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Abstract

Due to significant improvements in actuation and sensing components
in terms of size and performance, technologies for wearable devices have
received great attention and have been developed for various purposes.
In the wearable device development process, it is required to satisfy two
different kinds of performance factors: Usability and functionality of the
robot. It is because, unlike other devices, the wearable device should be
worn on the human body. For instance, in hand wearable robot researches,
the researchers have aimed for making compact, light, and soft device to
guarantee the usability; For the functionality of the robot, on the other
hand, they have attempted to design the robot that assists a sufficient
number of grasp types with enough grasping force. Designing the robot
that satisfies both performance factors is a challenging issue because of
an inevitable trade-off between keeping the usability with less number
of actuators and keeping the functionality by using numerous high-force
actuators.

As a solution for the trade-off issue, a tendon-driven under-actuation
mechanism has been proposed in previous researches. In this design, it

is possible to reduce the number of actuators by applying a certain ratio



of torque to multiple joints. This concept of applying torque constraints
satisfy both performance factors of usability and functionality because
it not only enables to use of less number of actuators but also provides
adaptability to external environments. However, design with an under-
actuation mechanism still has an unsolved issue about scalability; The
system becomes complicated and the friction increases in the transmission
when the under-actuation mechanism is used to cover a large number of
joints. Therefore, wearable robots using under-actuation mechanism have
been developed to have limited functions.

This thesis proposes a method to deal with the aforementioned issue
with 1) a novel actuator named Slider-Tendon Linear Actuator that is
specifically designed for the tendon-driven under-actuation mechanism,
and 2) a design framework to optimize the under-actuated tendon routing.
Using these given two solution, a novel soft hand wearable robot named
Exo-Glove II is developed to assist index, middle finger flexion/extension
and thumb opposition/reposition with only four Slider Tendon Linear
Actuators. With Exo-Glove II, the thesis also shows several useful research
to improve the robot performance; 1) a method to find out the optimal
tendon routing using a concept of opposition workspace; 2) a method
to find out the kinematic information of human body using a kinematic
calibration; 3) a data-driven method to find out the relationship between
wire tension and joint angle for robot control. Using these researches, the
thesis finally shows that it is possible to assist various types of grasp using

the proposed robot.
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actuator, under-actuation, Data-driven system identification

ii



Student number: 2014-30349

iii



Contents

Abstract
Contents

List of Figures
List of Tables

1 Introduction

1.1. Background . . . . ... ... .. ... ... ..
1.2. Problem Definition . . . . . . . . . . . ... ..
1.3. Research Goal . . . . . . . . ... .. ... ...

2 Tendon Transmission and Tendon Driven Actuator

2.1. Background . . . ... ... ... ... .....

2.2. Working Principle of The Actuator
2.2.1. Wire derailment prevention

2.2.2. Under-actuation mechanism

2.2.3. Tendon connection . . . . . ... .. ..

2.2.4. Stroke amplification . . . ... ... ..

2.3. Modelling and Mechanical Design

v

iv

viii

XXVi



2.3.1. Design of components in the STLA . . . . ... .. 20

2.3.2. Final actuator design with optimized components . 26
2.4. Simulation and Performance . . . . . . ... ... ... .. 27
2.4.1. Validation of the actuator speed . . . . ... ... 27

2.4.2. Simulation and validation of the under-actuation

mechanism . . . . . .. ... 28
2.5. Discussion & Conclusion . . . . . . . . . ... ... .. .. 32
Under-actuated Tendon Routing 55
3.1. Background . . . . .. ... oo 55
3.2. Under-actuation Mechanism . . . . . .. ... ... .... 56

3.2.1. Kinematic (ky,) constrained under-actuation mech-

3.2.2. Kinematic (ky,) constrained under-actuation mech-
anism with compliant components . . . . . . . .. 57
3.2.3. Kinetic (ky) constrained under-actuation mechanism 58
3.2.4. Kinetic (k;,) constrained under-actuation mechanism
with dual tendon routing . . . ... ... ... .. 60

3.3. Kinetic Constrained Under-actuated Tendon Routing with

Slider-Tendon Linear Actuator in Soft Wearable Robot . . 61
3.3.1. Dual tendon routing in system with N fingers . . . 61
3.3.2. Dual tendon routing in Exo-Glove IT . . . . . . .. 63

3.3.3. Indicators to validate the under-actuation mechanism 64

3.4. Validation of the Dual Tendon Routing with Slider-Tendon

Linear Actuator . . . . . . . . ... ... ... .. ..... 65
3.4.1. Tension distribution . . . ... ... ... ... .. 65
3.4.2. Under-actuation performance . . . ... ... ... 66



3.4.3. Possible applications . . . .. ... ... 66

3.5. Discussion & Conclusion . . . . . ... ... ... ... .. 68
Design Process of Exo-Glove 11 84
4.1. Background . . . . . ... Lo oL 84
4.2. Under-actuated Tendon Routing for Exo-Glove IT . . . . . 85
4.3. Robot Design . . . . . .. .. ... L. 87
4.3.1. Glovedesign . .. ... ... ... ... ...... 89
4.3.2. Routerdesign . . . . ... ... ... ... ..... 90
4.3.3. Tendon anchor design . . . ... .. ... .. ... 94
4.4. Validation . . . . . . ... ... 96
4.4.1. Opposition workspace . . . . .. .. .. ... ... 96
4.4.2. Maximum grasping force . . . . . .. ... ... .. 96
4.4.3. Tension control . . . . . ... .. ... ... ..., 98
4.5. Discussion & Conclusion . . . . . .. ... ... ... ... 98
Motion Generation with Exo-Glove 11 117
5.1. Background . . . . .. ... oo 117
5.2. Manipulator Jacobian . . . ... ... .. ... ...... 118
5.3. Actuation Jacobian . . . . . ... ..o 119
5.4. Joint Angle Estimation through a Tension and Stroke Mea-
surement . . ... oL Lo oL L 123
5.5. Experimental Results . . . . ... ... .. ... ...... 124
5.5.1. Result of the kinematic System Identification . . . 124
5.5.2. Result of the Gaussian Process Regression . . . . . 125
5.5.3. Motion generation with Exo-Glove IT . . . . . . .. 126
5.6. Discussion & Conclusion . . . . . ... ... ... ... .. 127

vi



6 Conclusion 139

References 142

Appendix 151

A Literature review of the hand wearable robots and hand

anatomy 151
A.1. Literature review of the hand wearable robots . . . . . . . 151
A.2. Human hand anatomy . . . . ... ... ... ....... 154

B Method to calculate the tension distribution in dual ten-

don routing 159
B.1. Friction modelling of tendon . . . . . . . . ... ... ... 159
B.2. Tension distribution of the tendon routing 1 . . . . . . .. 162
B.3. Tension distribution of the tendon routing 2 . . . . . . . . 164
B.4. Tension distribution of the tendon routing 3 . . . . . . . . 167
B.5. Tension distribution of the tendon routing 4 . . . . . . .. 170
B.6. Tension distribution of the tendon routing 5 . . . . . . . . 173
B.7. Tension distribution of the tendon routing 6 . . . . . . . . 176
B.8. Tension distribution of the tendon routing 7 . . . . . . . . 179
B.9. Residual friction according to the tendon routing . . . . . 182
B.10.Conclusion . . . . . . . .. ... 184
C Theoretical Background of Product of Exponential 187
D Kinematic Calibration with Product of Exponential 193
Abstract (in Korean) 200

vii



2.1

2.2

List of Figures

Overview concept of a tendon transmission that
uses a Bowden cable.

By locating the heavy components such as the actuator,
battery, and controller far from the end-effector, the end-
effector can be light, compact, and simple. By concentrating
the application of the actuator only on the tendon transmis-
sion, STLA has optimized performance and includes func-
tions such as tendon connection, under-actuation mecha-
nism, and stroke amplification. . . . . ... ... ...
Overview of Slider-Tendon Linear Actuator (STLA)
By utilizing a tendon-driven slider, STLA shows compact
size and reliable actuation performance. (a) shows side
view of the schematic and (b) shows top view of the real
actuator. STLA pulls the end-effector tendon (red dotted
line) by winding the motor tendon (blue solid line) that
pulls the slider. To release the end-effector tendon, the spool
unwinds the motor tendon and springs pulls the slider and

motor tendon. . . . . . ... L.
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2.3

24

2.5

Details of the STLA working principles.

The actuator offers the following four functions in a single
slider. 1. Derailment of the motor tendon is prevented by
springs (white broken line). 2. Under-actuation is imple-
mented to the end-effector tendon using a movable pulley
in the slider (dark blue hatched circle). 3. The tendon con-
nector makes the end-effector separate from the actuator

easily (green dotted line). 4. The stroke of the tendon is

amplified by designing the tendon routing (yellow solid line). 38

Methods to apply tendon-driven under-actuation
mechanisms in two links.

The figure (a) shows how the under-actuation mechanism
increases the adaptiveness of the robot. Also, the figure (a)
and (d) show the under-actuation mechanism that uses
a fixed pulley. The figure (b) and (e) show the under-
actuation mechanism using a movable pulley that is used
in the conventional robot. Figure (c¢) and (f) show the
method to implement the under-actuation mechanism us-
ing the proposed STLA. The dotted lines in the figure (d)
to (f) mean the end-effector while the other part is located
far from the end-effector. . . . . . . .. ..o
Schematic showing how the tendon connector in the
STLA works.

It includes the function of the tendon connection by sepa-

rating the end-effector tendon from the slider. . . . . . . .
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2.6

2.7

2.8

2.9

Schematic showing how the stroke of the STLA is
amplified.

Bearings on the end effector side not only allow the STLA
to have the under-actuation mechanism, but also amplify
the wire stroke. n. is the number of the movable pulleys at
theslider. . . ... . ... ... ..
Schematic of each actuation for size comparison
(a) ball screw linear actuator, (b) Basic STLA (STLAB),
and (c) STLA. The red dotted line in the figure is the wire
used in the actuator. . . . . . ... ... oL
Size comparison of the tendon-driven actuation unit
for a soft wearable robot.

The size of the STLA is 36.2% of the ball screw. When the
movable pulley is used in STLA design, the size becomes
more compact and it is 23.6% of the ball screw. Although
the size is reduced, the STLA is about 11.2 times bigger
than the slack-enabling actuation unit. Values on the right
side show the volume of each actuation method when the
stroke is 240 mm. . . . . . ...
Final design of Slider-Tendon Linear Actuator.
The actuator contains the functions of wire derailment pre-
vention, under-actuation, and tendon connection. One load-
cell is used to measure the tension of the wire. The blue wire
in the left side is a motor tendon while the gray wire in the

right side is an end-effector tendon. . . . . . . .. .. ..



2.10 Actuator performance in position (a) and force do-

2.11

main (b).

The actuator pulls wire 120mm in 1.5 seconds in a no-load
condition, which sufficiently satisfies the requirements. The
rms error between the estimated and real slider position is
3.61(%). The blue dotted line in figure (a) is the pulled
length calculated by the encoder and the black solid line is
the pulled length of the wire calculated by the slider posi-

tion. Figure (b) shows that the tension of the wire reaches

to 100N and the tension applied on the two wires is similar.

Schematic of the tendon routing to analyze the ten-
sion distribution.

For simplification, fingers are assumed as a block that moves
linearly; (a) shows the under-actuated tendon routing us-
ing fixed pulleys and (b) shows the under-actuated tendon

routing using a movable pulley. . . . . ... ... ... .
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2.12

2.13

Experimental and simulated results of the force dif-
ference that is applied to the finger

(a) Tendon routing A refers to the wire path that has
an under-actuation mechanism using fixed pulleys; tendon
routing B means the path that uses a movable pulley. (*)
means that there is a significant difference between the two
results. Also, the force difference enlarges as the finger flex-
ion angle increases in tendon routing A, while routing B is
not significantly affected by the change in the angle of the
finger bend (b). For the under-actuation mechanism evalu-
ation, it is important to know the ratio of the force applied
to the two fingers, rather than the absolute magnitude of
the force. Therefore, both graphs are represented by con-
verting all values as a percentage of the force exerted on
one finger (Fp). . . . . . .
Experimental setup to measure the tension distri-
bution of the wire path.

(a) shows the method to measure the tension with curved
wire path. The wire curve unit in (b) intentionally makes
the wire to bent. (c) shows schematic of Bowden cable. By
changing the wire path, tension distribution of two wire

paths is measured. . . . . . ... ... ... ... ...
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3.1 Classification of the under-actuation mechanism
f; in the figure means the displacement of the actuators
while the ¢; in the figure means the displacement of the
joints. Since the number of the joints are smaller than that

of the actuator, constraints between the joint angle are re-

3.2 Overview of the under-actuation mechanism with
kinematic constraints
(a) shows the schematic of the kinematic constrained under-
actuation mechanism. This figure is inspired by (Birglen &
Gosselin 2006). (b) shows the exact method to apply kine-
matic constrained under-actuation mechanism using ten-
don transmission. . . . . . . . ... L

3.3 Schematic of the under-actuation mechanism with
kinematic constraints and springs
(a) shows the schematic of the kinematic constrained under-
actuation mechanism. This figure is inspired by (Birglen &
Gosselin 2006). (b) shows the exact method to apply kine-
matic constrained under-actuation mechanism using ten-

don transmission. . . . . . . . ...
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3.4

3.5

3.6

Schematic of the under-actuation mechanism with
kinetic constraints

(a) shows the schematic of the kinetic constrained under-
actuation mechanism. This figure is inspired by (Birglen &
Gosselin 2006). (b) shows the exact method to apply ki-
netic constrained under-actuation mechanism using tendon
transmission. The constraints can be applied using both
moving pulley and fixed pulley . . .. ... ... ... ..
Summary of the under-actuation mechanism with
k, constraints

(a) shows a kinetic constrained under-actuation mechanism
in a single linkage. (b) shows a kinetic constrained under-
actuation mechanism using movable pulleys. (c) shows a
kinetic constrained under-actuation mechanism using dual
tendon routing. . . . . . . ...
Overview of the dual tendon routing in N numbers
of linkage system

The tendon routing is separated in to 2N sections.The ten-
don routing can be determined by determining whether to
use a fixed pulley or a movable pulley in the space between

the sections. . . . . . . . . . . ...
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3.7

3.8

3.9

3.10

Classification method for possible tendon routing
in two linkage system

(a) shows the overall view of the classification and (b) - (h)
show each tendon routing that applies kinetic constraints
on the joints. (i) shows the description of the components
used in the figure. In the figure, E(#) means the wire in #
segment is connected at the end-effector and M (#) means
the wire in # segment is connected at the actuator. Wire
anchor in (i) means the point where tendon is fixed.
Experimental setup to measure tension distribution
of the tendon routing

By changing the tendon routing at the wire path holder, the
experimental setup cover tension measurement for seven
tendon routings as shown in (f). . . ... ... ... ...
Tension distribution of tendon routing with dual
tendon routing

Tension at each section is described in terms of percentage
to the total sum of tension. TR1 to TR7 are nominations
of tendon routing which are described in Figure 3.7. As
indicated by the dotted lines in the figure, the difference
in the forces exerted on the fingers A and B is different
according to the tendon routing. . . . .. ... ... ...
Experimental result about indicators of kinetic con-
strained under-actuation mechanism

Four indicators are used for the validation. Here, TR6 shows
the best result because of movable pulleys that have advan-

tage to reduce the friction. . . . . . . . ... ... ...
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3.11 Example of TR1 in dual tendon routing method:

4.1

4.2

4.3

GRIPIT
GRIPIT, which has a tendon routing similar to TR1, can
be used to assist tripod grasp without motor because it is

developed to have high force transmission ratio. . . . . . .

Schematic of tendon routing that uses six tendon-
driven actuators

The tendon routing is designed to use four tendons for as-
sisting the thumb and two tendons for the index and middle
finger. By doing so, the glove assists index and middle finger
flexion/extension and the thumb opposition. . . . . . . ..
Schematic of tendon routing that uses four tendon-
driven actuators

The tendon routing also uses same number of tendons with
the case of the tendon routing in Figure 4.3. However, sev-
eral tendons are coupled and these are under-actuated in
the actuator part; Here, Slider-Tendon Linear Actuators
are used for the under-actuation mechanism. . . . . . . ..
Overview of the Exo-Glove 11

(a) shows the brief schematic and a method of using hanger
to fix the router to the glove; (b) shows the real view of the
Exo-Glove II. As shown in the figure, the rigid routers that
are used to fix the wire path are connected to the glove by

bolt and hanger. . . . . . .. ... ..o oL
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4.4

4.5

4.6

4.7

Overview of the tendon router

(a) shows the overall schematic to show how the router is
located in the robot; (b) shows the detail that shows how
the router is designed. (c¢) shows how the router is attached
inareal robot. . . .. ... oo
Overview of the tendon router for the thumb

(a) and (b) show the overall router design. In the (b) blue,
dotted arrow is a abduction tendon. Since this tendon sur-
rounds the router, the activation of the tendon will not only
make the motion but also fix the router to the human body;
(c) shows how the router is attached in a real robot. We
can find that the abduction tendon not only roles to make
the motion but also to fix the router to the human body as
shownin (d) . . ... ... ... ... ...
Overview of the tendon anchor

(a) and (b) show the overall force relationship between the
end-effector part and the actuator part. (c) shows the force
relationship in each joints. (d) shows how wrist tendon
anchor is located. . . . . . .. .. ..o
Overview of the tendon anchor

(a) shows the overall view of the tendon anchor; (b) shows
the method to distribute the force applied on the skin; (c)
shows a schematic view to show how the tendon anchor is
fabricated; and (d) shows the tension sensor that is located

to the tendon anchor. . . . . . . . . .. ... ..
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4.8

4.9

4.10

Opposition workspace in terms of the number of
tendon-driven actuator.

Validation used to show that how the reduced number of
tendon-driven actuator affects to the opposition workspace.
As shown in the figure, the opposition workspace changes
as the number of actuators differ; Exact area of each oppo-
sition workspace is described in the Figure 4.5. . . . . . .
Simulated result of the opposition workspace area.
A bar graph to show the relative area of the opposition
workspace in terms of the number of actuators. As it can
be seen in the graph, the relative area of the opposition
workspace increases a lot when the number of the actuator
changes from three to four. . . . .. .. ... ... .. ..
Opposition workspace according to the subject
Since the workspace depends on the hand size, additional
simulation is conducted to find out how the opposition
workspace changes as the subject differs. The actual size of
the opposition workspace differed as the subject changed
but the relative area, which is our main indicator, was not

changed significantly. . . . . . ... ... .. ... ... ..
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4.11

4.12

4.13

4.14

Experimental setup to measure the grasping force
(a) shows a schematic view about the concept of the grasp-
ing force; The grasping force in the figure is total sum of
the normal force, and it could be derived by dividing the
lifting force F, with dynamic friction coefficient muy; (b)
shows the experimental setup to measure the proposed in-
dicator and a single tension sensor is used to measure the
lifting force Fr. . . . . . . . . ...
Dummy hand for the experiment

(a) shows the dummy hand for the experiment. Since tor-
sional spring is located in the hand joint, the dummy can
substitute the human hand. (b) shows the Exo-Glove II
that is worn on the dummy hand. . . . . . . . ... .. ..
Experimental result of the grasping force

(a) shows how the grasping force is measured. Here, hand
dummy is used for the accurate measurement; (b) shows
the experimental result of the grasping force in terms of
the wire tension. As shown in the graph, the grasping force
was 24.08N when the wire tension is 20N. . . . . . .. ..
Validation of the tension sensor at the end-effector
(a) shows how end-effector wire tension is controlled when
the robot can only measure the wire tension at the actuator
part; (b) shows the wire tension control method using the
tension sensor at the end-effector. As it can be seen in the

figure, (b) shows better control performance. . . . .. ..
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5.1

5.2

5.3

5.4

Schematic that describes Actuation Jacobian and
Manipulator Jacobian

The relationship between the actuator space and the joint
space (e.g, actuator stroke and joint angle) are defined by
Actuation Jacobians. On the other hand, Manipulator Ja-
cobians define the relationship between joint and the end-
effector position; The concept of Manipulator Jacobian is
same as that in the conventional robots. . . . . . . . . ..
Schematic view of the tendon routing method in
the Exo-Glove 11

(a) and (b) show a schematic of the flexor router, while (c)
and (d) show a schematic of the extensor router; (e) shows
aspects of how the moment arm changes with respect to
variation of the joint angle. Here, length of the flexor router
and extensor (S) router (a;, bj—1, m;—1, and n;) each are
5, 5, 3, and 3mm, while m;_;, and n; of the extensor (L)
router is increased to Smm. . . . .. ... L
Schematic of time scheduling in the controller for
reliable data acquisition.

In order to acquire the synchronized data reliably, the time
schedule is divided into 10 steps as figure shows. . . . . .
Schematic view of the experimental protocol

(a) a systemic view of Vicon and the control system; (b)

the location where Vicon markers are attached. . . . . . .
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5.5

5.6

5.7

5.8

5.9

Kinematic parameters of the thumb

(a) shows the thumb joints and markers used to calibrate
the thumb kinematic parameters and (b) shows the target
calibration model for the thumb joints. . . . . . . ... ..
Simulated results of the kinematic system identifi-
cation

(a) shows the error of the end-effector position before cali-
bration while (b) shows the end-effector position error after
calibration. . . . . . .. ...
Experimental results of the stiffness parameter esti-
mation that shows relationship between joint angle
and wire tension.

(a), (c), and (e) show comparison of the ground truth an-
gle with estimated angle using wire tension and wire stroke.
The relationship between estimated angle and ground truth
angle can be found in (b), (d), and (f). . . . . . ... ..
Results of estimation that shows relationship be-
tween joint angle and wire tension.

(a) shows comparison of the ground truth angle with the es-
timated angle from data-driven method and the estimated
angle from model-driven method; (b) and (c) each show
response plot of the data-driven method and model-driven
method respectively. . . . . ... ..o
Block diagram of the control scheme used in the
proposed robot

By adapting the concept of admittance control, the wire

tension is controlled by controlling the corresponding velocity. 136
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5.10 Exo-Glove II with various grasps

Exo-Glove II is designed to assist the thumb, index and
middle finger and therefore, it was possible to make tripod

grasp, lateral pinch, and wrap grasp with Exo-Glove II.

