advantage to be frequently used by the users because of its natural 

and compact appearance. Therefore, the clinical evidence for the therapeutic 

effect for various disability should be studied in order to prove the benefits of 

the soft wearable robot.  
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초  록 

손 마비 장애인을 위한 유연한 착용형 로봇 

손은 매우 복잡하고 집되어 있는 구조로서 기존에 연구된 

외골격 형태의 착용형 로봇으로는 구조를 간단히 하는데 한계가 

있지만, 유연한 형태의 착용형 로봇은 유연한 소재를 사용함으로써 

그 한계를 극복할 수 있기 때문에 크기와 무게를 줄이는 것이 

가능하다. 하지만, 유연하고, 또한 착용형인 구조를 동시에 

만족시키기 위해서는 해결해야 하는 과제가 있다. 

우선, 사람이 착용하는 로봇이기 때문에 발생하는 문제가 있다. 

개발하려는 로봇은 유연한 구조를 가지고 있기 때문에, 기존의 

외골격 로봇에 비해 몸에 전달되는 힘이 크고, 힘이 국소적으로 

집중될 수 있다. 따라서 힘의 집중에 의한 안전성 문제가 고려 

되어야 한다. 또한 착용자 개개인의 손의 특성이 다르기 때문에 

손의 자세나, 손의 힘을 결정하는 디자인 변수를 결정하기 위해 

손의 특성을 고려 하여야 한다. 

또한, 유연한 구조를 가지는 로봇이기 때문에 발생하는 문제가 

있다. 유연한 구조를 유지하기 위해서는 기존의 단단한 구조를 

기반으로 하는 요소 기술들을 유연한 형태의 요소기술로 

대체하여야 한다. 하지만, 대체된 유연한 요소기술의 한계 때문에, 

구조의 고정 및 마찰과 같은 문제가 발생하게 된다. 또한, 텐던 

구동 방식을 채용하고 있기 때문에, 텐던이 당겨질 때 힘 전달 및 

인체 고정 구조의 변형이 발생한다. 따라서 구조의 변형을 고려한 

개발이 요구된다. 



106 
 

이 논문의 주요 기여사항은 다음과 같다. 유연한 착용형 로봇의 

구조에 적합한 요소기술을 개발하였고, 유연한 착용형 로봇의 

텐던의 장력과 관련된 문제점들을 정리 하고 slack enabling 

actuator 를 개발함으로써 문제점들을 해결하였다. 또한, 적절한 

집기 동작을 구현하기 위한 디자인 설계 변수를 구조의 변형을 

고려하여 찾아 내었다. 마지막으로 개발한 장비를 척수손상 

환자에게 적용하여 테스트함으로써 개발한 장비를 검증하였다. 이 

논문에서 제안한 개념들은 다른 부위의 유연한 착용형 로봇을 

개발하는 데에도 그대로 적용될 수 있을 것이다. 

앞서 설명한 요소들을 종합하여 손 동작 보조를 위한 유연한 

착용형 로봇인 Exo-Glove 를 개발하였다. Exo-Glove 의 착용부는 

간단한 구조로 이루어져 있고, 무게는 194 g 이다. 임상 실험을 

통해 Exo-Glove 가 일상생활 보조에 적합함을 보일 수 있었다. 

집기 힘은 25 N, 움켜쥐는 힘은 40 N 을 낼 수 있었고, 최대 76 

mm 의 파이프 형 물체를 움켜쥐는 것이 가능하였다. 또한 부족구동 

방식을 사용하여 다양한 형태의 물체를 별도의 제어 없이 

적응적으로 쥐는 것이 가능하였다. 결과적으로 Exo-Glove 가 손 

마비 장애인이 보다 독립적으로 생활하고, 삶의 질을 높이는 데 

도움을 줄 것이라고 기대한다. 

주요어 : 유연한 착용형 로봇, Exo-Glove, slack enabling actuator, 

유연한 로봇, 보조 로봇, 외골격 
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