137

Appendix A
A.1 Brief explanation of how the parts of the hand are repre-
sented. . . ... L
Appendix B
B.1 Possible tendon routings for dual tendon routing
In Exo-Glove, seven tendon routings are possible and method
to derive these tendon routing is explained in chapter 3.3.2. 160
B.2 Schematic to derive wire friction in curvature
Since the friction depends on the relative distance between
objects, the friction is defined whether wire is moving along
the fixed curvature or rotating curvature. . . . .. .. ..
B.3 Schematic of tendon routing 1
Tendon routing 1 (TR1) schematic to derive the tension
distribution. . . . . . ...
B.4 Schematic of tendon routing 2
Tendon routing 2 (TR2) schematic to derive the tension
distribution. . . . . . ... o o
B.5 Schematic of tendon routing 3

Tendon routing 3 (TR3) schematic to derive the tension
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B.6
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B.8

B.9

Schematic of tendon routing 4
Tendon routing 4 (TR4) schematic to derive the tension
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B.10 Experimental result for the residual friction
Experimental results that indirectly measure the residual
friction of the wire. Tendon routing A is the Exo-Glove
tendon path while tendon routing B is the Exo-Glove II
tendon path. (a) shows the mean joint angle of each cases:
case 1) Joint angle at flexion, case 2) Joint angle when the
flexor wire tension is removed, and case 3) Joint angle at the
initial state. Here, mean joint angle is mean value of MCP,
PIP, and DIP joint angle. F, R, I at the x-axis each means
flexion, release, and initial state respectively. The number
inside the bar graph is the mean value of the each case; (b)
shows tension required to extend the finger after flexion
for tendon routing A and tendon routing B, respectively.
Also, the hysteresis in tension domain was measured. (c)
shows the output tension (i.e, tension at the end-effector)
as a function of the input tension (i.e, tension at the motor
part) in the Exo-Glove. (d) shows the output tension as a
function of the input tension in the Exo-Glove II. . . . . 183

B.11 Tension distribution of the seven different tendon
routings
Bar graph of the figure means the experimental results
of tension distribution in each tendon routings while the
line+symbol graph of the figure means the simulation re-
sults. (a) shows the simulation results with the friction co-
efficient of 0.18 and (b) shows the simulation results with

the friction coefficient of 0.09. . . . . . . . . . . . . . ... 186
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Appendix C
C.1 Schematic view to explain the transformation and
rotation of coordinates
(a) shows two different ways to define the marker position
in different frames (i.e, Moving frame or Fixed frame). (b)
shows a method to define screw parameters in Product of

Exponential formula. . . . . . ... ..o 190

Appendix D
D.1 Kinematic parameters of the thumb
(a) shows the thumb joints and markers used to calibrate
the thumb kinematic parameters and (b) shows the target

calibration model for the thumb joints. . . . . . . . . . .. 199
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Chapter 1

Introduction

1.1. Background

Advances in robot technology are expanding the environment in which
robots can be used as well as robot function. Industrial robots that per-
form predetermined tasks in a controlled environment such as factories or
robots that operate to replace human tasks in extreme environments have
been developed. Recently, wearable robots or robotic prosthetics in envi-
ronments where human lives are being developed to assist human tasks.
Since the human assist robots have high potential to improve the quality
of life by being closely located to the human body, these robots have re-
ceived great attention. Among the wearable robots for various body parts,
hand wearable robots are one of the studies that have received much at-
tention. It is because hand performs versatile roles in activities of daily
living.

In the wearable robot development, unlike design process of the con-
ventional robot, it is important to think about the fact that the robots are

intended to be worn on the human body. In order to consider the fact, the



researchers have attempted to design a compact and light weight robot
with safe actuation (De Santis et al. 2008); These characteristics are usu-
ally called as a usability of the robot. Among body parts, the hand is one
of the most difficult areas to satisfy the usability. It is because - due to the
inherent characteristic of the hand that has numerous joints in a compact
space - the hand wearable robots require lots of actuators and high per-
formance controllers. Several enabling technologies have been applied on
the hand wearable robot studies to enhance the usability. Some well-used
technologies that improves the usability of the hand wearable robot are as
below; More details of the hand wearable robots in the previous researches

can be found in Appendix A.1.

1. Soft robotics

Design method of using soft material as a robot body has been re-
cently used in the robot researches and is called as a soft robotics.
One major advantage of soft robotics is an adaptability to the exter-
nal environment (Alexander et al. 2015); Unlike the robot using rigid
components, the soft robots has an ability to change its shape to the
external environment (Chu & Patterson 2018; Shahid et al. 2018).
In the wearable robot study, by using this method, the problem of
fitting robot size to human body can be easily handled because a
soft structure can fit well against the human body, even if there is
a slight difference in size. Also, the use of soft material makes soft
robots more compact; this is because - due to the inherent charac-
teristics of soft wearable robots - there are no joint alignment issues.
Joint alignment issues in rigid robots are a safety concern; efforts

to minimize these issues result in added size (Cempini et al. 2015a;



Chiri et al. 2012). This aspect is especially effective in hand because

hand has lots of joints in a compact size.

. Remote actuation

In addition, to sustain the advantages of the method that uses soft
materials, remote actuation is frequently used in the wearable robot
study. Remote actuation indicates an actuation method of locating
actuators far from the end-effector. The system using remote actu-
ation has advantages in reducing the complexity and impedance of
the end-effector (Sporer et al. 2002). It is because, bulky and heavy
components such as actuators, controllers, and batteries are not lo-
cated in the end-effector in this design. Since the actuators are not
located at the joint, additional components that transmit the me-
chanical work from the actuators to the joints are required. These
are called as a transmission and frequently used transmission in the

wearable robot is described at the next part.

. Tendon transmission

Tendon transmission is one of frequently used transmission in soft
wearable robot because it maintains the softness of the robot. Also,
by using the tendon, the robot size can be minimized because the
tendon can transmit force even in a small cross-sectional area(Iannucci
et al. 2018); Tendon can endure high tensile force even with a small
cross-sectional area and has an ability to be adapted to external
shape due to its high compliance. Also, the tendon transmission
provides additional advantages (i.e, impact resistance and safe ac-

tuation) to the wearable robot (Grebenstein et al. 2012).



4. Under-actuation mechanism

Although tendon-driven soft wearable robot has advantages in en-
hancing the usability, generating hand motion is still difficult prob-
lem to solve. It is because, the hand requires lots of actuators to
cover lots of joints. Alternative method to reduce the actuator num-
ber is usually called as an under-actuation mechanism. To cover
more joints than actuators, the mechanism are designed to apply
certain constraints: kinematic constraint or kinetic constraint. Since
the detail explanation could harm the overall flow of the thesis, de-
tails about the actuation characteristics of kinematic constraint or

kinetic constraint are explained in chapter 3.

Similar to lots of engineering technologies, above techniques have some

side effects as well; These side effects are explained in the section 1.2.

1.2. Problem Definition

In the soft robot with under-actuated tendon transmission, the side-

effects could be organized as follow :

1. Friction

The friction of the tendon depends on the tendon configuration; it
occurs when the tendon path is bent. In the under-actuated tendon
transmission, due to the fact that the tendon should pass through
numerous joints to transmit the tension, the friction accumulates
through the tendon routing. Details about the relationship between
wire curve and friction in the under-actuated tendon routing is ex-

plained in the Appendix B. Increase of the friction, not only reduce



the efficiency of the robot but also makes the robot hard to con-
trol. Also, the friction reduces the under-actuation performance and

makes the robot vulnerable to the impact (Wensing et al. 2017).

2. Controllability

Although the under-actuation mechanism enables to cover more
joints with less number of actuators, it also has a limitation on
the controllability. For instance, when three joints move by a single
wire, it is impossible to control each joint position or torque indepen-
dently. With the limited controllability, we can only generate limited

posture or force (or torque) using an under-actuation mechanism.

By thinking deeply about the reasons of the above side effects, we can
induce that these are originated from the fact that the hand wearable
robot should be designed in a compact size. For instance, to reduce the
friction at the wire, we can consider a method of using mechanical compo-
nents such as bearings which easily remove the friction. However, it is not
suitable in the soft wearable robot because usage of these rigid mechanical
components deprive the advantages of soft wearable robot by increasing
the overall size and weight. In a same manner, the controllability can be
also increased by using more actuators but it makes the system bulky and
heavy as well. The thesis paper is about proposing methods to solve the
aforementioned side effects - without increasing the robot size and weight
- in the hand soft wearable robot that contains under-actuation mecha-
nism; In this thesis, we are going to call this problem as a scalability issue.

Details about the method are in the next section 1.3.



1.3. Research Goal

The thesis contribution can be described by answering how the above
two issues (i.e, friction and controllability) are solved in the proposed
robot. In this thesis, for the friction issue, a novel actuator that contains
the under-actuation mechanism is developed; Details are explained in the
chapter 2 and the chapter 3. The actuator is named as Slider-Tendon
Linear Actuator and it reduces both friction and complexity of the end-
effector by containing the mechanism in itself.

For the controllability issue, on the other hand, the thesis shows a novel
soft wearable robot named FExo-Glove IT; This robot is designed to assist
the thumb motions to make various hand grasp postures. By utilizing
the actuator that is explained above (i.e, Slider-Tendon Linear actuator),
it was possible to use only four actuators to assist thumb, index, and
middle finger. The design process of the Exo-Glove II is explained in the
chapter 4, and the method to find out the minimum number of actuators
is expressed in this chapter as well. As it can be found in the chapter 5,
it was possible to make various postures using the proposed robot and
actuators. Before explaining the main text, the design framework for the
Exo-Glove 11 is described briefly to clarify the contribution of the robot;

The design framework is expressed as follow :

1. Target body part

Since the wearable robot requires both usability and functionality
which has conflicting aspects (i.e, the usability requires compact and
light weight while the functionality requires lots of sensors and actu-
ators), we have to think about the importance of the body function;

This process requires in-depth understanding of biomechanics. For



instance, when we are assisting human hand, the thumb is the most
important body part to assist (Nanayakkara et al. 2017); Details
about human hand anatomy and function are expressed in the Ap-
pendix A.2. The Exo-Glove II in this thesis have been developed to

assist the thumb, index finger and middle finger.

2. Requirements

After deciding the target body part, we have to consider the re-
quirements of the chosen body part. In the case of the thumb, it is
required to provide at least two degree of freedoms (DOFs) and this
information can be also acquired by considering the biomechanics
of the human body(Bunnel 1938; Li & Tang 2007). In Exo-Glove
II, we decided to design the system with three DOFs to assist the

thumb, index and middle finger.

3. Tendon routing

After deciding the target body part and requirements of the robot,
we have to think about how to design the overall tendon configura-
tion. For instance, in our robot design, we are assisting nine joints
(total 13 DOFs) using only three DOFs. Therefore, it is important to
think about how each actuators are taking over numerous joints; It
can be referred as an optimization problem for the under-actuation
mechanism (Kim et al. 2018). One thing different from the conven-
tional optimization under-actuation mechanism is that it is more
complicated problem because the joint stiffness is not well defined

and the Jacobians are non-linear matrices.

4. Performance factor



To find out the optimal tendon routing using the under-actuation
mechanism, it is required to define the performance factor of the
robot. (i.e, it can be considered as a cost function of the engineering
problem.) In our case about assisting hand functions, we decided
a concept of opposition workspace as a performance factor and it
was possible to show that using four Slider-Tendon Linear actuators
is sufficient to cover the workspace. Details about the opposition

workspace are explained in the chapter 4.

In summary, this thesis propose a novel hand wearable robot named
Exo-Glove II and the proposed robot assists the thumb motion for various
grasp. Since a novel actuator named Slider-Tendon Linear Actuator is used
in the robot design, it was possible to reduce the friction at the tendon
and to design simple tendon routing. Also, the thesis propose a method
to find out the minimal actuator number to function given tasks. As a
result, by utilizing the Slider-Tenodn linear Actuator, the thesis shows
Exo-Glove II which assists various hand motions with only four tendon
driven actuator.

Details of the above contents are explained in the thesis as a follow-
ing procedure. In chapter 2, we show how a novel tendon driven actuator
has been developed; Unlike other papers, the development of the actuator
precedes the overall contents of the robot because the method of solving
the scalability issue of the under-actuation mechanism should be under-
stood first to figure out the main contribution of the thesis; Following
chapter, chapter 3, explains a design methodology of the robot‘s tendon
routing with consideration of the developed actuator. As a next chapter,

control method for the developed robot is depicted. Finally, discussion



and conclusion of the thesis is explained in chapter 6.



Chapter 2

Tendon Transmission and Tendon

Driven Actuator

2.1. Background

A tendon transmission has advantages in its ability to make the end-
effector of a robot compact, simple, and safe, as compared to other trans-
missions such as linkage or gear transmissions; these advantages arise due
to the compliance of the tendon transmission’s wire (Ogane et al. 1996;
T.Townsend 1988). A tendon transmission allows heavy components —
such as the actuator, controller, and battery — to be located far from the
end-effector through the use of a simple structure such as a Bowden ca-
ble. Therefore, tendon transmission has been widely used in soft wearable
robots designed for disabled people with difficulties in daily life (Kang
et al. 2019), patients in need of rehabilitation (Guo et al. 2018), soldiers
in extreme environments (Panizzolo et al. 2016), and tired workers who
have difficulty maintaining their posture (Park & Cho 2017). In these ap-
plications, soft wearable robots benefit from a simple, compact, and light

end-effector and a design that moves some of the weight to locations where

10



it can be more easily carried (Veale & Xie 2016).

To implement a tendon transmission in soft wearable robots, several
methods have been proposed to pull the wire. One method is to use a
linear actuator to pull and release the wire through the use of a moving
a linear component (Ding et al. 2014). A ball screw is commonly used
because it has high back-drivability, reliability, and accuracy. However,
the actuator becomes bulky when the required stroke is long, since the
traveling length of the linear component must be longer than the stroke
of the wire. Furthermore, if the required tension increases, the actuator
becomes even bulkier due to enlargement of the ball screw mechanism and
the resulting increase in the cross-sectional area.

To minimize the size of the actuator, a spool can be used as an alter-
native to the linear actuator (Asbeck et al. 2015; Mao & Agrawal 2012;
Chernyak et al. 2012; In et al. 2017). In this setup, the wire is pulled by
winding it around a spool that is connected to a rotary motor. In this
case, derailment of the wire around the spool can induce tangling failure;
thus, tangling must be prevented. One way of preventing derailment is to
use antagonistic actuation with pre-tension; this approach is widely used
for traditional rigid robots (Grebenstein et al. 2012). In the soft robotic
field, unfortunately, pretension could cause unwanted deformation of the
structure. Therefore, the efficiency of the actuation could also be reduced
(In et al. 2015; Kang et al. 2019). Recently, several soft wearable robots
adopted an actuation method that uses a slack-enabling mechanism that
incorporates rollers to prevent derailment, without applying pretension on
the robot (In et al. 2015; Kang et al. 2019; Xiloyannis et al. 2016, 2017).
Rollers sustain only the tension of the tendon inside the actuator (not the

whole tendon) by applying friction on the tendon. Here, a single wire can
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be divided by rollers into two sections: a pretension section inside the ac-
tuator and a tension-free section outside the actuator. However, when the
friction and slip between the wire and rollers is used for stable actuation,
researchers are still struggling to overcome the low durability of the wire
and rollers (In et al. 2017).

In wearable robot applications, both the size and reliability of the
actuator are important factors that affect the performance of the wearable
robot. The reliability of the actuator system affects the safety of the robot
users, while the size affects portability and usability (Veale & Xie 2016).
A ball screw is reliable, accurate, and back drivable; however, the size is
bulky. On the other hand, a slack-enabling actuator is compact, but it is
not reliable or efficient, because the mechanism utilizes the friction and
slip between the wire and rollers. Since neither previous actuator used
in wearable robots satisfies both design requirements, it is necessary to
develop an actuator system that is suitable for soft wearable robots.

In this thesis, we propose a Slider-Tendon Linear Actuator (STLA)
that is compact and reliable and offers various functionality enhancements
for soft wearable robots. The proposed STLA utilizes a tendon-driven
slider as a component that combines a spool and a linear transmission.
Each side of the slider is connected to two different tendons: a motor
tendon and an end-effector tendon. Here, the motor tendon, the wire that
is being wound around the spool, pulls the slider and the slider pulls
the end-effector tendon, the wire that is connected to the end-effector, as
shown in Figure 2.2. Also, two springs are installed at the slider parallel
to the end-effector tendon to generate slider movement toward the end-
effector, since the motor tendon can only pull the slider. The tendon-driven

slider with springs and two separate tendons (i.e., the motor tendon and
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the end-effector tendon) offer the following contributions.

1. This design reduces actuator size, as compared to a ball screw lin-
ear actuator. It has a small cross-sectional area, since the tendon is
strong at resisting a tensile force. The tendon-driven slider can only
pull the end-effector tendon. The fact that the slider can only gen-
erate force in a single direction is not a problem, since the tendon

transmission inherently transmits only the tensile force.

2. The proposed approach has two advantages in reliability and dura-
bility, as compared to the use of a slack-enabling mechanism. First,
no pretension is applied to the end-effector tendon, which is impor-
tant for soft wearable robots. This advantage is easily achieved from
the inherent nature of the proposed method, which decouples the
tendon routing into the motor tendon and the end effector tendon.
Second, derailment of the motor tendon around the spool can be
prevented without applying friction. This is made possible through
springs installed on the slider. Since the spring is serial to the motor
tendon but parallel to the end effector, tension can be applied only

to the motor tendon.

3. Use of the slider enables the addition of other features (Veale & Xie
2016) that improve maintenance, efficiency, operability, and porta-
bility of wearable robots. As shown in Figure 3, without increasing
the size or complexity of the actuator system, STLA contains the
following features in a single actuation unit: (1) an under-actuation
mechanism that enhances the simplicity and adaptability of the
robot without complex control, (2) a tendon connector that increases

portability and eases maintenance, and (3) a stroke amplification
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method that helps to keep the size of the actuator small while gen-
erating a long wire stroke. Further details regarding each of these

actuator features are explained in the following section.

As a result of utilizing a tendon-driven slider, the size of the STLA
is reduced to 24.6% of the size of a ball screw linear actuator. Further-
more, derailment prevention with a spring, rather than rollers, increases
the reliability and durability of the wire. These increases are enabled be-
cause tensile force is applied on the wire, rather than friction and slip.
In addition, adding features in the actuator, rather than the end-effector,
not only increases the simplicity of the end-effector but also improves the
performance of the feature itself. By placing components in the actuator,
useful mechanical components can be used in the STLA while maintaining
simplicity, softness, and usability of the end-effector.

chapter 2.2 provides details about how the additional proposed fea-
tures improve the robot, how the STLA is implemented, and how perfor-
mance is improved without increasing the complexity of the end-effector.
After this explanation of the STLA, a detailed design process is explained
in chapter 2.3 to inform decisions about mechanical components. Next,
chapter 2.4 describes how STLA is adapted to a soft wearable robot called
Exo-Glove II, and STLA performance is verified. Finally, chapter 2.5 pro-

vides a discussion and offers conclusions.

2.2. Working Principle of The Actuator

This section explains the working principle of the proposed STLA.
The STLA contains the following four functions to satisfy requirements

of the actuator needed for a soft wearable robot. In addition, since these
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functions can all be implemented through a single linear motion, the size
of the actuator does not increase, as shown in Figure 2.3. This section ex-
plains the methods used to implement each feature listed below, including;:
1) wire derailment prevention, 2) the under-actuation mechanism, 3) the

tendon connection, and 4) stroke amplification.

2.2.1. Wire derailment prevention

For derailment prevention, an internal spring is installed in the STLA.
The main principle of the derailment prevention is to connect the spring
at the middle of the tendon. Using this connection method, part of the
tendon, the tendon that will be wound around the spool, is connected
in series with the spring; the other part is connected in parallel with
the spring. Since the pretension of the spring only affects the serially con-
nected tendon, it is possible to make an actuator that prevents derailment
without applying pretension on the end-effector. The tendon-driven slider
in the STLA is the main component that connects the spring, as noted
above. The slider divides the wire into the motor tendon (blue, broken
line in Figure 2.3 (b)) and the end-effector tendon (yellow, solid line in
Figure 2.3 (b)). The motor tendon only exists inside the actuator and the
end-effector tendon is connected both to the end-effector and to the ac-
tuator. When the spool winds the motor tendon, the slider moves toward
the spool and the internal spring elongates. In the unwinding step, the
internal spring pulls the slider and the motor tendon back in the opposite
direction. Therefore, the spring works to prevent the motor tendon from
losing tension even in the unwinding process.

The tendon-driven slider, a component used to apply pretension on

the motor tendon, not only decouples the tendon, but also serves as a
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transmission, which affects the tension and linear speed of the end-effector
tendon. The relation between the motor dynamics and the end-effector

tendon dynamics can be described by the following equations:

Tend—effector = (Mmenr /e R)Tar — kx = (€€p)Tar — kx (2.1)
‘/end—effector = (neR/anM)’LUM = (66M)_1wM (22>
Timpact = (neR/nm)Fimpact = 671AFZ‘7’rzpact (23)

where Tepq—ef fectors Vend—ef fectors Timpact T€present the tension of the
end-effector tendon, velocity of the end-effector tendon, and the impact
applied to the motor, respectively. € in the equation is a force transmission
ratio defined by the number of bearings at the end-effector tendon and
at the motor tendon. Since the spring is connected to the actuation unit,
the tension produced by the motor results in a loss as much as the elastic
force. Also, it is possible to prevent the motor from being broken from the
impact because the number of movable pulleys affects the impact torque,
as shown in Eq 2.3. All variables used in equations in this paper, including

the equations above, are described in Table 2.1.

2.2.2. Under-actuation mechanism

An under-actuation mechanism simplifies the robot system in a man-
ner that uses fewer actuators than the number of joints (Kang et al. 2019;
In et al. 2015). Also, the mechanism enables the robot to make adap-
tive motion without complicated control (Dollar & Howe 2010; Jingdong
et al. 2006; Lalibert 2008). Therefore, this mechanism has been adapted
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in several wearable robots to make robots adaptable without increasing
complexity (Kang et al. 2019; In et al. 2015). We also implemented this
mechanism inside the STLA to make the actuator more suitable for a
wearable robot.

In a tendon transmission, a wire path that uses a movable pulley is the
most common method used to realize the under-actuation mechanism, as
shown in Figure 2.4 (b) (Birglen & Gosselin 2006). In this case, the mecha-
nism requires a relatively large volume because of the space that the linear
guides need for the pulley to move. To address the size issue, another ten-
don routing using fixed pulleys was proposed, as shown Figure 2.4 (a)
(Kang et al. 2019; Catalano et al. 2014). In the tendon routing shown in
Figure 2.4 (a), neither end of the wire is fixed at the end of the link; in-
stead, it passes through the end of the link and goes to another link. The
wire is not fixed to link A or B as is done conventionally; instead, it passes
from segment 4 to segment 1 and both ends of the wire are fixed to the
motor, as shown in Figure 2.4 (d). Although this method does not require
linear space for a movable pulley, the system is not simple because three
pulleys are required. Further, the friction is relatively large because it is
applied on the wire in all curved paths and is accumulated through the
paths. In soft wearable robot research, conduit-type components, such as
Teflon tubes, are used as an alternative to minimize the size for this rout-
ing method; however, the friction applied on the wire increases exponen-
tial to the curved angle, as outlined in the capstan equation described in
(Palli & Melchiorri 2006; Kaneko et al. April, 1991). The increased friction
reduces several performance measures, including durability, adaptability,
efficiency, and control performance. Therefore, a method is required that

reduces the friction, while maintaining a compact mechanism size.
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This issue can be solved by containing the mechanism in the STLA
without size increases, because the tendon-driven slider in the STLA is
already designed to move along the linear guide. By containing the mov-
able pulley in the STLA, as shown in Figure 2.4 (c), the end-effector can
be simple compared to a tendon routing that uses fixed pulleys. Also, the

friction applied on the wire can be dramatically reduced.

2.2.3. Tendon connection

A tendon connector, a component that enables separation of the end-
effector from the actuator, has been adopted in several wearable robots
(Madson 2013; Nilsson et al. December, 2012; Kim & Park 2018). A tendon
connector is an important component because it maximizes the portability
and ease of replacement; this is essential for the actuation techniques
used in human assist robots (Veale & Xie 2016). When the end-effector is
detached from the heavy components, the end-effector can be more easily
carried. Moreover, a tendon connector allows the wearable part to be easily
washed, because the non-waterproof components, such as the actuator and
controller, can be easily detached. However, a tendon connector also has a
size issue because most of the connectors have been developed using a rigid
structure with a linear guide that harms the softness, volume, and weight.
The size issue of the tendon connector can be solved by using the STLA
in a same manner that the STLA solves the problem of the conventional
under-actuation mechanism, as Figure 2.5 shows. Components inside of
the green dotted line in Figure 2.3 play the role of the tendon connector.
Since the tendon-driven slider in the STLA was originally designed to slide
linearly along the actuator, adding the function of a tendon connection

can be established by just making space for the tendon connector.
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2.2.4. Stroke amplification

Although the STLA is designed to be compact, by containing several
functions in a single linear unit, the actuator size increases as the required
stroke increases. This is because all functions of the STLA require linear
motion with a longer drive distance than the wire stroke. Additional pul-
leys are used as movable pulleys in the STLA design to reduce the size
of the actuator, as shown in Figure 2.6. By adopting movable pulleys,
the wire stroke (Dgtroke) increases as the number of movable pulleys in-
creases, as shown in Eq 2.4 . Therefore, the overall actuator length (L)
reduces as the number of movable pulleys increases. However, an appropri-
ate number of movable pulleys should be used, since use of the pulley also
increases the cross-sectional area of the actuator. The method to induce
an appropriate number of movable pulleys is described in more detail in
the next section.

27’Le(Lt - lsta) = Dgtroke (24>

2.3. Modelling and Mechanical Design

Section 3 explains the process used to select appropriate components
for the STLA. For the modelling, we chose a soft wearable robot for a
certain application for a specific body part, because it is necessary to know
the requirements to fix the mechanical components. Our target application
was determined to be the Exo-Glove II. The application, Exo-Glove II
(shown in Figure 2.1), is a wearable robot designed to assist a hand-
paralyzed person in their activities of daily living. The Exo-Glove II has
been developed to assist flex motion of the index and middle finger with
a single wire using an under-actuation mechanism (Kang et al. 2019).

Since the Exo-Glove II generates motion with a single wire, the actu-
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ation requirement can be summarized by the tension, stroke, and pulling
speed of a single wire. The Exo-Glove II requires a 100mm stroke and 80N
tension to assist with grasping in daily life (Kang et al. 2019). Further,
the requirement for the pulling speed of the wire is set to be 25mm/s
because the design goal of the Exo-Glove 1I is to assist with a grasp in
4 seconds. Considering the safety factor, the target requirements of the
actuator are set to be 120mm stroke, 100N tension, and 30mm/s pulling
speed, as summarized in Table 2.2. With the given requirements of the
Exo-Glove 11, each component in the proposed STLA is determined to

increase the efficiency and to minimize the size of the actuator.

2.3.1. Design of components in the STLA

1) Design of a movable pulley to reduce the size of the STLA

Based on the required stroke of the Exo-Glove, the actuator size is
determined by choosing the number of movable pulleys used in the STLA.
When the number of movable pulleys is increased, the actuator length is
reduced; however, the cross-sectional area of the actuator increases, as
shown in Eqs 2.5 — 2.6. We determined the number of movable pulleys
as two in our design because this choice showed the smallest size when
using the selected motor. The arithmetic-geometric mean of the number
of movable pulleys (n.) enables optimization of the actuator volume, as
the following equations show. However, the optimal number of pulleys
is obtained inductively, rather than deductively, because determining the
initial size of the actuator is complicated to solve deductively. This is

because the size of the actuator varies depending on the design.

Lt = lsta + Dstroke/Qne ( 2ne(Lt - lsta) = Dstroke) (25)
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At = Amotor + Nete (26)

After determining the number of pulleys, to show that the movable
pulleys are effective to reduce the size, the size of the STLA is compared
with other actuators, such as a ball screw linear actuator, a slack-enabling
actuator, and an STLA that does not use movable pulleys. Several assump-
tions are used in the size comparison. First, we only estimate the size of
the actuation unit; the motor size is excluded to allow more equitable
comparison. Second, each size of the actuation method is compared by
calculating the volume of the smallest cube that surrounds the actuation
unit. Each volume is calculated by multiplying the cross-sectional area
and height. Third, the gap between each mechanical part (dgqp in the Fig-
ure 2.7) is set as lmm. Fourth, estimation is carried out by considering
the larger part when several parts are placed in parallel. For example, the
length of the actuation unit with a ball screw (Lpg) is determined by the
length of the longer part among the ball bushing and ball screw because
the ball bushing and the ball screw are placed in a row, as shown in Figure
2.7 (a). The function max is used to express the above situation as shown
in Eq 2.10. Lastly, the size of the STLA is estimated without considering
its ability to include the under-actuation mechanism or the tendon con-
nector; this enables fair comparison because the other actuation unit also
doesn‘t contain these functions.

In the size estimation of the actuation unit with the ball screw, the
volume is calculated using the smallest ball screw among commercially
available products; this is named “MDK-0401-3" because the ball screw
is a commercial product (Thomson Industries Inc. 2013; THK 2017). The

schematic of the actuation unit with the ball screw is shown in Figure 2.7
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(a). Since the given ball screw requires an additional linear ball bushing
for the linear motion, the size of the actuation unit with the ball screw is
estimated by including the space needed for the bushing, which is depicted
in gray in Figure 2.7 (a). Two bushings are used because the flange of
the ball screw must be designed to have force equilibrium to minimize
friction. For fair comparison, the STLA design also includes two linear
ball-bushings of the same size used in the ball screw size estimation. One
unusual aspect exists in this case unlike other size estimations. Since the
ball screw has different lengths in horizontal (T}s) and vertical directions
(Dps), the size of the ball screw is estimated by using the smaller value
among Apgg, .. in Eq2.7and Agg, . in Eq 2.8, as shown in Eq 2.9. Actuator
size can be estimated using Eq 2.11, with the design parameters shown in

Table 2.3.

ABS,e, = Tps(Dbs + 2Dpysn + 4dgap) (2.7)

Aps,,. = Dys(Ths + 2Dpush, + Adyap) (2.8)

Aps = min(ABs,... ABS,,, (2.9)

Lps = max(Lps, Lyush) + 2dgap (2.10)

Vis = Aps * (Dstroke + Ls) = 481(Dstroke + 13) (2.11)

In the case of the slack-enabling mechanism, the size of the mechanism
is determined by the feeder, idler, and spool. Since the slack-enabling
actuator is not a commercial product and its size estimation was done in
previous research, we used the values from the previous research, as shown
in Eq 2.12 (In et al. 2017). As the equation shows, the size of the slack-

enabling mechanism barely increases as the required stroke increases.

Vspa = 264(0.018Dyrope + 5.4) (2.12)
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|par Lastly, for the case of the basic STLA (ST LAg), the sliding tendon
actuator that does not use stroke amplification, the size of the actuation
unit is derived using the schematic shown in Figure 2.7 (b). The size of
the STLAp is estimated as following. In the STLAp size estimation,
LsrrAg_jine 1s relatively complicated since the space to fix the spring
should be considered. Since the spring is fixed both at the slider and at
the wall, the length of the wall and the STLAp must be considered in
the estimation, as shown in Eqs 2.17 — 2.18. However, if the length of the
spring is longer than the sum of the length of the wall and the length of
the slider, the length of the spring will affect the volume; the length of

the entire actuation unit is expressed as shown in Eq 2.16.

Vsrrag = (Lstrag + Dstroke) * dsTrAg * hsTrag (2.13)
hsrrag = (2dgap + max(Dyysh, Dspring)) (2.14)

dstrag = (Depring + 2Dbush + 4dgap) (2.15)

LsTLAp_ ina = Mm% (Lyal + LsTLAR s Lspring + 2dgap) (2.16)
Lsrrag = 2dgap + Lyush (2.17)

Ly = 2dgap + dspfm (2.18)

To show the effect of the additional movable pulley, we also obtained
the size of the actuator that arises from using an STLA with two movable
pulleys, as shown in Figure 2.3 (b). The size of the STLA is estimated
as follows. Since two movable pulleys are used, 0.25 is multiplied by the

stroke of the wire in the final volume estimation.

Vsrra = (LSTLAg_ fina T 0-25Dstroke)dsTrahsTra (2.19)

dSTLA = ma-r(ngea’ring + 2dgapa 2Dbush + Dspm'ng + 4dgap) (22())
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hSTLA = (Bdgap + ma:E(Dbusha Dspring) + hbearing) (221)

LsTLA i, = Max(Lyai + LsTras Lspring + 2dgap) (2.22)
Lwall = mam(Dbeamng, dspfm + 2dgap) (2.23)
LSTLAB = 2dgap + max(Lbushv Dbeam’ng) (2-24)

With the actual size of the component, the size of the STLA and
STLAp can be estimated using Eqs 2.25 — Eq 2.26. One note is that
a single spring was included in the STLA size estimation; however, two
springs are used in the actual design, as Figure 2.3 shows. This is because
it is more compact to attach springs to both sides than to connect a
spring at the center when the motor or tendon connector is considered.
Since the assumption in this estimation is to ignore the effect of the tendon

connector or motor, the size is estimated using a single spring.

VSTLA—B = 162(Dstr0ke + 32) (225>

Vsrra = 312(0.25Dstroke + 32) (2.26)

Using the equations above, the volume of each actuator component
can be compared, as shown in the graph in Figure 2.8. When the required
stroke is 240mm, the size of the STLA is 24.67% that of the ball screw
linear actuator. It is true that the required stroke of the actuator is set
to be 120mm; however, we compared the size at 240mm so as to not to
consider the under-actuation, as mentioned above. Although the size of
the STLA is small, the volume is 10.64 times bigger than the conventional

slack-enabling actuation unit.

2) Design of the spring to enable a sufficient releasing speed
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The other component that is important for the actuator performance
is the internal spring used for derailment prevention. When the spring
coefficient is too low, wire can be derailed from the spool because the
slider can move slower than the spool rotation speed. On the other hand,
when the spring coefficient is too high, the actuator efficiency is reduced
because the tension of the end-effecter tendon is the difference between
the tension of the motor tendon and the spring force, as Eq 2.1 shows.
Therefore, we obtained the optimal spring coefficient to prevent slack in
the wire. The equation of motion of the slider in the STLA is shown as
Eq 2.27. The range of motion of the slider is set to -Dgtyoke/ne to 0. With
the relationship between x and t in Eq 2.28, the spring coefficient k is
chosen to make t.eleased, estimated releasing time of the slider, to be
less than four seconds; The releasing time is determined by a requirement
of the Exo-Glove, as shown in Table 2.2. The desired spring coefficient is
obtained using the friction coefficient of the bushing specified on the data

sheet (0.01) and the mass of the slider, as directly measured (30.4g).

mi = pipsmsg +To = kx + fear (2.27)

2(t) = (= Dstrohe/Ne — fear/k)eCVEMD L p 1k (2.28)
Jeat = To — posmsg (2.29)

(2(0) = —Dstroke/Te; T(treteased) = 0) (2.30)

treteased = /m/KIn(1 + kDstroke /e feat) < 4(sec) (2.31)
Edesired = 0.00544N /mm (2.32)

Finally, the spring constant was selected as 0.02 N/mm, considering

the safe factor of three, to have enough releasing speed.
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2.3.2. Final actuator design with optimized components

Using the components chosen as outlined in the previous sections, the
final actuator is obtained after selecting the spool size and motor. First,
the power of the motor is selected by considering the requirements for
tension and wire speed. In this study, a 8.5W motor (Faulhaber, 2224SR,
¢ 22mm, Length 24mm) is selected to achieve the required tension and
speed. The motor length is 58.7mm when the gearbox is attached. Second,
gear ratio and spool size are determined because these variables are all
related to the force-speed relationship. We first determined the diameter
of the motor spool because the size of the spool is related to the impact
torque applied to the motor and the reliability of the wire. When the
motor spool size is reduced, the external impact force applied to the wire is
transmitted to the motor with small torque. Therefore, it can be prevented
from damaging motor when impact force is applied on the wire. However,
if the size of the spool is too small, it will promote wear of the wire, thus,
the spool size must be kept in a proper size to prevent wear. The size of the
motor pulley is determined to be bmm in diameter, so as to not bend the
wire; this was determined using the equation defined in previous research
(Horigome et al. 2018a; Horigome & Endo 2016). After diameter selection,
the gear ratio is chosen as 69:1 and final wire tension, pulling speed, and
stroke are calculated as 161.49N, 62.22mm/s and 248mm, respectively.
When the actuator is assumed to perform an under-actuation function,
the wire at both ends has a performance of 161.49N, 31.11mm/s, and
124mm because the actuator pulls in both directions, as summarized in
Table 2.4. Motor and the gear efficiency are calculated as 0.8 and 0.69.

The STLA has two movable pulleys to minimize the volume. The inter-

nal spring has a spring coefficient of 0.02N/mm, as summarized in Table
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2.4. Using the components with the above values, the actuator was devel-
oped as shown in Figure 2.9. The final size of the actuator is 35mm height,
112.9mm length, and 34mm width. The actuator size is relatively large
compared to the estimation in the previous section, because additional
components are included in the actuator. Specifically, a single loadcell
(LSB200, Futek, USA) and the additional space to fix the Bowden cable
are included in final actuator. All actuation characteristics are verified in

the next section.

2.4. Simulation and Performance

In this section, we show whether or not the final actuator design sat-
isfies the robot requirements through both simulation and experiment.
First, experiments that measure the tension and speed of the wire are
conducted. Next, a second experiment that shows the effectiveness of the

under-actuation mechanism is conducted.

2.4.1. Validation of the actuator speed

The STLA contains springs that have a spring constant of 0.02N/mm.
First, we measured the speed of the slider to check whether the selected
spring works well. This is because that the wire speed is related to the
slider speed, rather than the rotational speed of the motor. To measure
the speed of the slider without affecting the actuation, captured video is
analyzed by Matlab (Mathworks, Natick, MA, USA). The real position
of the slider and estimated position using the motor encoder data are
compared, as shown in Figure 2.10 (a). Since the tension increases after
contact in our application, this experiment was conducted in a no-load

condition. The tension begins to increase only at the last moment when it
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contacts the object; thus, the experiment under a no-load condition does
not differ from the actual situation. The blue dotted line in the graph
shows the estimated position of the slider calculated with the encoder
data and the black solid line means the measured position of the slider
using video analysis. The RMS error between the estimated and real po-
sition is 4.01%. After the speed experiment, tension of the wire is also
measured using the loadcell. Since the STLA contains an under-actuation
mechanism, tension of both ends of the wire is measured. The force prop-
erties results are depicted in Figure 2.10 (b). As a result, the tension at
each wire sufficiently reaches the requirements of the application, and the
tension difference between the two wires is small. In this experiment, the

root mean value of the tension difference is 0.78N.

2.4.2. Simulation and validation of the under-actuation mechanism

In the previous section, we explained two under-actuated tendon rout-
ings, as depicted in Figure 2.4. Although routings are designed to have
the same function, which applies the under-actuation mechanism on the
two-link system, the tension distribution shows a difference due to the
difference of path and the routing components (pulley, Teflon tube, etc.).
When the wire path is linear, the friction is barely applied because the
normal force also does not generate. However, when the tendon passes
through the curved structure, normal force increases proportional to the
tension of the tendon. Here, friction is defined by the capstan equation
that relates the tension to the friction force. Also, the routing component
changes the friction by affecting the friction type. When a fixed compo-
nent such as a Teflon tube is used, the relative movement between the

wire and the routing component always exists, inducing the kinetic fric-
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tion. On the other hand, in a case that uses rotating components, such as
bearing and spool, rolling resistance is applied for the calculation. There-
fore, the friction force can be differently defined. The friction coefficient
of the Teflon tube and the bearing are 0.05 and 0.001, respectively, in the
modelling (In et al. 2015).

By extending the content above about friction to the whole tendon
routing, the overall tension distribution can be derived by considering the
direction of the wire movement, friction coefficient, and the elongation of
the wire. To do so, we simplified the tendon routing in the finger to the
routing shown in Figure 2.11 (a) and (b). The wire is divided into six
segments in the tendon routing using fixed pulleys; two segments at the
actuator side (a, b), and four segments at the end-effector side (1 to 4).
The upper block in the figure refers to link A (finger A in the wearable
robot application) and is assumed to have contact with the external en-
vironment, while link B (finger B in the wearable robot application) that
is depicted as the lower block is assumed to move freely.

In the tendon routing that uses fixed pulleys, as shown in Figure 2.11
(a), the wire at segment a and b will be wound around the spool amount
of RO (R means spool radius), respectively, when the spool rotates an
amount of #. As block A does not move, the length of segments 1 and 2
does not change, while the lengths of segments 3 and 4 decrease in the
amount of d when block B moves an amount of d. Then, it is obvious that
the traveling length of the lower block (d) is equal to the wound length
of the spool (R#), which is described as Eq (2.34). The notation used in

this equation is depicted in Figure 2.11 (a).
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2(lout + lin) — 2RO = lowt + lin + (lout — d) + (lin, — d) (2.33)

RO =d (2.34)

In this tendon routing, the wire at the segment 3 will move to seg-
ment a by passing through segments 2 and 1. This is because the lengths
of segments 2 and 1 don’t change, while the length of the segment 3 is
reduced. On the other hand, the wire at segment 4 directly moves to seg-
ment b. The aspects of the movement of the end-effector wire when the
motor pulls the wire can be depicted as the arrow in Figure 2.11 (a). In
this case, one unusual aspect is presented: there is no movement in wire
between segments 3 and 4. Here, the additional assumption that the wire
elongates when the tension increases is used to consider the movement.
Using this assumption, we envision that the elongated wire in segment 3
moves to segment 4. Using the above information about the direction of
movement of the wire, the total tension distribution can be obtained as
shown in Table 2.5.

In addition, we defined the concept of transmission ratio, a ratio of the
pulled length of the wire by the actuator to the moving distance of the link,
to obtain the relation between the motor torque and the fingertip force
using the virtual work principle. The routing system with fixed pulleys
has a transmission ratio of 1:1 because the wound length of the wire is
equal to the traveling distance of the lower block, as Eq 2.34 shows.

When the under-actuation is implemented with the movable pulley,
as in Figure 2.11 (b), the wire can be divided in to four segments; two
segments in the motor part (a and b) and two segments in the end-effector

part (1 and 2). Here, the wire in segment 2 moves to segment a after
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passing segment b. The wire at segment 1 does not move because link
A does not have movement. However, when we assume elongation of the
wire, the wire at segment 1 also moves to segment a. In this case, the
transmission ratio is 2:1 because the link moves twice the length of the
wire wound by the spool. The tension relationship between each segment
and the final tension distribution is derived as shown in Table 2.6.

Experiments to validate the under-actuation performance are con-
ducted as shown in Figure 2.12. The overall appearance of the experi-
mental setup is shown in Figure 2.12. To create a situation in which the
link moves slowly with increasing wire tension, springs are connected to
each link; link A is blocked by the block to assume contact. Four load
cells are used to measure the segmental tension of a single wire divided
into segments. Figure 2.12 (a) and (b) each show the tendon routing of
under-actuation that use a Teflon tube and movable pulley, respectively.

To measure the tension, a tension meter is designed, as shown in Figure
2.12 (c), by referring to the conventional method of measuring the tension.
Experimental equipment includes a wire curve unit to reflect the change
in the wire path caused by finger bending; the curve unit is designed as
shown Figure 2.12 (d). Inside the curve unit, the Teflon tube is installed
at a certain bending angle. The finger bending angle can be considered
by replacing the unit that curves at different angles. The tension meter
is located after the wire curve unit because a measurement of how much
force the wire transfers to each finger is a goal of the experiment.

Using the experiment setup introduced above, the tension distribution
of the tendon routing using fixed pulleys and the routing using movable
pulleys are each obtained, as shown Figure 2.3. F)4 and Fg each mean the

force applied on two fingers; the 1 to 4 notations in the tendon routing us-
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ing fixed pulleys refer to the tension at the wire segment that is introduced
in Figure 2.1. In this experiment, we found that the difference between FA
and FB is 15.1N when the fixed pulley is used, while the difference of the
two fingers is 0.2N when the movable pulley is used. Here, the experiment
was conducted until the sum of the forces applied to finger B reached 100
N.

The experiment described above was conducted when the curve angle
of the wire curve unit was 0 rad, which means that the finger is fully
extended. The experimental results of measuring the difference in the
force of the fingers according to the variation of the bent angle is shown in
Figure 2.13 (b). The routing using fixed pulleys shows that the difference
in force applied to the two fingers increases as the angle of bending of the
finger increases. On the other hand, in the case of under-actuation using
a movable pulley in the STLA, it can be found that the difference in the
force does not cause a significant change as the bending angle of the finger

changes.

2.5. Discussion & Conclusion

Tendon-driven soft wearable robots have been developed to take ad-
vantage of a design that makes the end effector more compact, light,
and simple. However, a tendon transmission requires special care so as
to not induce high friction and such that the wire does not become tan-
gled around the spool. To address these issues, researchers have applied
additional functions to the tendon transmission, such as a pre-tension
mechanism or a slack-enabling mechanism. Other techniques, such as us-
ing an under-actuation mechanism or a tendon connector, have also been

proposed to simplify and minimize the end-effector. In this paper, we pro-
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posed a Slider-Tendon Linear Actuator (STLA) that uses a tendon-driven
slider. Utilizing the tendon, rather than a ball screw, for the slider motion
reduces the actuator size. Springs inside the STLA enable stable actua-
tion of the tendon-driven slider. The STLA contains an under-actuation
mechanism to reduce the number of actuators, a tendon connector to im-
prove portability, and a stroke amplification mechanism to reduce the size
of the actuator. The proposed STLA not only simplifies the end-effector,
it also improves the performance of the robot. Performance is improved
due to the STLA’s easy-to-use mechanical components; reduced mechan-
ical components in the end-effector also result in increased wearability,
simplicity, and compactness.

It should be noted that the durability of the proposed actuator may be
less than that of a conventional ball screw transmission. However, although
durability is of course important, the STLA’s durability will be sufficient
if its durability is higher than the durability of the Bowden cable. Since
the wire slips at the Bowden cable, it is obvious that the durability of
the actuator is higher than that of the Bowden cable. Because the STLA
offers advantages in size, we can conclude that the STLA is more suitable
for soft wearable robots. Moreover, the proposed actuation method has
additional minor advantages that are not explained in detail in this paper.
First, the actuator is inexpensive because it consists of two bushings and
two springs. Second, the actuator can be easily customized to meet the
requirements of a particular robot by changing the motor spool size, the
number of pulleys, and the gear ratio. In addition, the STLA can be a good
solution for high-impact situations by reducing the radius of the spool and
increasing the number of pulleys on the motor side. By changing these

parameters, damage to the motor from a large impact can be avoided.

33



The size of the proposed STLA is 24.67% the size of a ball screw and
10.64 times bigger than a slack-enabling mechanism. However, the dura-
bility of the slack-enabling actuator is not sufficient to for many practical
applications, since it uses friction and slip for derail prevention. Also, the
slack-enabling actuator does not have space for the linear motion, which
makes it difficult for it to adopt additional functions, such as tendon con-
necting and under-actuation.

The STLA also has the potential to contain other components used in
other research about tendon transmissions with rotary motors. First, the
actuator can increase the peak tension by using a compliant material. By
adding a compliant component that accumulates spring energy in the un-
winding process and emits energy in the winding process, we can increase
the maximum tension without using a high-torque motor. Also, research
of adding an extra spool in parallel to the existing spool can be pursued.
In this design, the actuator can pull two wires, even using a single motor.
Therefore, we can make the actuator apply bi-directional force as a dual
slack-enabling actuator, as shown in previous research (In et al. 2017).
Other research related to changing the radius of the motor spool can also
be used in the STLA. This research uses a motor spool as a transmission.
It generates high tension by decreasing the radius of the motor spool and
generates high speed by increasing the radius of the spool (Xu et al. 2018).

The proposed actuator will require additional research about the type
of wire. The wire used in the proposed actuator is Dyneema, because
this wire has high yield strength. However, the wire used in our work has
high hysteresis, which is not preferred in force control. Therefore, the best
wire to be used in the actuator should be chosen based on future work.

Additional research should also be performed to increase the performance
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of the tendon transmission. Friction and the wear of the wire is one of
the main disadvantages that leads many researchers to hesitate to use a
tendon transmission. In future work, a wear monitoring system can be
proposed for the STLA. By measuring and comparing the tension at the
end-effector and on the actuator side, the system can observe the tendon
wear. As a long-term goal, we are eager to make the tendon transmission a
compact, safe, and reliable transmission to be used in human assist robots

by adding more functions to the STLA proposed here.
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End-effector
(Exo-Glove Poly)

Transmission
(Bowden cable)

Actuator
(Sliding Tendon Actuator)

Figure 2.1: Overview concept of a tendon transmission that uses
a Bowden cable.

By locating the heavy components such as the actuator, battery, and con-
troller far from the end-effector, the end-effector can be light, compact,
and simple. By concentrating the application of the actuator only on the
tendon transmission, STLA has optimized performance and includes func-
tions such as tendon connection, under-actuation mechanism, and stroke

amplification.
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(a) Motor  Tendon Spring End-effector
tendon connector tendon

N\ T .

Tenon-driven
Slider Rod

Motor

Motor holder

Figure 2.2: Overview of Slider-Tendon Linear Actuator (STLA)
By utilizing a tendon-driven slider, STLA shows compact size and reliable
actuation performance. (a) shows side view of the schematic and (b)
shows top view of the real actuator. STLA pulls the end-effector tendon
(red dotted line) by winding the motor tendon (blue solid line) that pulls
the slider. To release the end-effector tendon, the spool unwinds the motor

tendon and springs pulls the slider and motor tendon.

37



Figure 2.3: Details of the STLA working principles.

The actuator offers the following four functions in a single slider. 1. Derail-
ment of the motor tendon is prevented by springs (white broken line). 2.
Under-actuation is implemented to the end-effector tendon using a mov-
able pulley in the slider (dark blue hatched circle). 3. The tendon connec-
tor makes the end-effector separate from the actuator easily (green dotted
line). 4. The stroke of the tendon is amplified by designing the tendon

routing (yellow solid line).
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Figure 2.4: Methods to apply tendon-driven under-actuation
mechanisms in two links.

The figure (a) shows how the under-actuation mechanism increases the
adaptiveness of the robot. Also, the figure (a) and (d) show the under-
actuation mechanism that uses a fixed pulley. The figure (b) and (e) show
the under-actuation mechanism using a movable pulley that is used in the
conventional robot. Figure (c) and (f) show the method to implement
the under-actuation mechanism using the proposed STLA. The dotted
lines in the figure (d) to (f) mean the end-effector while the other part is

located far from the end-effector.
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Figure 2.5: Schematic showing how the tendon connector in the
STLA works.
It includes the function of the tendon connection by separating the end-

effector tendon from the slider.
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Tendon driven

Bearings (M) Slider Bearings (E)

_End-effector
Tendon (1)
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lsta = lw1 + I + Lo
Figure 2.6: Schematic showing how the stroke of the STLA is
amplified.

Bearings on the end effector side not only allow the STLA to have the
under-actuation mechanism, but also amplify the wire stroke. n. is the

number of the movable pulleys at the slider.
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Figure 2.7: Schematic of each actuation for size comparison
(a) ball screw linear actuator, (b) Basic STLA (STLAB), and (c) STLA.

The red dotted line in the figure is the wire used in the actuator.



Size comparison of the tendon driven actuation method
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Figure 2.8: Size comparison of the tendon-driven actuation unit

for a soft wearable robot.

The size of the STLA is 36.2% of the ball screw. When the movable pulley

is used in STLA design, the size becomes more compact and it is 23.6%

of the ball screw. Although the size is reduced, the STLA is about 11.2

times bigger than the slack-enabling actuation unit. Values on the right

side show the volume of each actuation method when the stroke is 240

min.
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Figure 2.9: Final design of Slider-Tendon Linear Actuator.

The actuator contains the functions of wire derailment prevention, under-
actuation, and tendon connection. One loadcell is used to measure the
tension of the wire. The blue wire in the left side is a motor tendon while

the gray wire in the right side is an end-effector tendon.
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Figure 2.10: Actuator performance in position (a) and force do-
main (b).

The actuator pulls wire 120mm in 1.5 seconds in a no-load condition,
which sufficiently satisfies the requirements. The rms error between the
estimated and real slider position is 3.61(%). The blue dotted line in figure
(a) is the pulled length calculated by the encoder and the black solid line
is the pulled length of the wire calculated by the slider position. Figure
(b) shows that the tension of the wire reaches to 100N and the tension

applied on the two wires is similar.
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Figure 2.11: Schematic of the tendon routing to analyze the ten-
sion distribution.

For simplification, fingers are assumed as a block that moves linearly;
(a) shows the under-actuated tendon routing using fixed pulleys and (b)

shows the under-actuated tendon routing using a movable pulley.
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Figure 2.12: Experimental and simulated results of the force
difference that is applied to the finger

(a) Tendon routing A refers to the wire path that has an under-actuation
mechanism using fixed pulleys; tendon routing B means the path that uses
a movable pulley. (*) means that there is a significant difference between
the two results. Also, the force difference enlarges as the finger flexion
angle increases in tendon routing A, while routing B is not significantly
affected by the change in the angle of the finger bend (b). For the under-
actuation mechanism evaluation, it is important to know the ratio of the
force applied to the two fingers, rather than the absolute magnitude of
the force. Therefore, both graphs are represented by converting all values

as a percentage of the force exerted on one finger (Fg).
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Figure 2.13: Experimental setup to measure the tension distri-
bution of the wire path.

(a) shows the method to measure the tension with curved wire path. The
wire curve unit in (b) intentionally makes the wire to bent. (c) shows
schematic of Bowden cable. By changing the wire path, tension distribu-

tion of two wire paths is measured.
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Table 2.1: Notation used in the chapter 2

Notation Definition

Ne Number of movable pulleys at the motor tendon
€M Gear ratio of the motor
Ne Number of movable pulleys at the end-effector tendon
R Radius of the motor spool
taups Motor stall torque
k Spring coeflicient at the actuation unit
X Displacement of the slider
whs Motor no-load speed
Ly Total length of the actuator
lsta Length of the sliding tendon unit

Dgiroke Stroke of the actuator

A Actuator total cross-section area
Anotor Initial cross-section area of the motor

Qe Cross-section area generated by movable pulley

mg Mass of the slider

Mbs Friction coefficient b.t.w the rod and bushing

g Gravitational acceleration

To Initial tension of the spring

T Tension of the end-effector tendon

Hsh Friction coefficient b.t.w the wire and spring sheath
0 Curved angle of the spring sheath

Hif Friction coefficient b.t.w the wire and Teflon tube
s Friction coeflicient b.t.w the wire and bearing
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Table 2.2: Requirements for the actuator for use in the Exo-Glove I1

Requirements Value
Tension 100 (N)
Stroke 120 (mm)
Pulling and releasing time 4 (sec)
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Table 2.3: Parameters for actuator size estimation

Design parameter Value
Gap between mechanical 1 (mm)
components (dgap)
Diameter of bushing (Dpysh) 7 (mm)
Length of bushing (Lpysh) 10 (mm)
Diameter of flange (Dys) 19 (mm)
Width of flange (T5s) 13 (mm)
Length of flange (Lyps) 13 (mm)
Diameter of bearing (Dpearing) 8 (mm)
Height of bearing (hsearing) 2 (mm)
Diameter of spring (Dgpring) 3 (mm)
Length of spring (lspring) 30 (mm)
Diameter of bolt to fix the spring 2 (mm)

(dsp—fiar)
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Table 2.4: Properties of the STLA components and actuator performance

Component Value
Number of movable pulleys 2 (EA)
Spring coefficient 0.02 (N/mm)
Spool diameter 5 (mm)
Motor stall torque (without 21.2 (Nmm)
gearbox)

No-load speed (without 8200 (rpm)
gearbox)

Actuator performance value
Max. Tension (at nominal 161.49 (N)
torque)

Stroke of the actuator 124 (mm)
Max. speed of the wire 31.11 (mm/s)
Required time to pull 100mm 3.23 (sec)

stroke
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Table 2.5: Tension distribution of the wire path with fixed pulleys

Tension relationship

Tension distribution

Ty =T, + Ty
Ty = T,e Hn?
T, = Tbe—ush@

T2 = Tleiutfﬂ—

Ty = Tye 4™

T3 — T4e—utf77

(2.35)

(2.37)

(2.39)

(2.41)

(2.43)

(2.45)

Ty = G, Tye *?

Ty = GMTMQ—MS;LG—MM

Ts = GHTMG*ushef%f,fw

— 0— T
T4 — GNT]\/[e Hsh Kt f

Gpu=1/(1+e7)

(2.36)

(2.38)

(2.40)

(2.42)

(2.44)
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Table 2.6: Tension distribution of the wire path with a movable pulley

Tension relationship Tension distribution
Ty =T, +T, (2.46) Ty = G, Tae Hen? (2.47)
Ty, =Te Ho7 (2.48)

Ty = G, Ty Herf=mm (2.49)

Ty = T,e Hen? (2.50) G, =1/(1+em) (2.51)

Ty = Tye Her? (2.52)
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Chapter 3

Under-actuated Tendon Routing

3.1. Background

This chapter introduces a method to implement the STLA (Slider-
Tendon Linear Actuator) in the Exo-Glove II. Since the STLA is developed
to locate mechanisms in the actuator part rather than in the end-effector,
the tendon routing of the robot to have better features: 1) Performance
of the under-actuation mechanism such as force distribution, efficiency,
and reliability can be improved. 2) Tension at the end-effector, which is
required for the force control of the end-effector, can be simply measured.
This chapter, therefore, show a method to obtain the best tendon routing
when the STLA is considered. For the detail, section 3.2 explains the basic
principle of the under-actuation mechanism. Then in section 3.3, meth-
ods to implement STLA in the robot that improve the under-actuation
performance are described. In the section 3.4, the validation of the under-
actuation performance of the Exo-Glove II is explained. Finally, section

3.5 shows the discussion and conclusion of this chapter.
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3.2. Under-actuation Mechanism

In this thesis, we define under-actuated system as a system that a rank
of the vector space of the actuator input (n in the Figure 3.1) is smaller
than a rank of the vector space of the joints (m in the Figure 3.1). To
apply torque on all joints with smaller number of actuator, some joints
should be designed to have constraints with other joints; In this case, we
do not consider a passive element such as spring. The constraints applied
on the joints can be divided into kinematic constraint and kinetic joints as
shown in the Figure 3.1. The aspects of the motion varies according to the
type of the constraints. Details of under-actuation mechanism with each
constraints are explained in the following sections. The definitions of all
variables used in this chapter are organized in Table 3.1 for the reader‘s
convenience. Also, the actuation characteristics for all the constrained

under-actuation mechanism are summarized as Table.3.2.

3.2.1. Kinematic (ky,) constrained under-actuation mechanism

When the joints are constrained kinematically which is usually named
as a coupling mechanism, the joints move according to the fixed ratio while
the torque applied on the joints do not have any relationship as shown in
3.2 (a). The design with kinematic constraints (K,,Cs) has advantages in
making a certain motion precisely even the external force or disturbance
is applied to the system. However, kinematic constrained under-actuation
mechanism(KmC-UM) sometimes causes a problem in the application
which interacts with the environment because the overall joints cannot
move when the specific joint is blocked (Catalano et al. 2014).

In the tendon-driven system, several wires tied to a single wire or

a set of pulleys having the same rotational axis make coupled motions
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of kinematically constrained joints as shown in 3.2 (b). KmC-UM in
the tendon-driven system is sometimes named as synergy, which is a con-
cept developed by observing human movement from neuroscientific studies
(Bicchi et al. 2011). Several robotic hands were developed by applying the
concept of synergy to either control or robot mechanism. Asada (Brown &
Asada 2007) designed robotic hand with the concept of postural synergy
and proved that the robotic hand can be designed simpler by reducing the

number of actuators.

3.2.2. Kinematic (k) constrained under-actuation mechanism with com-

pliant components

Some researches tried to complement the contact problem of the KmC-
UM with a concept named as soft synergy. It solves the problem by con-
necting compliant components in series to the kinematic constrained under
actuation mechanism (Catalano et al. 2014). In this concept, as shown in
Figure 3.3, the joint configuration is defined by the force equilibrium equa-
tion using the compliance of the additional components. The real robot
configuration(z;) does not depend on the position(X) of the actuator as
shown in Eq (3.1);Here, joint j, the joint which does not contact with
the object, moves similar to the joint with KmC-U M. However, the joint
[, the joint which contacts with the object, sustains it‘s position after
contact, even the actuator position (AX) increases because force applied
on the joint (F}) also increases. As a result, joints in this system make

adaptive motion thanks to the elongation of the compliant components.

riAX Joint j does not contact.(i = j)
Ar; = (3.1)

F
riAX — k—l Joint [ contacts with the object.(i = 1)
1

57



However, contact force with compliant KmC-UM depends on the
stiffness(k; in the Eq (3.2) and the difference between the real joint po-
sition and the actuator position(Ax; — r;AX in the Eq (3.2). When the
stiffness is too large, the contact force increases rapidly even the other
links do not contact to the object. Rapidly increased contact force cause
grasp problem because the object can be affected by the force before sta-
ble grasp is formed. In the case of using the low stiffness component, on
the other hand, the adaptability of the grasp is increased. However, the
low stiffness case requires relatively long time to make grasp force. It is
because the contact force is determined by the difference between the ref-
erence position and the real position multiplied by the stiffness: the low
stiffness case, therefore, requires enlarged actuation stroke to make enough

reference position.

Fz‘ = kl(AJ}Z - T‘ZAX) (32)

3.2.3. Kinetic (k) constrained under-actuation mechanism

On the other hand, when the joints are constrained in kinetic condi-
tion, which is also named as differential mechanism or under-actuation
mechanism in other researches, the contact problem caused in the KmC-
UM or compliant KmC-UM can be solved (Birglen & Gosselin 2006).
The joints with a kinetic constraints (k,cs) have no restriction on dis-
placement, but the torque or force applied to the joints is maintained to
a certain ratio. Because of the above feature, the kinetic constraint be-
tween joints enables to apply a uniform force or torque and to make an
adaptable configuration for the surrounding object. In the tendon-driven

system, the kinetic constraint is applied to the target joints by making
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a single wire to passes through multiple joints or links simultaneously.
The tension applied on the target joints are always the same because the
tension is always consistent when the friction is not considered.

When applying the kinetic (k,,) constraints to the joints by passing one
wire through multiple joints, both movable pulley and fixed pulley can be
used as shown in Figure 3.4. Usually, the type of pulley is differently used
depending on whether joints are connected in series to a single linkage
or joints are connected in parallel to multiple links. In the case, which
serially connected joints (e.g., different joints located in a single finger)
at the same link, k, constraints can be easily assigned to the joints by
connecting one end of the wire to the last link and the other end of the
wire to the actuator as shown in right side of the Figure 3.4 (b).

However, in the case of other joints in other links (e.g., different joints
located in different fingers) with a parallel configuration, movable pulleys
can be used. The movable pulley between the two parallel links transmit
the force to the wire and enables to give k, constraints on the joints in
parallel connected linkages as shown in the left of the Figure 3.4 (b). With
the concept of movable pulleys, (Hirose 1985) developed a robotic hand
using moving pulley. Also, this method was also extended to the study
developing a robotic hand which has k,, constraints on 5 fingers(Lalibert
2008). A total of four moving pulleys were used to assign k, constraints
in the above research because additional pulley should be added when
the additional finger is actuated under the k,, constraints. k,c-U M using
movable pulleys successfully apply pre-determined tension to each ten-
don, but it also makes the end-effector bulky because additional space
is required for the pulleys and the space required for pulleys to move.

Moreover, when the number of the linkages increases, the system becomes
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complex because system with n number of linkages requires n — 1 number

of movable pulleys for k,c-UM.

3.2.4. Kinetic (k) constrained under-actuation mechanism with dual ten-

don routing

In the tendon driven k,c-U M, we can see that k,c-UM can be imple-
mented by a single wire passing through multiple joints; since the tension
is sustained along the wire, it can apply k,cs on the joints. In a same man-
ner,methodology to pass the wire twice in a single linkage is proposed in
robot named SNU Exo-Glove to make compact k,c-UM (In et al. 2015).
Here, the wire is not just connected to the end of the link, but rather
it goes out after being bent at the end of the links as shown in Figure
3.5. This tendon routing allows the force to be transmitted without using
movable pulleys because the wire end can be connected to the actuator
after passing through the joints of whole fingers. In this thesis, we named
the tendon routing as dual tendon routing(Originally it was named as soft
tendon routing because it was implemented in the soft wearable robot.
However, this tendon routing method is possible to be used also in the
rigid robot, therefore we renamed the routing.) Although this routing
compactly assigns k,cs to multiple linkages, it has disadvantages over the
use of movable pulleys in terms of performance that the torque applied to
the joints are relatively less uniform;The tension distribution is less uni-
form in dual tendon routing because the friction force overlaps through
the tendon routing., which will be explained details at the section 3.4.

The robotic hand using dual tendon routing for five fingers were devel-
oped by (Catalano et al. 2014) and showed that the dual tendon routing

makes the robotic hand simple even the hand has many fingers. In the case
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of dual tendon routing of SNU Exo-Glove, Teflon tube was used instead
of the bearing to fix the wire path in curvature. Tendon routing with
Teflon tube made the robot part more compact because it is relatively
small compared to bearing and it can be easily attached on the glove with
sewing.

However, the method using the Teflon tube and dual tendon routing
has disadvantages on force distribution and efficiency. As a result, the
tendon driven under-actuation mechanism has a trade-off relationship be-
tween performance and size depending on the type of components used
and the tendon routing method. Therefore, our goal of this chapter is
to get the best tendon routing which covers the above trade-off relation-
ship by considering the Slider-Tendon Actuator, which is explained in the

chapter 2, and dual tendon routing in this chapter.

3.3. Kinetic Constrained Under-actuated Tendon Routing
with Slider-Tendon Linear Actuator in Soft Wearable
Robot

3.3.1. Dual tendon routing in system with N fingers

In this subsection, methodology to obtain whole possible dual tendon
routing for N linkages is described as shown in Figure 3.6. The possible
tendon routing are first derived by considering the actuator part as well
as the end-effector. It is because our hypothesis is that locating the under-
actuation mechanism both in to the end-effector and the actuator increases
the number of possible routing and shows a higher performance than the
conventional mechanism. Since the friction of the wire is generated when

the wire path is curved, we divided the segments into 2N sections as shown
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in the Figure 3.6. Also, all the notation used in this chapter is described
in the Figure 3.6.

When the wire is passing the top of the i*" segment(space between
section 2i — 1 and 2i), only fixed pulley can be used at the curve of the
wire path as shown in right side of the Figure 3.6. On the other hand, the
tendon routing at the bottom of the section, area between the i™ segment
and (i + 1)™ segment shown in Figure 3.6, has two design candidates of
using movable pulley or fixed pulley. The pulley can be attached to the
robot to work as a fixed pulley or can be attached on the actuating part
to work as a movable pulley. Therefore, the number of 2V =1 cases exists
because it is necessary to determine whether a total of N-1 pulleys will
be used as a movable pulley or a fixed pulley. After that, by fixing the
method to connect the wire at P; in the first segment and P,y in the
N segment, we can obtain whole possible tendon routing in N numbers
of finger system; It can be either fixed to the glove or to the motor, so
there exist two cases each. As a result, tendon routing for system with N
segments can be configured and has total 2V¥*! — 1 number of cases for
routing; There are 2Vt — 1 of cases instead of 2V*! because one design,
which whole wire is routed by fixed pulleys and wire at the both ends
are fixed on the robot, should be excluded because the actuation force
cannot be transmitted to the robot in the design. When the number of
the segment is odd number, total numbers of design, which requires to
ignore the symmetric case, can be reduced to 2 — 1 because of several
overlapping tendon routing.

In the dual tendon routing which combines to use both fixed pulleys
and movable pulleys, the end-effector can make high force with small

actuation force but requires a long stroke when the use of fixed pulley
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increases. On the other hand, when the use of movable pulleys is increases,
the end-effector can generate motion with a short stroke but requires a
higher force to make force at the end-effector. It is quite obvious and can
be obtained using the virtual work principle. In addition, the friction of
the wire shows different aspects because the friction is affected by the
moving direction of the wire and the material properties.

Therefore, final tendon routing can be decided after the application
is fixed. In this thesis, we simplified the tendon routing of N segments
cases to tendon routing of 2 segments case because our target application
is Exo-Clove II. The tension distribution in each segment for 7(2+1 —1)
design candidates were calculated considering friction in the subsection

3.3.2.

3.3.2. Dual tendon routing in Ezo-Glove II

The tendon routing for flexion of the index and middle finger of the
Exo-Glove II can be designed in 7 cases, which is classified in Figure 3.7
(a). As Figure 3.7 (b) - (h) show, 7 tendon routings are possible and
each are named as TR1 to TR7 respectively. In order to select the best
tendon routing, distribution of the wire tension is calculated for each case
as shown in Table.#. Since we are considering dual tendon routing in 2
linkages system, tension of maximum 8 segments can be obtained as 3.7
shows; Four are on the motor side and other four are on the end-effector
side. The segments in motor side from the spring sheath is notated from
a to d and the glove side from the spring sheath is defined as 1 to 4. The
finger containing the wire segment 1, 2 is named as Finger A, and the
finger with wire segment 3, 4 is called Finger B. Since the friction on the

wire is mainly modeled by the capstan equation, the wire tension of all
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segments is also obtained as proportional to the motor torque. The detail

process to derive the tension distribution is described in Appendix A.

3.3.3. Indicators to validate the under-actuation mechanism

In addition to obtaining the tension distribution, four indicators for the
knc-UM are proposed, as shown in Table.3.3 and 3.4, for the best tendon
routing of the Exo-Glove II . The first indicator is derived to measure an
adaptability of the robot, that is defined as a difference between sum of
the tension applied on two fingers as shown in Eq (3.4). The difference
between the tension induces a problem when only one finger is contacted
with the object. Depending on the shape of the object, there is a case
where only one of the two fingers is touched first. In this case, if a large
force is applied to the contact surface before the other finger touches, the
object is moved and disturb the stable grip.

Second performance is a performance about the tension difference in
the same finger. When the tension applied on the same finger has big dif-
ference, the finger can make abduction or adduction motion which is an
unwanted motion. Moreover, in the soft wearable robot case, the difference
between the tension makes deform of the robot itself and the tendon rout-
ing can be changed. For this reason, the performance about the tension
difference in the same finger is named as torsional resistance performance
and can be defined as Eq (3.5).

Third performance is about the reliability of the system. The tendon-
driven system must have low friction because the wear, which is related
to the reliability, of the wire is determined by the friction. However, since
the failure will occur first in the area where friction is concentrated, the

largest frictional force is defined as an index of the reliability. The third
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indicator is described as Eq (3.6), where n in the equations mean the
number of areas which friction occurs.

The final performance indicator is related to the efficiency of the robot.
Efficiency is selected because it affects the size and weight of the motor
and battery used in the robot. The indicator is expressed as the ratio of
the work done by actuator and the work done by end-effector. Therefore,

the performance can be expressed as Eq (3.7).

3.4. Validation of the Dual Tendon Routing with Slider-

Tendon Linear Actuator
3.4.1. Tension distribution

To verify the tension distribution and indicators of seven tendon rout-
ings, an experimental setup was designed to measure the tension at each
segment as shown in Figure 3.8. Four load cells were used to measure
the tension distribution. By changing the tendon routing at the wire path
holder part, tension distribution of 7 tendon routings were obtained in
a single experimental setup; Four bearings are used in the path holder
and 7 tendon routings is made as shown in Figure 3.8(f). The Motor is
controlled to pull the wire until the sum of the tensions at section 1 to 4
reaches the 70N tension. The experimental results of each tendon routing
are also described in each section. Using the experimental setup, tension
distribution of the 7 tendon routings was obtained. Since all tension of
each section is function of the motor torque, the distribution is described

in terms of percentage to the total sum of tension.
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3.4.2. Under-actuation performance

With the tension distribution data, under-actuation performance of 7
tendon routings were verified. Since there are four indicators for 7 ten-
don routings, radial graph is used as shown in Figure 3.10. Equations for
normalized indicators are described as Eq (3.8) - Eq (3.11). In the nor-
malization process, it is assumed to sum from 77 to Ty to be 200N. wy,
wy,wy, andw, are set to be 5 to make all indicators to have maximum 5

and minimum 0.

3.4.3. Possible applications

Seven tendon routings introduced in this paper show different per-
formance. As we can see in Figure 3.10, TR6 shows better performance
compared to other tendon routings. It is quite obvious because this tendon
routing includes two movable pulleys, which have advantages to make uni-
form tension distribution by reducing the friction. Although TR6 shows
better performance, TR3 is decided to be used in the case of Exo-Glove
II because this tendon routing has the advantages of compact tension
measurement and easy wire length adjustment at the end effector. De-
tails about how to measure tension and to adjust the wire length is not
explained in this chapter because these are described in chapter 4.

Although tendon routings, paths other than TR3 and 6, are not ap-
plied in Exo-Glove-thumb, but they can be used in other applications that
have different requirements. For example, TR1, a tendon routing that uses
three fixed pulley, shows relatively low performance because friction is ap-
plied on the wire in a serial. However, TR1 has high force transmission
ratio with compact size. The force transmission ratio can be easily de-

fined as a ratio between force applied on a finger and tension of wire at
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the motor as shown in Eq (3.3). When the friction is not considered, the
transmission ratio of the TR1 can be easily obtained as 4 while that of
other tendon routings is obtained as 1 or 2. Therefore, TR1 can be used
where large grasping force is required with small actuation force. It is true
that the transmission ratio is not exactly 1 or 2 or 4, when the friction is
considered.

_ Fringer—A+ Ffinger—  T1 +To+ T3+ T}

TR1 can be found in a previous research about GRIPIT, which is

a hand wearable device developed to assist tripod grasp of a disabled
person(Kim et al. 2017). In GRIPIT shown in Figure 3.11, one side of the
wire is connected at the end-effector part while the other side of the wire
is pulled by the user. Since GRIPIT has TR1 type tendon routing, the
device can make sufficient grasping force with small tension. It is suitable
to use TR1 in GRIPIT because the device is developed not to include
motor and to be operated manually with a single actuation.

On the other hand, when the different amount of tension is required
to be applied on different fingers, TR4 and 5 can be adequate candidates.
Since the wire passes from one finger to the other finger through Bowden
cable in these paths, tension applied on two fingers show big difference in
TR4 and 5. Due to this aspect, these paths can be used for the device that
assists pinch grasp. It is because tension applied on the thumb should be
big while the tension on the other fingers only requires to make a posture
in the pinch grasp.

In the case of TR2, it can be used for the case which requires to locate
the actuator at the end-effector. When the actuator is required to locate

at the end-effector, the size of actuator has to be minimized. When slack
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enabling actuator is used for compact size, only TR1 or TR2 can be used
because the slack enabling actuator does not have a room for movable

pulley(In et al. 2017). Therefore TR2 should be used in this case.

3.5. Discussion & Conclusion

In chapter 3, we proposed a design framework to obtain the best ten-
don routing that applies kinetic constraints on the joints. The framework
combines following two functions used in the tendon driven soft wearable
robot: a concept of dual tendon routing and the Tendon-Slider linear ac-
tuator. With this framework, researchers can derive an optimal tendon
routing because it assists to get whole possible tendon routings consid-
ering the dual tendon routing and the Slider-Tendon actuator. By using
the framework the Exo-Glove II could be designed to measure tension
and adjust the length of wire at the end-effector easily. Since chapterb
shows control of the Exo-Glove II, all contents about advantages of the

framework on force control are explained in the next chapter.
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Under — actuation mechanism(m > n)

Actuator Joint space
space

kinematic
constraint

or
kinetic
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Figure 3.1: Classification of the under-actuation mechanism
0; in the figure means the displacement of the actuators while the ¢; in
the figure means the displacement of the joints. Since the number of the

joints are smaller than that of the actuator, constraints between the joint

angle are required.
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Kinematic constraint Kinematic constraint
Overview (a) in tendon transmission (b)
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Figure 3.2: Overview of the under-actuation mechanism with
kinematic constraints

(a) shows the schematic of the kinematic constrained under-actuation
mechanism. This figure is inspired by (Birglen & Gosselin 2006). (b)
shows the exact method to apply kinematic constrained under-actuation

mechanism using tendon transmission.
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Kinematic constraint with spring Kinematic constraint with spring

Overview (a) in tendon transmission (b)
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Figure 3.3: Schematic of the under-actuation mechanism with
kinematic constraints and springs

(a) shows the schematic of the kinematic constrained under-actuation
mechanism. This figure is inspired by (Birglen & Gosselin 2006). (b)
shows the exact method to apply kinematic constrained under-actuation

mechanism using tendon transmission.
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Kinetic constraint Kinetic constraint
Overview (a) in tendon transmission (b)

AX

N
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Figure 3.4: Schematic of the under-actuation mechanism with
kinetic constraints

(a) shows the schematic of the kinetic constrained under-actuation mech-
anism. This figure is inspired by (Birglen & Gosselin 2006). (b) shows the
exact method to apply kinetic constrained under-actuation mechanism
using tendon transmission. The constraints can be applied using both

moving pulley and fixed pulley
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Kinetic constraints in| Kinetic constraints in Dual tendon routing

a single linkage (a) several linkages (b) in several linkages (c)
— — I Fixed pulley
e fe)

oLy ---0En

(1 ) RJoint
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Pull
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Figure 3.5: Summary of the under-actuation mechanism with k,
constraints

(a) shows a kinetic constrained under-actuation mechanism in a single
linkage. (b) shows a kinetic constrained under-actuation mechanism using
movable pulleys. (c) shows a kinetic constrained under-actuation mecha-

nism using dual tendon routing.
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Possible tendon routings for kinetic constrained under-
actuation mechanism in N numbers of finger system

Fixed pulley i Only fixed pulley
! i can be used at the
_): _KL_ _z-*\_ i top of the segment.

CEv R - - - 0D

Both fixed pulley

0 DD .{.)L Pt and movable
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Figure 3.6: Overview of the dual tendon routing in N numbers

of linkage system

The tendon routing is separated in to 2N sections.The tendon routing can

be determined by determining whether to use a fixed pulley or a movable

pulley in the space between the sections.
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(a) Classification of the tendon driven under-actuation mechanism
Classification Tendon driven under-actuation mechanism
|
I 1
; Kinetic constraint(differential Kinematic constraint
Constraint : ( ) (coupling)
#of differential ,; é
mechanism |
Combination of r 1
differential Fixed pulley Moving pulley Fixed pulley Moving pulley
mechanism 2,3) 2,3) (213) (213)
Connection Moving pulley Moving pulley
method of the G1G4 M1G4 M1 M4 G1G4 M1G4 M1 M4 (1,4) (1,4)
; (Not valid)
wire end(1.4) TV 1R1 TR2 TR3 TR4 TR5 TR6 TR7
(b) TRT 1 (d) TR3 (f) TRS a4 (h) TR7 a 1
2 %%ZD
3 (I c % 3 E)
4 d 4
(c) TR2 (e) TR4 (i) Components in the figure
zzzz Bowden cable
Q O Movable pulley
A Teflon tube
l Wire anchor

Figure 3.7: Classification method for possible tendon routing in
two linkage system

(a) shows the overall view of the classification and (b) - (h) show each
tendon routing that applies kinetic constraints on the joints. (i) shows
the description of the components used in the figure. In the figure, E(#)
means the wire in # segment is connected at the end-effector and M (#)
means the wire in # segment is connected at the actuator. Wire anchor

in (i) means the point where tendon is fixed.
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(f) Tendon routing at the wire path holder for various cases . spool
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Figure 3.8: Experimental setup to measure tension distribution
of the tendon routing
By changing the tendon routing at the wire path holder, the experimental

setup cover tension measurement for seven tendon routings as shown in

(f).
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Tension distribution

100 - .
15.1 Section 1
N Section 2
Section 3
80 - Section 4
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| Finger B
Finger A
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O L

TR1 TR2 TR3 TR4 TR5 TR6 TR7

Figure 3.9: Tension distribution of tendon routing with dual ten-
don routing

Tension at each section is described in terms of percentage to the total
sum of tension. TR1 to TR7 are nominations of tendon routing which are
described in Figure 3.7. As indicated by the dotted lines in the figure,
the difference in the forces exerted on the fingers A and B is different

according to the tendon routing.
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Performance of differential mechanism
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Figure 3.10: Experimental result about indicators of kinetic con-

strained under-actuation mechanism
Four indicators are used for the validation. Here, TR6 shows the best re-

sult because of movable pulleys that have advantage to reduce the friction.
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Figure 3.11: Example of TR1 in dual tendon routing method:
GRIPIT

GRIPIT, which has a tendon routing similar to TR1, can be used to
assist tripod grasp without motor because it is developed to have high

force transmission ratio.
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Table 3.1: Notation used in the chapter 3

Notation Definition

Ne Number of movable pulleys at the motor tendon
€M Gear ratio of the motor
Ne Number of movable pulleys at the end-effector tendon
R Radius of the motor spool
™ Motor stall torque
k Spring coefficient at the actuation unit
be Displacement of the slider
whs Motor no-load speed
Ly Total length of the actuator
lsTA Length of the slider tendon linear actuator

Dgiroke  Stroke of the actuator
A Actuator total cross-section area

Anotor Initial cross-section area of the motor

Qe Cross-section area generated by movable pulley
Mg Mass of the slider

yS Friction coefficient b.t.w the rod and bushing
g Gravitational acceleration

To Initial tension of the spring

T Tension of the end-effector tendon

Initial tension of the spring

wsh Friction coefficient b.t.w the wire and spring sheath
0 Curved angle of the spring sheath

Hif Friction coefficient b.t.w the wire and Teflon tube
b Friction coefficient b.t.w the wire and bearing
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Table 3.2: Classification of tendon driven under-actuation mechanism

with position or force constraints.

Kinematic Kinematic constraints kinetic

constraints with spring constraints

Actuation
Az; =r;AX  (F;is 0 when the joint i  unknown

length ]
is not under contact)

AO; = Jri(Axy) AY; = Jri(Ax;)

Joint
unknown
angle .
= JTyi(TiAX) = JT,z(ﬁTzAX)
Wire
unknown unknown F,=R,F
tension
. 7 = Jp; (F)
Joint ’
unknown unknown
torque L
= RiJii(Fl)
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Table 3.3: Indicators for the kinetic constrained under-actuation mech-

anism

Indicator Mathematical expression

|Ty + Ty — T3 — T4 (3.4)
Iadaptability
mam(\Tl 7T2‘,‘T3 7T4D (35)
Itorsional—resistance
Ireliability ma‘x(flvf%f?n'“fn) (36)
Wfin er
Ie cienc e 3.7
n Y Wmotor ( )
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Table 3.4: Normalized indicators for the kinetic constrained under-

actuation mechanism

Indicator Mathematical expression
wo(1 = T =Ts ~Tal) (3.8)
N'Iadaptability 100
wt(l— max(|T1 _T2|7|T3 _T4|)) (39)
N-Itorsional—resistance 50
w (1_ma$(f17f2af37"~fn)) (3 10)
(s .
N.I eliability Tnr
w inger
we(1 — =Lnger) (3.11)
N'Iefﬁciency Wmotor
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Chapter 4

Design Process of Exo-Glove II

4.1. Background

This chapter deals with a design process of the Exo-Glove II. As in-
troduced in the chapter 1, the main goal of the thesis is to develop an
tendon-driven under-actuated soft hand wearable robot that assists the
thumb, index finger and middle finger with small number of actuators.
Unlike the previous research, the under-actuation mechanism of the Exo-
Glove II is located in the Slider-Tendon Linear Actuator as introduced in
the chapter 2. Also, for the tendon routing of the index and middle fin-
ger, optimized tendon routing is used as explained in the chapter 3. This
chapter mainly shows design method to obtain the tendon routing with
small number of actuators (i.e, method to design the robot that assists
three fingers with four actuators) and design method of the robot itself
(i.e, methodology to fabricate the proposed robot); The tendon routing
method is explained in the section 4.2 and the robot fabrication method
is described in the section 4.3. More details about each contents are de-

scribed in the following sections.

84



4.2. Under-actuated Tendon Routing for Exo-Glove 11

In the under-actuated tendon driven wearable robot development, as
explained in the chapter 1, the robot design framework in this thesis
starts from considering the target body part. Since the Exo-Glove II is
for the hand assistance, we considered for the thumb assistance because
the thumb roles a lot when grasping or manipulating the objects. For more
detail, the thumb opposition, a motion that the thumb locates in a op-
posite direction of the other fingers, is the most important motion in the
grasp (Nanayakkara et al. 2017). Therefore, Exo-Glove II was designed to
assist the thumb opposition motion for grasping various objects. Then,
how can we design the tendon routing of the robot or decide the number
of the actuator for the thumb opposition?

For the above question, it is quite obvious that the increased num-
ber of actuators with complicated tendon routing could give a chance to
perform various tasks. However, it is also true that the increased number
of actuators will increase the cost in robot development because of ex-
pensive controllers and actuators. One can think that this question could
be answered by considering the human muscle-tendon systemKim & Park
(2018); Lee et al. (2014). The use of biomimetic design method is also
a good design method to make motion but it could reduce the usability
of the robot because the hand is redundant system with lots of muscles
and tendons; Therefore, the robots are usually used for the rehabilita-
tion purposes rather than the assist purposes. As an alternative, tendon
routing of the Exo-glove II is designed by considering the functional de-
gree of freedoms (fDOFs) obtained in the several bio-mechanic studies;
In the case of the thumb motion, the functional DOF is known as two

(i.e, flexion/extension and abduction/adduction) while the fDOFs of the
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other fingers are known as one (i.e, flexion/extension). To make the above
three motions (thumb abduction/adduction, thumb flexion/extension, and
other fingers flexion/extension), basic tendon routing of the Exo-Glove II
could be expressed as Figure. 4.1. Since the tendon can only transmit the
pulling force, two tendons are required to make one degree of freedom mo-
tion. Therefore, total six tendons are used for the above motions. Here,
as the Exo-Glove does, the proposed robot is also designed to assist index
and middle finger using the under-actuation mechanism.

However, the robot design using six actuators could be quite excessive
design yet. Increased number of actuators will harm the simplicity of the
robot system and increase the robot price as well. Since the number of
actuators could be reduced by using the under-actuation mechanism as
explained in the chapter 2 and the chapter 3, we have additional chance
to make the Exo-Glove II more compact. For simplification, a theoretical
background, that n+4 1 numbers of actuators are required to make n DOFs
motion in tendon transmission, is used (Ozawa et al. 2014). Actually, the
use of this theoretical background could induce a wrong result in this case
because the theory requires an assumption, that the moment arm of the
tendon should be constant, is not satisfied in the Exo-Glove II. Therefore,
use of n + 1 numbers of actuators for n DOFs in Exo-Glove II requires
additional validation. This given theoretical background is only used for
an initial guess. In our robot, Exo-Glove II, it was decided to use four
actuators because our target application requires three functional DOFs
(thumb abduction/adduction, thumb flexion/extension, and other fingers
flexion /extension).

With the above guess, the Exo-Glove II with modified tendon routing

is designed as Figure 4.2 using four Slider-Tendon Linear Actuators. As
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shown in two figures (Figure 4.1 and Figure 4.2), these two tendon routings
have the same tendon routing but the only difference is how each tendon is
connected to the actuator part. In the tendon routing using four actuators,
kinetic constraints are applied on 1) flexion tendon of the index/middle
finger and flexion tendon of the thumb and 2) adduction tendon of the
thumb and extension tendon of the thumb. Since the kinetic constrained
under-actuation mechanism (i.e, differential mechanism) is included in the
Slider-Tendon Linear Actuator, the design of reducing the actuator does
not affects in increasing the complexity of the glove part.

Although the kinetic constrained under-actuation is applied, we have
to think whether the proposed design shows sufficient performance com-
pared to the tendon routing that uses six actuators. It is because of the
fact that the moment arm of the Exo-Glove II is not a constant as men-
tioned above. Therefore, additional validation is performed and these are
all explained in the result section 4.4, after explanation of other robot

design components.

4.3. Robot Design

With given tendon routing introduced in the section 4.2, this section
describes a method of fabricating the robot with given tendon routing. For
the successful robot design, we have to consider the robot requirements
and characteristics. Wearable robots have several different characteristics
compared to the other robots because the robot should be worn on the
human body and should interact with the human body. The actuation
of wearable robot could be considered as a process of transmitting the
mechanical energy of the robot from the robot to the human body. The

total system could be thought as an incorporation of two different system:
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the robot and the human; The concept is usually named as pHRI (De
Santis et al. 2008). For the successful incorporation between the robot
and the human body, robot kinematic model should be designed with
consideration of the human kinematic model; When the center of rotation
of the robot joint and the human joint is not aligned, for instance, the
user could feel inconvenience because of the difference between the robot
configuration and the human kinematic configurationArno H. A et al.
(2009); Cempini et al. (2015b). These are usually solved using the joint
alignment mechanism, but it requires certain amount of spaces so that the
robot could be bulky.

For this incorporation without increasing the robot size, several re-
searches have proposed a method of designing wearable robot with soft
materials such as silicone or garment (In et al. 2015; Kang et al. 2019).
The use of softness provides an adaptability to the robot as mentioned
in the chapter 1; Actually, the robot kinematic is not defined in the soft
robot and the kinematic of the robot is defined by the external environ-
ment. Therefore, in the soft wearable robot, we only need to care about
human kinematic unlike the conventional rigid wearable robot. Due to
the fact that the use of soft material solves the annoying problem about
the matching human kinematics and the robot kinematics, lots of soft
wearable robots have been developed for various purposes.

However, the robots using soft material suffer from several difficul-
ties (i.e, Deformation of the robot, manufacturing method, and pressure
concentration on body) due to their inherent characteristics. For instance,
the robot deforms when the force is applied to the robot; The deformation
makes us difficult to estimate the relationship between the actuation force

and the torque applied on the joint. Also, the robot with soft material is
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quite difficult to manufacture because it requires sewing or molding, which
were not used in the manufacturing process of the rigid robot.

In this section, we propose a Exo-Glove II design methodology which
uses both soft and rigid components by considering the requirements of
each components. To do so, this section is described in terms of the com-
ponents required for the robot operation. In this thesis, the robot compo-
nents are classified into three major components: body, router, and tendon
anchor; The design process is described in terms of these three compo-
nents. Briefly speaking, the robot body is defined as a component that
roles to fix the other components as explained in the subsection 4.3.1;
Since the robot in this thesis has a glove type, the body could be thought
as a glove. The second component, named as router, is a component which
fix the wire path; Details are described in subsection 4.3.2. The last com-
ponent is a tendon anchor and this component is used to fix the both end

side of the wire as shown in the subsection 4.3.3.

4.3.1. Glove design

The first component for the wearable robot is named as body and it
roles to fix all the other robotic components. In the case of soft wearable
robot for hand assistance, a glove is well used because the softness of the
robot body provides an advantage to reduce the size by its adaptability;
Joint alignment mechanism could be removed and the robot body could
be fitted well to the human body even the body size has slight difference
as explained in the introduction chapter. The basic fabrication method
of the robot body is similar to that of the conventional gloves, except
the fact that several components (i.e, router and anchor) should be easily

attached to the glove. Therefore, in the design process of the body part, a
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method of attaching these components to the body should be considered.
Details of how each component is attached and is designed are explained

in the following sections.

4.3.2. Router design

The second design component named router is a component which
fix the tendon routing. Since the joint torque is highly related to the wire
tension and moment arm (i.e, the joint torque is equal to the cross product
between the moment arm and tension of the tendon), the role of the router
could be explained as a transmission between joint rotary motion and
tendon linear motion. In general, two kinds of routers (i.e, pulley type
router and conduit type router) are used in the tendon transmission. In
the soft wearable robot, conduit type router is preferred because it has
advantage of being attached easily in the soft components (In et al. 2015).
Unlike to the robot body, one thing we should consider in the router design
is that the consideration of the joint alignment issue is not mandatory. It
is because the routers can perform given functions even they are attached
on the bone rather than the joint; It could be better understood with
a schematic view as shown in the Figure 4.6. This section will discuss a
method of attaching the router to the robot body before explaining the
router configuration because the attachment method affects a lot to the
design process.

In the previous wearable robots, the routers were attached by hand-
sewing (In et al. 2015) or by silicone molding (Kang et al. 2016). In the
case of hand-sewing method, it is possible to make compact robot be-
cause this method makes strong bond between the router and the glove

even the bond has thin structure. However, the hand-sewing method is
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time-consuming and inaccurate method, so that the robot performance
highly depend on the manufacturer‘s skill. On the other hand, the method
of using silicone shows relatively uniform performance because they are
designed in an all-in-one method (i.e, method of manufacturing all the
components in a single process) and therefore we do not need to think
about the attachment method. However, because the products using sili-
cone molding are relatively weak compared to the designs using garments,
the robot body should be designed thicker.

In this thesis, as an alternative method of attachment, a method of
using mechanical fixation with a hanger is proposed as shown in the Figure
4.3. In this method, the hanger is combined with the robot body in the
manufacturing process of the robot body using a sewing machine. After
that, the routers are attached to the hanger via bolt connection. Indeed,
the use of bolt connection has a trade-off issue compared to the sewing
method. The use of bolt makes much more easy to attach the router but
it makes the robot bulkier than the method of using sewing method; The
router with bolt connection requires at least 5mm while the sewing method
almost does not require additional space. However, we determined to use
the bolt connection because the routing of the extension tendons requires
relatively big moment arm (Kim & Ryu 2020); Since the router should
have certain amount of height to sustain the moment arm, the use of the
bolt connection does not cause problem.

With a given connection method, the overall routers have been devel-
oped as shown in the Figure 4.4. Here, main components of the router
are nut holder, bolt holder, and wire router as expressed in the Figure
4.4 (b). By tightening the bolt, the bolt holder and nut holder is fixed
to the hanger that is attached on the glove. The bold holder and the nut
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holder is fabricated with the 3D printer and the wire router is made with
inextensible garment; Overall view is expressed in the Figure 4.4 (c). The
wire router is designed to have three spaces using the sewing machine as
shown in the Figure 4.4 (d). The hole at the bottom side is used to fix the
tendon routing of the flexion tendon and the other two holes at the both
end side are used to fix the router itself to the nut holder as shown in the
Figure 4.4 (b). In addition, the bolt holder is arch shaped to reduce the
pressure applied on the human body, because it contacts with the finger.

The above router is designed with a combination of rigid material (i.e,
nut holder and bolt holder) and soft material (i.e, wire router). The rigid
components are used to fix the whole router to the robot body using a bolt
connection while the soft component is used for the tendon path; Rigid
components are used for easy, accurate fabrication and the soft compo-
nents are used to endure force with thin structure. Since two different
materials with different characteristics are used in the router, the router
is named as hybrid router in this thesis.

In the case of the thumb router, different design should be applied be-
cause the thumb motion has different requirement; Our target goal of the
thumb motion is opposition motion which requires both flexion /extension
motion and abduction/adduction motion but the router in the previous
paragraph is only designed for the flexion/extension motion. The thumb
router is described in the Figure 4.5. When designing the router for two
degree of freedoms, it is important to consider that the router should be
well fixed to the human body. It is because, the relative position of the
router against the human body could cause unwanted motion as shown in
the Figure 4.5 (c¢) and (d).

The thumb router also has an unique characteristic that the router
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also roles as the tendon anchor. It is because the abduction and adduction
tendon should be fixed to the thumb router. Indeed, fixing the end of wire
at the router is not a big problem; By making eight figure knot, it is quite
easy to fix the wire to the router. The eight figure knot is selected because
it can endure high tensile force (Horigome et al. 2018b). In this thesis, the
thumb router is designed not only to fix the end of the tendon but also
to have a function of tightening itself to make sufficient fixation against
the human body. Since the wire routing method of flexion tendon and the
extension tendon is introduced in the previous paragraph, we concentrated
to show the method of designing abduction tendon and adduction tendon.

The routing method for the abduction and adduction tendon is de-
scribed in the Figure 4.5 (¢) and (d); Indeed, since the end of the ab-
duction and adduction tendon is fixed to the thumb router, it could be
more accurate to describe as ’anchoring’, but the word ’routing’ is used
not to confuse the readers. As shown in the Figure 4.5 (b), the tendons
are fixed after being routed to wrap the router. This method of anchoring
and routing enables the router to squeeze the human body when the ten-
don is pulled. Therefore, we can fix the router strongly to the body when
the tendon is activated. Using this method, it was possible to transmit
the tension to the human body even the joint have numerous degree of
freedoms. Since the proposed routers all use both rigid and soft materi-
als, we named Exo-Glove II as a hybrid wearable robot. By using the last
component introduced in the next subsection, the Exo-Glove II has been

developed.
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4.3.3. Tendon anchor design

The last design component is named as a tendon anchor and this
component is located at the both end side of the tendon. A concept of
the tendon anchor is easier to understand when it is explained as a buoy
that defines the section which wire tension applies; The wire tension only
applies to the joints that are located between two different tendon anchors.
In the tendon transmission which uses Bowden cable, one tendon anchor
is an anchor that fix the one end of the tendon while the anchor at the
other side is an anchor that fix the Bowden cable as shown in the Figure
4.6. For instance, in the proposed hand wearable robot, one side of the
tendon anchor is located at the end of the finger to fix the end of the
tendon while the other tendon anchor is located at the wrist side to fix
the Bowden cable.

Tendon anchor at the finger side is just designed similar to the tendon
router because it has quite similar requirements with tendon router. On
the other hand, in the case of the tendon anchor at the Bowden cable
side, it has quite different characteristics. This anchor is usually named as
Tendon Anchor support ( i.e, TA support) in the previous researches (In
et al. 2015). In this thesis, we are going to call it just as a wrist tendon
anchor. Wrist tendon anchor plays an important role on force equilibrium.
It can be easily understood if we look for the force relationship shown in
the Figure 4.6. The tension of the tendon roles to pull the whole hand as
shown in the Figure 4.6 (a). Therefore, the user has to sustain the hand
not to be pulled. On the other hand, the motor part should be fixed to
the ground because the tendon also pulls the motor part towards to the
human body. One easy way to solve this problem is to use a wrist tendon

anchor shown in the Figure 4.6 (d); The hand and the motor part will
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push each other so that the force equilibrium can be easily accomplished.

One thing we should consider is that the total wire tension will be
concentrated to the wrist so that it applies high pressure on the skin
(Kang et al. 2012). Therefore, soft wrist tendon anchor has been developed
as shown in the Figure 4.7 (a). In the wrist tendon anchor design, soft
materials are used to reduce the pressure applied on the skin. The anchor
is designed to deform according to the body shape as shown in the Figure
4.7 (b).

The tendon anchor not only roles to reduce the pressure applied on the
skin, but also to measure the wire tension by containing the tension sensor.
Indeed, the advantage of including tension sensor is originated from the
tendon routing method that is designed in the chapter 3. By using the
TR3 in chapter 3, the Exo-Glove II can measure the wire tension at the
glove using the tension sensor that is attached on the glove part rather
than the actuator part. With the given configuration, it was possible to
control the end-effector tension more accurately; Since the friction at the
Bowden cable which is located between the glove and the actuator is not
measurable, the end-effector tension is difficult to be controlled using the
tension at the actuator. The tension sensor is designed as shown in the
Figure 4.7 (d) and the sensor are contained in the router as shown in the
Figure 4.7 (a). Advantage of using tension sensor at the end-effector can
be found in the Figure 4.14.

Finally, using the robot components introduced in the subsection 4.3.1
- 4.3.3, Exo-Glove II has been developed. After the development, the robot

was validated with several experiments shown in the section 4.4.
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4.4. Validation
4.4.1. Opposition workspace

In order to show that the robot design using only four Slider-Tendon
Linear Actuators is sufficient, validation about the workspace is per-
formed; The theoretical guess of reason for using four actuators are de-
scribed in section 4.2. Here, a concept of opposition workspace, a workspace
that is defined as an overlapped workspace of the thumb and index fin-
ger, is used (Li et al. 2016). The opposition workspace according to the
actuator number are described in Figure 4.8. This figure shows that the
increase of the actuator number also extends the opposition workspace.
The relative opposition workspace size can be seen in the Figure 4.9.
As shown in the figure, the relative workspace area increases a lot when
the actuator number changes from three to four. One might wonder that
the workspace area could be differ when the subject changes because the
workspace area depends on the hand size. To check whether the workspace
is subject-dependent or not, additional experiment about subject depen-
dency is conducted as shown in the Figure 4.10. The result shows that
the size of the opposition workspace changes as well as the shape of the
opposition workspace and exact value of the result is described in the
Table 4.1. However, since our goal is to consider the relative area of the
case using four actuators to the area of the case using six actuators, the
relative area is obtained as well. Here, we can figure out that the relative

area is not affected a lot to the subject.

4.4.2. Maximum grasping force

Since the opposition workspace in the subsection 4.4.1 only shows kine-

matic performance, additional experiment that can measure the grasping
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force is performed. In hand wearable robot, there are numerous method
to measure the robot performance in force domain. In general, fingertip
force is measured to figure out the robot performance in the force domain
(Kang et al. 2019; In et al. 2015). However, in terms of theoretical view,
it is not suitable for the validation of the under-actuated robot because
the robot has limitation in increasing the fingertip force while maintaining
the posture (Birglen & Gosselin 2006). Indeed, making fingertip force in
a single contact point is not important in practical grasping (Lynch &
Park 2016). Instead, satisfying the force closure condition by increasing
contact points with the object is a way to increase the stability of the
grasp. Therefore, if there are n number of contact points, then the sum
of the contact forces (N;) can be an indicator of the grasp stability. Its

mathematical expression can be described as Eq (4.1).

Pforce = Z f(Nz) (41)
=1

Therefore, this thesis propose a new experimental method to measure
the grasping force as shown in the Figure 4.11. The experiment is de-
signed to measure the wire tension when the object starts moving. In this
situation, the sum of contact force can be expressed by dividing the wire

tension with friction coefficient as Eq (4.2).

> F(N) = Fr/ (4.2)
=1

With given equation, experiment is conducted as shown in the Figure
4.13 (a). Since the wearable robot should be operated after being worn
on the human hand, the human intention could be included in the exper-

iment. Therefore, we tried to exclude the intention by using the robotic
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dummy hand. The dummy hand is described in the Figure 4.12. With the
given dummy hand, experiments were conducted under several tension
conditions (5N, 10N, and 20N) for five times. The experimental result is
expressed in the Figure 4.13 (b) and Table 4.2. Here, the dynamic friction
coefficient between the object and the garment (Neoprene) was used to
figure out the grasp force from the wire tension. The friction coefficient

was measured by other experiment as 0.083.

4.4.3. Tension control

As explained in the section 4.3.3, the tension sensor is installed in
the wrist anchor to measure the end-effector wire tension more accurate.
For the validation, this section shows the tension at the end-effector in the
situation of feedback control by tension sensor at the actuator (Figure 4.14
(a)) and by tension sensor at the end-effector (Figure 4.14 (b)). As shown
in the figure, the control performance increases when the tension sensor
is located at the end-effector. Here, velocity based admittance control is

used to control the tension as shown in the Eq (4.3).

Uref = k‘p(FTef — F) + de (4.3)

4.5. Discussion & Conclusion

This chapter deals with the method of designing the hybrid hand
wearable robot that uses four Slider-Tendon Linear Actuators. By using
the under-actuation mechanism adequately, it was possible to sustain the
robot performance compared to the performance of the robot that uses
six tendon-driven actuators. For the performance comparison, a concept

of opposition workspace is used. The size of the opposition workspace in

98



terms of the actuator number is obtained. As shown in the result, the size
of the opposition workspace increases a lot when the number of actuator
increases from three to four. Since monte-carlo method is used to obtain
the area of the workspace(Li et al. 2016), it is quite difficult to explain
the reason why the workspace area increases when the number of actuator
is four. One we can infer is that it is because of the tendon transmission
characteristic that the required number of the actuator is n 4+ 1 when the
required degree of freedom is n.

The robot design in this chapter is explained by classifying the robot
components into 1) robot body, 2) tendon router, and 3) tendon anchor.
The detail explanation was also conducted according to the robot com-
ponents. In this thesis, a method of using both rigid and soft materials in
the robot design to increase the robot performance. By using this hybrid
method, it was possible to simplify the robot fabrication method. Also, to
make the motion which has two degree of freedoms, a tendon router that
can tighten itself is developed. By doing so, it was possible to transmit
the joint torque more accurately.

In addition,the tendon routing that locates the end of the tendon not
in the actuator but to the end-effector is used in the Exo-Glove II; The
tendon routing was obtained in the chapter 3 and it was named as TR3 in
the previous chapter. Then, by attaching the tension sensor at the tendon
anchor, the proposed robot show better control performance. Since the
end of the tendon is located in the end-effector, it was possible to measure
tension in a compact space.

Although various performance of the Exo-Glove II is described in this
chapter with the robot development, the method of making hand mo-

tion with Exo-Glove II is not explained here. The contents about how
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to generate motion are described in the next chapter. Since the motion
generation with wearable robot requires to consider the human character-
istics, method of considering the human characteristics are also included

in the next chapter.
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Dorsal side Palmar side
(Back of the hand) (palm of the hand)

123 v .

Index + Middle extension === |ndex + Middle flexion

Thumb abduction === Thumb extension

Thumb flexion Thumb adduction

Figure 4.1: Schematic of tendon routing that uses six tendon-
driven actuators

The tendon routing is designed to use four tendons for assisting the thumb
and two tendons for the index and middle finger. By doing so, the glove
assists index and middle finger flexion/extension and the thumb opposi-

tion.
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Dorsal side
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(palm of the hand)
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Index + Middle extension === Thumb abduction ==
Index + Middle + Thumb flexion Thumb adduction + extension =

Figure 4.2: Schematic of tendon routing that uses four tendon-
driven actuators

The tendon routing also uses same number of tendons with the case of
the tendon routing in Figure 4.3. However, several tendons are coupled
and these are under-actuated in the actuator part; Here, Slider-Tendon

Linear Actuators are used for the under-actuation mechanism.
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(a)

Tendon
Router (TR)

Hanger

QT

Figure 4.3: Overview of the Exo-Glove II

(a) shows the brief schematic and a method of using hanger to fix the
router to the glove; (b) shows the real view of the Exo-Glove II. As shown

in the figure, the rigid routers that are used to fix the wire path are

connected to the glove by bolt and hanger.
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Figure 4.4: Overview of the tendon router
(a) shows the overall schematic to show how the router is located in the
robot; (b) shows the detail that shows how the router is designed. (c)

shows how the router is attached in a real robot.
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Figure 4.5: Overview of the tendon router for the thumb

(a) and (b) show the overall router design. In the (b) blue, dotted arrow is
a abduction tendon. Since this tendon surrounds the router, the activation
of the tendon will not only make the motion but also fix the router to the
human body; (c) shows how the router is attached in a real robot. We
can find that the abduction tendon not only roles to make the motion but

also to fix the router to the human body as shown in (d)
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Figure 4.6: Overview of the tendon anchor
(a) and (b) show the overall force relationship between the end-effector
part and the actuator part. (c) shows the force relationship in each joints.

(d) shows how wrist tendon anchor is located.
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Figure 4.7: Overview of the tendon anchor

(a) shows the overall view of the tendon anchor; (b) shows the method

to distribute the force applied on the skin; (c) shows a schematic view

to show how the tendon anchor is fabricated; and (d) shows the tension

sensor that is located to the tendon anchor.

107



Opposition Workspace Opposition Workspace Opposition Workspace
with 1 actuator with 2 actuators with 3 actuators

Opposition Workspace Opposition Workspace Opposition Workspace
with 4 actuators with 5 actuators with 6 actuators

Figure 4.8: Opposition workspace in terms of the number of
tendon-driven actuator.

Validation used to show that how the reduced number of tendon-driven
actuator affects to the opposition workspace. As shown in the figure, the
opposition workspace changes as the number of actuators differ; Exact

area of each opposition workspace is described in the Figure 4.5.
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Figure 4.9: Simulated result of the opposition workspace area.

A bar graph to show the relative area of the opposition workspace in terms
of the number of actuators. As it can be seen in the graph, the relative
area of the opposition workspace increases a lot when the number of the

actuator changes from three to four.
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Figure 4.10: Opposition workspace according to the subject

Since the workspace depends on the hand size, additional simulation is
conducted to find out how the opposition workspace changes as the sub-
ject differs. The actual size of the opposition workspace differed as the
subject changed but the relative area, which is our main indicator, was

not changed significantly.
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(a)

Fp=m X1 f(Ny)

Various
objects
Measure
the tension FL
Motor J
(b)
Object
to grasp

Pull by
the \!vire

Figure 4.11: Experimental setup to measure the grasping force
(a) shows a schematic view about the concept of the grasping force; The
grasping force in the figure is total sum of the normal force, and it could
be derived by dividing the lifting force F7, with dynamic friction coefficient
muy; (b) shows the experimental setup to measure the proposed indicator

and a single tension sensor is used to measure the lifting force FTp.

111



Figure 4.12: Dummy hand for the experiment
(a) shows the dummy hand for the experiment. Since torsional spring is
located in the hand joint, the dummy can substitute the human hand. (b)

shows the Exo-Glove II that is worn on the dummy hand.
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Figure 4.13: Experimental result of the grasping force

(a) shows how the grasping force is measured. Here, hand dummy is used
for the accurate measurement; (b) shows the experimental result of the
grasping force in terms of the wire tension. As shown in the graph, the

grasping force was 24.08N when the wire tension is 20N.
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Figure 4.14: Validation of the tension sensor at the end-effector
(a) shows how end-effector wire tension is controlled when the robot can
only measure the wire tension at the actuator part; (b) shows the wire
tension control method using the tension sensor at the end-effector. As it

can be seen in the figure, (b) shows better control performance.
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Table 4.1: Result of opposition workspace

Subject Number Subject 1 Subject 2 Subject 3
Area of the opposition 1406.6 1841.6 1353.5
workspace using 4 actuators  (mm?) (mm?) (mm?)

Relative area of the
80.6 (%) 84.9 (%) 81.9 (%)

opposition workspace
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Table 4.2: Result of grasping force

Tension Lifting force Grasping force

5(N) 065 (N) 7.78 (N)
10 (N) 160 (N) 19.24 (N)
20 (N)  2.24 (N) 24.08 (N)
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Chapter 5

Motion Generation with Exo-Glove 11

5.1. Background

In order to generate a motion with tendon driven robot, it is required
to define not only the Manipulator Jacobian which explains an relation-
ship between joint position and end-effector position but also additional
mappings that shows an relationship between actuator position and joint
position which can be named as Actuation Jacobian; Overall relationships
can be described as shown in the Figure 5.1. The concept of Manipulator
Jacobian is a familiar concept for robotic researchers and can be derived
by solving forward /inverse kinematics of the system (Lynch & Park 2016).
On the other hand, the relationship between joint torque and wire tension
is only used in remote actuation because the joint torque is not directly
applied by the actuator. In this thesis, this relationship is named as Ac-
tuation Jacobian by getting inspiration of the terminologies used in the
other research (Kim et al. 2018). Unlike other robots, there are several
difficulties in obtaining these two Jacobians in soft wearable robot with

under-actuation mechanism. The Manipulator Jacobian requires to solve
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human kinematics, which is relatively complicated then the rigid robot.
Also, the Actuation Jacobian requires to consider human joint stiffness,
elongation of the robot body, and friction of the wire. In order to obtain
these Jacobians even with the difficulties, this chapter provides a novel
data-driven method to find out the Jacobians in section. In addition, the
remainder of this chapter shows how the found Jacobians are used to

control the proposed robot to generate a given motion in section.

5.2. Manipulator Jacobian

Unlike other rigid robots, the Manipulator Jacobian of the soft wear-
able robot is defined by human kinematics. Therefore, the Manipulator
Jacobian can be obtained by measuring human body motion. Therefore,
a method of calibrating kinematic information of human body is required
for the analysis. For kinematic analysis, a concept of Product of Exponen-
tial (POE) formula is used and the theoretical background about POE is
explained in the Appendix C. Briefly speaking, this section is about ob-
taining the relationship between joint angle and fingertip position; To
derive this relationship, we have to know about the joint position. This
relationship can be expressed as Eq (5.1). Here, S and 6 each denotes
screw parameter and joint angle; Screw parameter is a parameter used
in the POE and is defined by the kinematic structure of the robot and
usually has a constant value. With these two variables, we can figure out

the fingertip position (Xg7ip).

Xrrip = f(5,0)
Xrrip = Jm(S,60)0

(5.1)
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Since the human joints are not exact revolute joints, additional work
is required to define the kinematics. One well used method is using the
simplified kinematic model that can represents the human motion (Weston
B et al. 2000). In this method, by replacing a single but complex joint to
the sum of several 1-DOF revolute or prismatic joints, the kinematic model
could be developed similar to the conventional rigid robots as shown in
the Figure 5.5. Even we use the kinematic model proposed by Weston
B et al. (2000), additional calibration is required that matches the user
kinematic data to the proposed kinematic model. Especially, the thumb
requires this calibration because the thumb has complicated structure.
Therefore, kinematic calibration is performed as shown in the appendix
D. Also, the final result of the kinematic calibration for the thumb CMC

joint is explained in subsection 5.5.1.

5.3. Actuation Jacobian

As described in the section5.1, in order to control the joint torque in
tendon transmission, the concept of Actuation Jacobian should be con-
sidered. The mathematical definition of the Actuation Jacobian can be

described as Eq (5.2).

(5.2)

When the tendon routing is fixed by using bearings, the Actuation
Jacobian can be regarded as moment arm of the each tendon to the joints
and is constant to the joint angle. However, in the case of conduit type

tendon transmission, the Actuation Jacobian is not constant because the
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moment arm differs as the joint angle changes. Since the proposed robot
in this thesis uses conduit type transmission for compactness, the ana-
lytical solution to obtain Actuation Jacobian in the conduit type tendon
transmission is calculated as shown in the Figure 5.2.

Since the Soft Tendon Routers (components that fix the wire path as
defined in the chapter 4) move along with finger, the position of the router
can be derived as shown in Eq (5.3). éa”(qi) in the equation is a position

vector of the router in terms of joint angle (¢;) shown in Figure 5.2.

. o cos(—¢gi) —sin(—a¢)| 5.,
F*"(=qi) = Rot(—q;)F;*"(0) = £(0)  (5.3)
sin (—¢;)  cos(—gq;)
Using the position of the Soft Tendon Router, the length of the mo-

ment arm can be derived by using the concept of the cross product, as in

Eq (5.4).

norm(Pbm x Pan(— i
R, =05 Tqb( i1 X F™(=a1) (5.4)
[P = B (—qi))

Since the relationship between the joint angle and moment arm of
the wire is non-linear, the finger configuration in terms of tension can be
solved numerically, rather than analytically. One thing we can intuitively
know about the relationship in Eq (5.4) is that the moment arm of the
extensor wire could be shorter than that of the flexor, even if the router
configuration is the same. For example, when the lengths of a;, b;_1, m;_1,
and n; are 5, 5, 3, and 3mm, respectively, the moment arm of the flexor
and extensor wire can be described as shown in Figure 5.2. As shown
in the graph, the moment arm of the flexor increases as the joint angle

increases, while that of the extensor reduces. Further, the moment arm of
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the extensor becomes negative when the angle increases; this means that
even if the tension of the extensor increases, extension may not occur. In
a real-world situation, thanks to the finger structure, the moment arm
of the extensor can be sustained larger than zero because the finger skin
will prevent the situation where the moment arm would become negative.
However, this situation is quite unstable because sometimes the glove can
deform and the wire path may rotate to the side direction; this causes
the moment arm to be negative. Therefore, it is safe to make the extensor
moment arm larger than zero. This is possible by increasing the height
of the soft router (m;_; and n;). For instance, when m;_; and n; of the
router increase to Smm, it is possible to sustain the moment arm of the
extensor larger than zero, even as the joint angle increases.

With a relationship between moment arm and joint angle, it is pos-
sible to obtain the relationship between joint angle and tension of the
wire. note that, although a formal method uses relationship between joint
angle and wire length in order to obtain Jacobian, this method uses a dif-
ferent kind of relationship. Some of the readers can feel awkward because
the proposed relationship is defined between distance and force. However,
since the proposed robot consists under-actuation mechanism and the sys-
tem can be assumed as quasi-static condition, the proposed robot system
shows different aspects with other robots. For more detail, the joint angle
can not be defined only with the actuator pulled length because numer-
ous joints move simultaneously even with one actuator. Here, decision of
joint angle requires joint stiffness and wire tension as well. Also, even
though the under-actuation mechanism is used, defining the relationship
between joint angle and wire tension is still dangerous because of the dy-

namic momentum. However, thanks to the low inertia and acceleration,
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the concept of proposed Jacobian can be used. (i.e, When the dynamic
term is not ignored, the joint angle can not be defined in to one using a
force because the angle becomes a function of time.) This can be easily
understood through the Eq (5.5), which is state equation about joint g;,

where x means joint stiffness and I means inertia of the finger.

With the given Eq (5.5), we can infer that the joint angle ¢; is a
function of moment arm (R;), wire tension (7), and time (¢) as shown in
the Eq (5.6). Therefore, the Jacobian about joint angle and wire tension

does not make sense in this moment.

¢ = f(Ri,T,t) (5.6)

By using quasi-static condition, the term I¢; in the equation is usually
ignored because both I and §; are small. Then, the joint angle of the finger
can be simply expressed as Eq (5.7). However, since the joint stiffness (k)
is a human property that changes according to various factors (e.g, joint
angle, age, sex, posture), solving Eq (5.7) is not a simple problem. There-
fore, additional approach about using data driven method is proposed in

section 5.4.
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5.4. Joint Angle Estimation through a Tension and Stroke

Measurement

As explained in the previous sections, in order to make grasp posture
with the proposed robot, the relationship between joint angle and wire
tension should be obtained. Therefore, data-driven method is proposed
to induce the above relationship. Here, we measured joint angle and wire
tension simultaneously to obtain the relationship. With the synchronized
data, Gaussian Process Regression (GPR) is executed.

Since the proposed method is based on the data-driven method rather
than model-driven method, gathering well-synchronized data is impor-
tant. Since the motor is controlled under CANopen communication, the
synchronization between motor data and Vicon data was executed by us-
ing additional Sync signal that is sent right after the CAN signal. The
overall motor control with sync signal is depicted in the Figure 5.3.

With the data acquisition method described in the previous paragraph,
experiment was conducted to measure the joint position and motor data.
The experiment was conducted for a single person as a pilot study because
the main goal is to show how the robot was developed and controlled,
rather than its clinical contribution. Here, the experiment was divided
into two steps. The first experiment was conducted to find out the hand
kinematics and the second experiment was designed for stiffness parame-
ters estimation. In the first experiment, a total of 14 markers were used
for hand motion tracking, as shown in Figure 5.4. Here, 12 markers were
used to measure the position and orientation of the index finger, while the
remaining two markers were used to measure the position of the thumb.
To measure the hand motion, eight motion capture cameras (Bonital0,

Vicon) were used. With this marker configuration, joint configuration was
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derived using the concept of forward and inverse kinematics. In the first
experiment, the participant was asked to move all possible ranges when
moving his finger spontaneously.

After solving the kinematics of the hand, a second experiment was
conducted to find out the relationship between the tension and joint angle.
Here, we experimented with various tension conditions to see how the
movement of the finger changed under different tension conditions. For
loading of each actuation tendon, the maximum tension magnitude that
maximizes the finger movement was initially measured. As a next step,
the joint angle of the index finger was measured in a condition where the
tension of one actuation wire was gradually increased while sustaining the
tension of other actuation wires at 0, 33, 66, and 100% of the maximum

tension.

5.5. Experimental Results
5.5.1. Result of the kinematic System Identification

Using the kinematic calibration method introduced in the section 5.2,
the kinematic parameters of the thumb joint is calibrated. For the cali-
bration, total 12 markers are used as shown in the Figure 5.5 (a). Since
the CMC joint has three degree of freedoms, the kinematic model of CMC
joint can be represented as Figure 5.5 (b). By solving the kinematic cal-
ibration, the screw parameter Si, So, and S3 were obtained. The result
of the kinematic system identification is described in the Figure 5.6. As
shown in the figure, the end-effector position error dramatically reduced
after the calibration. The RMS error of the end-effector position can be

found in the Table 5.1.
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5.5.2. Result of the Gaussian Process Regression

As a result, the relationship between wire tension and joint angle are
obtained as shown in Figure 5.7. In order to determine the relationship,
motor encoder, motion data, and loadcell data was measured simultane-
ously. The relationship was obtained using Gaussian Process Regression;
the results are shown in Figure 5.7. In this figure, (a), (c) and (e) show
the tendency of the joint angle along with the regression results. Here, the
x axis of the graphs means the number of data; the number of data in x
axis means that i-th row of the x axis is i-th data in the data set. In order
to show the accuracy of estimation, the relationship between estimated
angle and ground truth angle is compared as shown in Figure 5.7 (b), (d)
and (f). As the root mean square error (RMSE) in the figures show, the
proposed estimation fits well in the ground truth angle.

In order to show the effectiveness of the stiffness parameter estimation,
we also included additional result of comparison between the proposed
estimation and the model-based estimation as shown in Figure5.8. As
noticed in the Introduction section, since it is difficult to consider the
elongation of the robot body or the human joint stiffness in modelling, we
used constant value of stiffness and ignored the elongation of the robot
body. This model-based estimation is derived using the result of Eq (5.4)
and Eq (5.7).

With the given regression results, finally, the robot is controlled using
the overall control scheme as shown in Figure 5.9. Overall control scheme
of the proposed robot can be expressed as Figure 5.9. The high level
control roles to find out the appropriate tension that makes grasp posture
with given grasp mode. Since the proposed robot does not contain any ad-

ditional vision sensor, the size of the object and grasp mode are decided
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manually. With given object size and grasp mode, target tension of four
different actuators are induced by using the result of inverse kinematics
and regression. After that, the tension is controlled by a low level con-
troller using additional tension sensors designed with loadcells (LSB200,
FUTEK). In this controller, admittance control is used; the tension is con-
trolled by velocity, which is based on a PD controller with motor encoder,

as shown in Eq (5.8) and Figure 5.9. (Whitney 1977)

Opef = kp(Fref — F) + kgF (5.8)

The resolution and maximum non-linearity of the tension sensing unit
can be described as 0.004N and 0.2N, respectively. It can be derived from
the resolution (0.002N) and maximum non-linearity (0.1N) of the loadcell
installed in the tension sensing unit. This is because the friction of the
wire at the tension sensing unit is negligible and the tension sensing unit is
designed to measure twice of the wire tension. In addition, the resolution
of the motor encoder can be described as 16 lines per revolution. Since
the motor has 69:1 gear ratio, we can conclude that the resolution of the

motor encoder is about 0.006 rad.

5.5.3. Motion generation with Exo-Glove I

Using the regression results in the subsection 5.5.2, it was possible
to make various postures with Exo-Glove II. Here, admittance control is
used to control the tension of the actuation tendon and the final result of

generating the hand motion is shown in the Figure 5.10.
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5.6. Discussion & Conclusion

In this chapter, a method to make grasp posture using the Exo-Glove
IT is explained. Unlike the other robots, motion generation of the wearable
robot is quite complicated; It is because the human properties should be
considered to make a robot model. In this chapter, a data-driven method
is used to figure out the robot model. As a result, the Gaussian Process
Regression is used to find out the relationship between joint angle and the
wire tension. With the regression result, it was possible to obtain several
grasp postures by tension control. Overall conclusion about the thesis is

located as a final chapter.
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Figure 5.1: Schematic that describes Actuation Jacobian and
Manipulator Jacobian

The relationship between the actuator space and the joint space (e.g,
actuator stroke and joint angle) are defined by Actuation Jacobians. On
the other hand, Manipulator Jacobians define the relationship between
joint and the end-effector position; The concept of Manipulator Jacobian

is same as that in the conventional robots.

128



(a)

Joint J;

_» Soft
Router

qi

)

(e)

Length of Moment arm (mm)

Propensity of moment arm to Joint Angle

Pt —— extensor (L)
- ~ — extensor ()
o =+~ Flexor

T
05 10 15
Joint angle (rad)

Figure 5.2: Schematic view of the tendon routing method in the

Exo-Glove 11

(a) and (b) show a schematic of the flexor router, while (c) and (d) show

a schematic of the extensor router; (e) shows aspects of how the moment

arm changes with respect to variation of the joint angle. Here, length of

the flexor router and extensor (S) router (a;, bj—1, m;—1, and n;) each

are 5, 5, 3, and 3mm, while m;_1, and n; of the extensor (L) router is

increased to S5mm.
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Figure 5.3: Schematic of time scheduling in the controller for
reliable data acquisition.
In order to acquire the synchronized data reliably, the time schedule is

divided into 10 steps as figure shows.
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(a) Systemic view (b) Location where vicon markers are attached

— Vieon ————————— % @ Vicon Marker [~

Figure 5.4: Schematic view of the experimental protocol
(a) a systemic view of Vicon and the control system; (b) the location

where Vicon markers are attached.
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Figure 5.5: Kinematic parameters of the thumb
(a) shows the thumb joints and markers used to calibrate the thumb

kinematic parameters and (b) shows the target calibration model for the

thumb joints.
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Figure 5.6: Simulated results of the kinematic system identifica-
tion
(a) shows the error of the end-effector position before calibration while

(b) shows the end-effector position error after calibration.
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Figure 5.7: Experimental results of the stiffness parameter es-
timation that shows relationship between joint angle and wire
tension.

(a), (c), and (e) show comparison of the ground truth angle with esti-
mated angle using wire tension and wire stroke. The relationship between

estimated angle and ground truth angle can be found in (b), (d), and

(£).
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Figure 5.8: Results of estimation that shows relationship be-

tween joint angle and wire tension.

(a) shows comparison of the ground truth angle with the estimated an-
gle from data-driven method and the estimated angle from model-driven

method; (b) and (c) each show response plot of the data-driven method

and model-driven method respectively.
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Figure 5.9: Block diagram of the control scheme used in the pro-
posed robot
By adapting the concept of admittance control, the wire tension is con-

trolled by controlling the corresponding velocity.
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Power grasp Lateral pinch

Tripod grasp

N ‘

Figure 5.10: Exo-Glove Il with various grasps

Exo-Glove II is designed to assist the thumb, index and middle finger and
therefore, it was possible to make tripod grasp, lateral pinch, and wrap

grasp with Exo-Glove II.

137



Table 5.1: Result of kinematic calibration

RMS error X y z

before calibration direction direction direction

Value (mm) 59.86 11.90 28.33

RMS error X y Z

after calibration  direction direction direction

Value (mm) 5.06 13.53 5.58
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Chapter 6

Conclusion

The wearable robot researchers have been struggled with the trade-off
issue between the simplicity and the functionality of the robot; When
the number of actuators increases, it is possible to assist numerous joints
but it also affects the robot system to be bulky and complex; When the
number of actuator reduces, it is possible to assist only limited number
of joints. The thesis aimed to solve this trade-off issue by a proper use of
under-actuation mechanism. For more detail, the thesis propose a under-
actuated tendon driven wearable robot for various postures; Exo-Glove 11
has been developed to assist various postures such as power grasp, lateral
pinch, and tripod grasp with four tendon driven actuators.

Since the assisted postures require the thumb, index finger and middle
finger motion, Exo-Glove II should assist nine joints with 14 DOFs. It
means that at least 14 actuators are required to make hand motion, but it
is quite unsubstantial solution in wearable robot. It is because - due to the
robots should be worn on human body - the size, complexity, volume are

significantly important factors. In order to satisfy the robot requirement,
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the proposed system is operated only with limited number of actuators by
using the concept of the under-actuation mechanism; The proposed system
covers nine joints with four tendon driven actuators by incorporating the
under-actuation mechanism.

Even the under-actuation mechanism enables to reduce the robot com-
plexity while sustaining the robot functions, there are an unsolved is-
sue about scalability. In the under-actuation mechanism, when the con-
strained joints increase (i.e, when the number of joints that are assisted
by a single actuator increases), the overall tendon routing becomes com-
plicated or the friction at the wire increases as explained in the chapter
3.2.

The proposed research deals with the scalability issue by including a
novel concept of actuator named Slider-Tendon Linear actuator, which
contains the under-actuation mechanism; In this concept, by locating
the under-actuation mechanism in the actuator rather than in the end-
effector, the proposed actuator solve the scalability issue. As the results in
the chapter 2 show, the proposed method of using Slider-Tendon Linear
actuator not only improves the performance of the mechanism but also
simplifies the end-effector.

In order to maximize the performance of the robot which uses the
Slider-Tendon Linear actuator, we also proposed a framework to find out
the optimal tendon routing with consideration of the proposed actuator.
In the proposed method, total seven tendon routings were obtained for
the two finger situation. As a result, with four performance factors, the
optimal tendon routing was selected as shown in chapter 3.

The thesis also provides a novel design method of the wearable robot

by providing a concept of hybrid wearable robot. By appropriately using
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the rigid material and the soft material, it was possible to improve the
fabrication process without harming the robot performance or usability.
With given robot design and the Slider-Tendon Linear actuator, lastly,
the method of making posture with Exo-Glove II is introduced. Unlike
other robots, it is difficult to derive the robot model in soft tendon driven
wearable robot due to several uncertainties originated from the human
properties, robot deformation, and wire elongation. Since it is difficult
to configure the the wearable robot, the last chapter introduces data-
driven method to find out the relationship between wire tension and the
joint angle. Using the derived relationship, it was possible to make several
grasp postures.

As a summary, the proposed research shows a method to design the
wearable robot with consideration of both usability and functionality. In
order to consider these two factors, the thesis shows a properly used under-
actuation mechanism could be a key technology to improve both perfor-
mance factors. In this thesis, we proposed a novel soft hand wearable
robot that assists various grasps with a proper use of under-actuation
mechanism. In this robot, in order to deal with the scalability issue, a
novel concept of actuator named Slider-Tendon Linear actuator was also
introduced. The proposed study also includes a framework to find out
the optimal way to apply the under-actuation mechanism and a method
to deal with the possible problems that can be generated in the under-
actuation mechanism. Using the proposed researches in this thesis, we
hope that these research also can be used for other robotic researches

which aim to improve the robot performance as well as the simplicity.
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Appendix A

Literature review of the hand wearable

robots and hand anatomy

A.1. Literature review of the hand wearable robots

Wearable robots developed nowadays can be classified according to 1)
the material used in the robot, 2) the parts to be worn, and 3) the purpose
of the robot. When the robots are categorized according to the purpose of
robot, robots can be separated into the robots for rehabilitation and the
robots for assistance. Also, the wearable robots can be divided into the
robots for upper limb, lower limb, and core muscle. Lastly, the robots can
be classified by the materials used in the robot. (e.g, rigid wearable robot
and soft wearable robot)

In fact, the terms rigid and soft used in the wearable robots are con-
fusing while the other classifications are quite straightforward. This is
because these terms can not only mean a robot’s body is hard or soft, but
it can also mean that the transmission is hard or soft. When these terms
are used to describe the compliance of the robot body, the rigid wearable

robots can be defined robots using metal frames as shown in (Worsnopp
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et al. 2007; Hasegawa et al. 2008; Chiri et al. 2012), while soft wearable
robots are thought as the robot with compliant materials such as garment
(In et al. 2015) and silicone (Kang et al. 2019).

The wearable robots with rigid frame show advantage when high as-
sistance force is required; It applies less compression force on the joints
because the frame can endure the force instead. Also, these robots can as-
sist to make more accurate posture because the robot kinematics can be
easily solved. However, when the rigid frame is used, the size and weight
problem occurs due to the joint alignment issue (Cempini et al. 2015a;
Chiri et al. 2012). The alternative method is to use soft material because
the joint alignment issue can be easily solved by its inherent characteris-
tics.

When the compliance of transmission is used for the classification, gear
or linkage driven methods are described as rigid transmissions (Fontana
et al. 2009; Wege et al. 2006) while tendon (In et al. 2015; Kang et al.
2019) or pneumatic driven methods (Cappello et al. 2018) are considered
as soft transmissions. Similar to the rigid frame and soft frame cases,
the compliance of transmission also affects the simplicity and accuracy of
the robots; When the compliant actuation is used, it is possible to make
safe and compact robot but the deformation of the transmission makes
difficult to figure out the Jacobian of the robot; Here, Jacobian is used to
explain the relationship between joint angle and actuator stroke. However,
when the transmission becomes stiff, the robot accuracy increases and
fast response can be possible. Although the stiff transmission has certain
advantages, it is hesitated to be used in some application because of the
bulky size and relatively dangerous performance.

Actually, when we consider about the target body parts of the wearable
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robot, most of human body parts to be the target. Among various body
parts, hand is one of frequently assisted body part. It is because hand
roles quite important role in daily living. Although the wearable robot for
the hand assistance has received great attention for lots of researchers, the
hand wearable robot yet exists only in the lab. One of the main reason
is that the hand has a complicated structure; Details about the hand
structure are more explained in the appendix A.2. Here, we are going
to concentrate on the review of the thumb wearable robot because the
proposed robot in this thesis is thumb wearable robot as well.

Since the thumb has quite complicated structure, the thumb assist
wearable robots have not developed a lot. In case of rigid wearable robot,
Agarwal et al. (2017) has developed a tendon driven wearable robot that
uses series elastic actuation method to assist the thumb. Thanks to the se-
ries elastic actuator, the robot shows sufficient torque control performance.
However, since the robot has quite bulky size, it could cause difficulty to
use in assistance purposes. As a simplified design, several tendon driven
robots are designed to assist the thumb with four actuators (Kim & Park
2018; Lee et al. 2014). This design is based on the fact that the oppo-
sition of the thumb, one of the most important motion in human hand,
requires two functional degree of freedoms (fDOFs) (Li & Tang 2007). As
the previous researches show, the usage of four actuators can make suffi-
cient grasp posture by assisting the opposition of the thumb (Kim & Park
2018; Lee et al. 2014). Note that, this information gives us that it is not
important to assist whole degree of freedoms. Although these robots have
relatively simple design, using four actuators for the thumb is yet exces-
sive. Therefore, we tried to develop more simple wearable robot using the

under-actuation mechanism. Details are described in the main text.
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For the last classification, the wearable robot could be classified using
the purpose of the robot. In this classification, most of wearable robots
are developed for two purposes: assistance and rehabilitation. This clas-
sification could be understood more easily by looking at the exact cases.
For instance, In et al. developed a tendon driven soft robotic glove, named
as SNU Exo-Glove, for spinal cord injured people (In et al. 2015). This
glove assists thumb, index and middle finger with three actuators. For
adaptability, under-actuation mechanism is applied in this robot. Exo-
Glove Poly was developed by the same research team and they changed
the material of robot body from garment to polymer. In addition, this
research team maximized the simplicity of the robot by assisting thumb
passively. Other researchers developed Graspy Glove for high portability,
by attaching all actuators and electrical circuits on the back side of the
hand. As rehabilitation purposes, BiomHED was developed by mimicking
muscle and tendon system of the human hand. This robot uses 7 motors
and tries to make natural posture of human hand by attaching the wire
similar to the tendon of human hand. A commercially developed glove,
named as Gloreha, also exists and this robot provides rehabilitation with
virtual reality environment. As such, hand assisted robots have been devel-
oped with different strategy for a variety of purposes. (e.g, high grasping
performance, creating natural hand posture, high portability, or ability to

rehabilitate physical functions and etc.)

A.2. Human hand anatomy

Since the wearable robots interact with the human body in the hu-
man environment, it is important to understand the human body. The

importance is even more pronounced when it comes to the soft wearable
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robots because these robots make the motion with respect to the human
body rather than the robot body as mentioned in the introduction chap-
ter. Since the proposed robot in this thesis is hand wearable robot (i.e,
More specifically, wearable robot for the thumb, index finger, and middle
finger), this section mainly describes the hand anatomy.

Human hand consists of five fingers and it performs various tasks
by grasping or manipulating numerous objects. When the finger moves,
the joint motion can be defined in terms of flexion/extension, abduc-
tion/adduction, and surpination/pronation; Since human joints are rota-
tional joint rather than prismatic joint, the human joints can be explained
in three directional rotations.

The direction of the above three motions can be described as follow.
In the direction of grasping, the motion is usually expressed as flexion,
while a motion in the opposite direction is called extension. In addition,
if a tendon is used in flexion, it can be roughly called a flexor, while an
extensor is used to designate a tendon that is used in extension. Spreading
between fingers is called abduction, while the opposite is called adduction.
The last motion is called internal rotation; in this motion, the finger itself
rotates.

Nomenclature of the joints and phalanges of the hand is described
as shown in Figure A.1. In the case of the index finger, the distal inter-
phalangeal joint (DIP joint) and the proximal interphalangeal joint (PIP
joint) have one degree of freedom (flexion/extension motion), while the
metacarpo interphalangeal joint (MCP joint) has two degrees of freedom
(flexion/extension and abduction/adduction motion). Also, the word dis-
tal is used to describe the direction away from the body, while the word

proximal is used to express the opposite direction, which is the direction
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towards the body. To express the palm side of the hand, the word "palmar’
is used, while the other side of the hand is called the dorsal side.

In the grasping, the thumb plays the most important role by being
located in the opposite direction of the other fingers; this posture is named
as a thumb opposition and is generated by the unique joint characteristics
of the thumb (Marzke 1992; Bunnel 1938). Soucacos (2001) insists that
the thumb provides more than 40% of the hand function and therefore, it
is given the first priority for replantation.

The thumb consists of three bones and for convenience, each bone
will be named as metacarpal, proximal phalange, and distal phalange.
Then, the thumb joints could be defined as Carpometacarpal (CMC) joint,
Metacarpal (MP) joint, and Interphalange (IP) joint. The degree of free-
doms of the thumb joints are not well defined. For instance, the CMC
joint could be described as two DoFs or three DoFs because the human
joint are not exactly revolute joint; The existence of the Flexion/extension
and abduction/adduction motion is quite certain but in the case of the
internal rotation motion (i.e, pronation and supination), researchers have
different opinions (Nanayakkara et al. 2017). Especially, some researchers
insist that the internal rotation is coupled with flexion /extension motion
(Li & Tang 2007) and the others explain that this internal motion does
not occur (Anne et al. 1992).

In the thumb motion, one of the most important motion is named as
an opposition motion. This motion means the thumb is located in the
opposite direction of the other fingers. The importance of the opposition
is quite obvious because the grasp motion should apply force closure or
form closure to the object. In this opposition motion, flexion and abduc-

tion/adduction motion of the CMC joint plays important role (Li & Tang

156



2007).

In the grasping motion of the human hand, a concept of virtual finger
is well used (Mackenzie 1994). This concept is quite vague but it gives
better understand about the grasp. In this concept of virtual finger, the
grasp is occurred with two virtual fingers. These two VFs are located in
the opposite direction to the each other, and applies opposite directional
force to the grasped object. According to the virtual fingers in the oppo-
site direction, there are three kinds of opposition modes: Pad opposition,
palm opposition, and side opposition. Recently, the grasp taxonomy is
developed in terms of these opposition mode and we can find that the
thumb motion is important in grasping (Feix et al. 2016).

According to these previous studies about the wearable robot and the
human hand anatomy, the thumb wearable robot named Exo-Glove 11
has been developed in this thesis. Exo-Glove II are developed to assist the
thumb, index finger and middle finger using four tendon driven actuators.
By using the under-actuation mechanism, it was possible to reduce the

number of actuators. Details are described in the main text.
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Figure A.1l: Brief explanation of how the parts of the hand are repre-

sented.
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Appendix B

Method to calculate the tension

distribution in dual tendon routing

B.1. Friction modelling of tendon

Appendix A explains a method to calculate the tension distribution of
a system with dual tendon routing. Here, tension distribution of 7 tendon
routings (TR1 - TR7 in the Figure B.1) were calculated. Modelling is
done with several assumptions and was experimentally verified. Friction
applied on the wire can be derived using a capstan equation(Kaneko et al.
April, 1991). In the capstan equation, friction of the wire is assumed as
being applied on the wire when the wire path is curved; Since the mass
of wire is negligible, normal force applied on the wire is only affected by
tension of the wire and curvature of wire path. The relation between input
tension (7, in Figure B.2 (a)) and output tension (7, in Figure B.2 (a))

can be described as shown in Eq (B.1).

Tout = ,Tine_uN (Bl)

The relationship between input tension and the output tension varies
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Figure B.1: Possible tendon routings for dual tendon routing
In Exo-Glove, seven tendon routings are possible and method to derive

these tendon routing is explained in chapter 3.3.2.

whether the wire moves along a non-rotating object such as a Teflon tube
or it moves along a rotating object, such as a bearing. When the wire
passes fixed curvature such as Teflon tube, the friction of the wire can be
simply defined as Eq (B.2) and Eq (B.3). On the other hand, in the case
of rotating curvature, the friction between the wire and bearing cover (f
in the Figure B.2 (b)) and the friction inside the bearing (g in the Figure
B.2 (b)) should be considered. Since the mass of bearing is negligible,
we can assume the f and g should be equal because of force equilibrium.
Although we cannot exactly know the fyoiary in Eq (B.4), we can estimate
the friction by using grotary in Eq (B.5). Finally, the relationship between
input tension and output tension in the rotary case can be described as

Eq (B.6).

fstatic < Tine(—ps0) (B.2)
fstatic = Tine(—pu0) (B.3)
froatary = Tout — Tin < Tine *° (B.4)
Grotary = Tin(1 — 67“’“N) (B.5)
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frotary = Grotary = Tlm(l - B_MTN) (B6)

In this appendix, wire elongation is considered to avoid the fact that
static friction is difficult to infer the exact value and only thing we can
know is that it is just less than the maximum static friction. If the wire
elongation causes movement of the wire, we assumed the friction as a
dynamic friction. Dynamic friction coefficient of the Teflon tube and the
bearing used in the modelling is 0.18 and 0.001 (In et al. 2015). Since the
process of deriving the tension of each segments begins with finding the
direction in which the wire moves, details for deriving tension distribu-
tion are explained in the following sections by considering the kinematic
conditions of the wire. With the derived tension distribution, several indi-
cators, things to evaluate whether it is useful to apply to real application,

are proposed.

Wire friction in fixed curvature Wire friction in rotating curvature
(Teflon tube, Bowden cable, Fixed pulley) (Pulley with bearing)

Wire

Tout / Curvature

Tin Toue

Figure B.2: Schematic to derive wire friction in curvature
Since the friction depends on the relative distance between objects, the
friction is defined whether wire is moving along the fixed curvature or

rotating curvature.
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B.2. Tension distribution of the tendon routing 1

TR1

N

Figure B.3: Schematic of tendon routing 1

Tendon routing 1 (TR1) schematic to derive the tension distribution.

In TR1, one side of the wire is fixed at the end-effector while the other
side of wire is fixed at the motor. In this case, tension distribution can be
easily obtained because the pulling direction of the wire is straightforward.
Here, when the motor pulls the wire, the wire passes from the section 4
to section 1 and finally it moves to the section a. Therefore, the force

equations about tension can be described as follows.

Ty =Th (B.7)
T3 — Ty = T3(1 — e H7) (B.8)
Ty — Ty = To(1 — e ™) (B.9)
T — Ty = Ty(1 — e H7) (B.10)
Ty — Ty = T,(1 — e Hs9%) (B.11)
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Ty Ty 15 T T,
1 0.32 0.18 0.10 0.06

TR1

Ratio - 48(%) 27(%) 16(%) 9(%)

Table B.1: Tension distribution of the tendon routing 1

Using the Eq (B.7) - Eq (B.11), final tension distribution can be ob-
tained as Eq (B.12) - Eq (B.15).

Ty = Tyre Heb (B.12)
Ty = Thpe Hebemmm (B.13)
T3 = Type Hels—2uem (B.14)
Ty = Type Hsls=3mm (B.15)

We can see that the tension of the wire gradually decreases as the
wire goes from section 1 to section 4. When the exact value about friction
coefficient is used in the above equations, the tension distribution of TR1
can be summarized as Table.B.1. Overall comparison with other tendon

routings (TR1 - TR7) are explained at the end of appendix.
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B.3. Tension distribution of the tendon routing 2

TR2

Figure B.4: Schematic of tendon routing 2

Tendon routing 2 (TR2) schematic to derive the tension distribution.

In TR2, both side of the wire is fixed at the motor. In this case, ten-
sion distribution is more uniform than TR1 because each side of the wire
(section 1 and 4) is pulled by the wire at the section a and d respectively.
Here, the tension relationship between each sections can be described as
Eq (B.16) - Eq (B.22). Here, the wire between section 3 and 4 does not
move theoretically. Therefore, exact friction between section 3 and 4 can
not be defined and the only information about the friction is that the fric-
tion is less than the maximum static frictional force as shown in Eq (B.21).
However, when the wire elongates when the tension increases, the friction
between section 3 and 4 can be defined as kinetic friction. Therefore, the

relationship between T3 and Ty can be defined as Eq (B.22).

Ty =1T,+1Ty (B.16)
Ty — Ty = To(1 — e Hs9%) (B.17)
Ty — Ty = Ty(1 — e %) (B.18)
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Tl - T2 = Tl(l - eiutw) (Blg)

T2 - T3 = T2(1 - e_utﬂ) (B20)
Ty, —13 < T4(1 — 67;1,5,5#) (B21)
Ty — 15 = T4(1 — 6_/””) (B.22)

With the Eq (B.15) - Eq (B.22), final tension distribution can be
obtained as Eq (B.23) - Eq (B.27).

Ty = G, Tye Hsb (B.23)
Ty = G, Tye Habsmmm (B.24)
Ty = G, Tyre Habs=2mm (B.25)
Ty = G, Tye Hsbs—mm (B.26)

Gu=(1+e Mt (B.27)

Here, the tension of the wire decreases from section 1 to section 3 but
the tension of the wire at the section 4 shows bigger than that of the wire
at the section 3 because the wire of the section 4 is directly pulled by

the motor by being pulled by the wire at the section a. When the exact
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Ty T T Ts T,
1 0.21 0.12 0.07 0.12

TR1

Ratio -  4L(%) 23(%) 13(%) 23(%)

Table B.2: Tension distribution of the tendon routing 2

value about friction coefficient is used in the above equations, the tension

distribution of TR2 can be summarized as Table.B.2.
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B.4. Tension distribution of the tendon routing 3

TR3

@ =5

Figure B.5: Schematic of tendon routing 3

Tendon routing 3 (TR3) schematic to derive the tension distribution.

In TR3, both side of the wire is fixed at the end-effector and the
tension is applied by pulling a movable pulley that is located at the middle
of the wire as shown in B.5. Since the movable pulley is used, friction
between the section b and section ¢ is defined by a rolling resistance of the
bearing. Here, the friction between section 2 and section b is not defined
because wire at the section 1 and section 2 does not move. However,
by considering the wire elongation, the friction between the section 2
and section b is also considered as a kinetic friction. With the above
assumption, the relationship of the tension in each section can be described

as Eq (B.28) - Eq (B.33).

Ty =Ty + T (B.28)
Ty — Ty = Ty(1 — e Hsbs) (B.29)
Ty — T = Tg(l — ef'utﬂ) (B.30)
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T, — T, = Ty(1 — e #o7) (B.31)

T. — T3 = T.(1 — e Hsbs) (B.32)

T35 -1, = Tg(l - ei'utﬂ) (B33)

Using the Eq (B.28) - Eq (B.33), final tension distribution can be
obtained as Eq (B.34) - Eq (B.38).

Ty = Ty Kye Hsls—mem (B.34)
Ty = Ty Kye s (B.35)

T3 = Ty Kpe Hom—Hs0s (B.36)
Ty = Ty Kye Hom—Hsbs—pem (B.37)
Ky=(1+emm)! (B.38)

In this tendon routing, thanks to the wire elongation, difference of the
tension at the section 2 and section 3 do not differ significantly from the
tension differences at the section b and the section ¢ even the friction
of the Bowden cable is considered. When the exact value about friction
coefficient is used in the above equations, the tension distribution of TR3

can be summarized as Table.B.3.
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Ty T T Ts T,
1 0.09 0.16 0.16 0.09

TR3

Ratio -  18(%) 32(%) 32(%) 18(%)

Table B.3: Tension distribution of the tendon routing 3
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B.5. Tension distribution of the tendon routing 4

TR4 1

@5

Figure B.6: Schematic of tendon routing 4

Tendon routing 4 (TR4) schematic to derive the tension distribution.

In TRA4, one side of the wire is fixed at the end-effector while the other
side of wire is fixed at the motor. Also, the movable pulley is used between
section b and section ¢ to apply kinetic constraints at two fingers.

In this case, tension distribution can be easily obtained because the
moving direction of the wire is straightforward. Here, when the motor
pulls the wire, the wire passes from the section 4 to section 1 and finally
it is pulled to the section a. Therefore, the force equations about tension

can be described as shown in Eq (B.39) - Eq (B.45).

Ty =Ty + Ty + T (B.39)
Ty — Ty = T,(1 — e Hs9%) (B.40)
Ty — Ty =Ty (1 — e ™) (B.41)
Ty — Ty = Th(1 — e Hs%) (B.42)

170



Ty — T, = Tp(1 — e~ ™) (B.43)

T.— T3 =T.(1 — e HY) (B.44)

T35 —T4 = T3(1 — eiusﬂ-) (B45)

Using the Eq (B.39) - Eq (B.45), final tension distribution can be
obtained as Eq (B.46) - Eq (B.50).

T = KypqThpe He% (B.46)

Ty = Ky Type He0s—mm (B.47)

T3 = KypyType 3Hs0s—mm—pom (B.48)

Ty = Ky Type3Hs0s=2em—pom (B.49)

Kipa = (14 e 2Hsbs—pem 4 ef2u50rwrfubﬂ)*1 (B.50)

In TR3, the tension difference between section 2 and section 3 is small
while in TR4 the tension difference between these two sections is large.
This is caused by the difference in the direction of wire movement in both
paths. — In TR3, the wire moves in the direction pulled into sections b
and ¢ in sections 2 and 3. In TR4, on the other hand, the wire moves

in the direction from section 3 to section ¢ and from section b to section
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TM T1 T2 TS T4
1 0.29 0.16 0.05 0.03

TRA4

Ratio -  54(%) 31(%) 10(%) 6(%)

Table B.4: Tension distribution of the tendon routing 4

2. — When the exact value about friction coefficient is used in the above
equations, the tension distribution of TR4 can be summarized as shown

in Table.B.4.
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B.6. Tension distribution of the tendon routing 5

TR5

@ ===y

Figure B.7: Schematic of tendon routing 5

Tendon routing 5 (TR5) schematic to derive the tension distribution.

In TR5, both side of the wire is fixed at the motor and kinetic con-
straint is also applied by a movable pulley that is installed at the motor.
Here, the wire moves similar to the motion of wire at the TR4. In this

tendon routing, the force equations about tension can be easily obtained

as shown in Eq (B.51) - Eq (B.58).

Ty =To+ Ty +Te+ Ty (B.51)
Ty — Ty = To(1 — e Hsb) (B.52)
Ty — Ty = Ty (1 — e ™) (B.53)
Ty — Ty = To(1 — e H¥%) (B.54)
Ty — T. = Tp(1 — e Ho7) (B.55)
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T, — Ty = Tp(1 — e %) (B.56)

Ty —Ty = Tg(l — ef‘utﬂ) (B.57)

Ty — Ty = Ty(1 — e Hsb) (B.58)

Using the Eq (B.51) - Eq (B.58), final tension distribution can be
obtained as Eq (B.59) - Eq (B.63).

Ty = K5 Tape % (B.59)

T = I(t,r\r)T]\/[e_uses_Mt7T (B60)

Ty = KyysTypge 20 mm—iom (B.61)

Ty = KyysTyge 20 2mm =i (B.62)

Kips = (14 e 210571 (] 4 oM™ 4 o= Hem—ppm))—1 (B.63)

Since the direction of the wire in this tendon routing is similar to that
of the wire in TR4, the tension distribution shows similar to that of TR4.
The only different thing is Ky.5 because this tendon routing pulls more
wire than the TR4. Here, we can infer that wire at the section a or section
d increases the difference in tension between section 2 and section 3. —

Wire at the section a or the section d roles to apply kinematic constraints
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TM T1 T2 TS T4
1 0.18 0.10 0.03 0.02

TR5

Ratio -  54(%) 31(%) 10(%) 6(%)

Table B.5: Tension distribution of the tendon routing 5

on the wire and it forces to make movement of the wire. When the exact
value about friction coefficient is used in the above equations, the tension

distribution of TR5 can be summarized as Table.B.5.
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B.7. Tension distribution of the tendon routing 6

TR6 3 1
2

3

d 4

Figure B.8: Schematic of tendon routing 6

Tendon routing 6 (TR6) schematic to derive the tension distribution.

In TR6, both side of the wire has no fixation point. This tendon routing
requires to connect both end of the wire. This connection sometimes can
cause a problem in practical application. This tendon routing makes two
kinetic constraints by using both movable pulley and fixed pulley. The
result of TR6 can be compared with the result of TR2 or TR3. We can
say that TR2 applies kinematic constraints between wire at section 1 and
section 4 while TR6 applies kinetic constraints between wire at the section
1 and section 4.

The difference of constraints make big difference in tension distribution
because kinetic constraints make wires in two sections have the same force,
while kinematic constraints cause the wires in two sections to move the
same distance. In TR6, the force equations about tension can be described

as shown in Eq (B.64) - Eq (B.70).

Tor =To+ Ty (B.64)
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Ty T T Ts T,
1 0.16 0.09 0.09 0.16

TR6

Ratio -  32(%) 18(%) 18(%) 32(%)

Table B.6: Tension distribution of the tendon routing 6

Ty — Ty =Ty (1 — e H7) (B.65)
Ty — Ty < To(1 — e Hes7) (B.66)
Ty — T3 = Ty(1 — e 1) (B.67)
Ty — Ty = To(1 — e Hs9%) (B.63)
Ty — Ty = Ty(1 — e %) (B.69)
Ty — Ty =T,(1 — e Ho%) (B.70)

Using the Eq (B.64) - Eq (B.70), final tension distribution can be
obtained as Eq (B.71) - Eq (B.75).

Ty = Ty Kye Hss (B.71)

Ty = Ty Kye Hsls—mem (B.72)
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Ty = Ty Kpe HomHslo i (B.73)

Ty = Ty Kye Hsls—mom (B.74)

Ky=(14erm)~1 (B.75)

The tension distribution of TR6 shows same with that of TR3. It
is because of the friction between section 2 and section3. In these force
equations, relationship between tension at section 2 and tension at section
3 is also defined by static friction. It is true that the friction can be
defined as kinetic friction if there are elongation. However, even the wire
elongation is present, there may be no wire movement between sections in
the Teflon tube in this tendon routing. —If the tensions on both sides of
the Teflon tube are exactly the same, they may extend in both directions
from the center of the Teflon tube.— With this assumption, we obtained

tension distribution and can be described as Table.B.6.
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B.8. Tension distribution of the tendon routing 7

TR7 3
A
Oy z=

()] on Bussiy)
d 4

Figure B.9: Schematic of tendon routing 7

Tendon routing 7 (TR7) schematic to derive the tension distribution.

In TR7, as same as TR6, both end of the wire is connected to each
other. In this case, there are two kinetic constraints between section a and
section d or between section b and section c. Since movable pulleys are
used, the friction of the wire between section a and section d, and friction
between section b and section ¢ can be easily obtained. Here, the situation
in the Teflon tube between section 1 and section 2 or section 3 and section
4 is similar to the situation in the Teflon tube between section 2 and 3 of
TR6. Therefore, the force equations about tension can be described as Eq

(B.76) - Eq (B.84).

Ty=T,+Ty+T.+1Ty (B76)
T3 — Ty < Tg(l — e_utﬂ) (B.77)
T — 15 < T1(1 — ef'utﬂ) (B.78)

179



T T T T T.
TR7 M 1 2 3 4
1 0.32 0.32 0.32 0.32

Ratio - 25(%) 25(%) 25(%) 25(%)

Table B.7: Tension distribution of the tendon routing 7

Ty — Ty = To(1 — e Hs0%) (B.79)
Ty — Ty = Ty(1 — e Hsbs) (B.80)
T. — T3 = T.(1 — e Hsbs) (B.81)
Ty — Ty = Ty(1 — e %) (B.82)
Ty — Ty = To(1 — e o) (B.83)
Ty — T. = Tp(1 — e Ho7) (B.84)

Using the Eq (B.76) - Eq (B.84), final tension distribution can be
obtained as Eq (B.85) - Eq (B.89).

T = 0.5K,Tyse H% (B.85)

Ty = 0.5K,The Hs% (B.86)
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T3 = 0.5K,Tyye Hsls—rm (B.87)

Ty = 0.5K, Ty e Hels—rom (B.88)

Ky= (14 e rm)~1 (B.89)

We can see that the tension distribution of TR7 is relatively uniform
than other tendon routings. If the assumption that there is no wire move-
ment between sections 3 and 4 and between sections 1 and 2 is incor-
rect, there may be friction in the Teflon tube. In such a situation, it is
necessary to verify experimentally because the movement occurs in the
direction of minimizing energy. The comparison between the modeling
results and the experimental results is described in the next chapter.—
Fortunately, friction between section 1 and section 2 or friction between
section 3 and section 4 were negligible in the experiment and is explained
in Figure B.11— When the exact value about friction coefficient is used in
the above equations, the tension distribution of TR7 can be summarized

as Table.B.7.
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B.9. Residual friction according to the tendon routing

The friction at the tendon routing not only reduces the efficiency of
the robot and makes uneven fingertip force but also induces the residual
friction. When the residual friction exists, generating the motion could
be difficult. It could be easily understood by looking for the flexion of
the Exo-Glove and the Exo-Glove II; Additional experiment is performed
with a single person using Exo-Glove and Exo-Glove II. In the case of the
Exo-Glove, the initial, flexed, and released joint angle is 0.18 (rad), 0.86
(rad), and 0.79 (rad) respectively. It means that even the tension of the
flexion tendon is removed, the joint angle does not restore to its initial
position. However, on the other hand, in the case of the Exo-Gove 11, the
initial, flexed, and released joint angle each was 0.17 (rad), 0.90 (rad),
and 0.61 (rad); This result are described in the Figure B.10 (a). When
the residual friction exists, relatively large amount of extension tension is
required as shown in the Figure B.10 (b). In the Exo-Glove, about 19.5N
is required to extend the finger to make the initial posture. However, in
the Exo-Glove 11, it is possible to extend the finger with only 6.2 N of the
extension tension. The residual friction can be also induced by looking
at the hysteresis graph shown in the Figure B.10 (c¢) and (d); (c) and
(d) each represents the hysteresis graph of the Exo-Glove and the Exo-
Glove II. Here, output tension (i.e, tension at the end-effector tendon)
is measured as a function of the input tension (i.e, tension at the motor
part). As it can be seen in the figure, residual friction exists a lot in the

Exo-Glove.
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Figure B.10: Experimental result for the residual friction

Experimental results that indirectly measure the residual friction of the
wire. Tendon routing A is the Exo-Glove tendon path while tendon routing
B is the Exo-Glove II tendon path. (a) shows the mean joint angle of each
cases: case 1) Joint angle at flexion, case 2) Joint angle when the flexor
wire tension is removed, and case 3) Joint angle at the initial state. Here,
mean joint angle is mean value of MCP, PIP, and DIP joint angle. F, R, I
at the x-axis each means flexion, release, and initial state respectively. The
number inside the bar graph is the mean value of the each case; (b) shows
tension required to extend the finger after flexion for tendon routing A and
tendon routing B, respectively. Also, the hysteresis in tension domain was
measured. (c) shows the output tension (i.e, tension at the end-effector)
as a function of the input tension (i.e, tension at the motor part) in the
Exo-Glove. (d) shows the output tension as a function of the input tension

in the Exo-Glove II.
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B.10. Conclusion

As a result, the simulated results shown in Table B.1 - Table B.7 can be
summarized and can be compared with experimental results as in Table
B.8 and Figure.B.11. Here, line + symbol graph depicts the simulation
results while the bar graph shows the experimental results. All simulation
results are normalized so that the sum of T1 and T4 is equal to 1. As
can be seen from the figure, the tension distributions of the seven tendon
routings obtained through simulation and experimentation show a similar
tendency. When the friction coefficient between Teflon tube and the wire
is 0.18, which is a value obtained in the previous research, the rms error
between experimental and simulation results is 13.6%. However, rms error
can be minimized to 3.4% by setting the friction coefficient to 0.09. The
smaller friction measured than that measured in the previous research is
inferred by the effect of the spring used to prevent deformation of the
Teflon tube; In the previous study, force measurement were done without
preventing the deformation of the Teflon tube, whereas in this study, the
surface of the Teflon tube was wrapped with a spring to minimize the
deformation of the Teflon tube. It is true that using springs could be
an unfair measurement because the springs are not used in the actual
wearable robot application. Nevertheless, we used the springs for more
reliable data acquisition. In fact, both values 0.09 and 0.18 are not a
problem because they are all within the range shown in the literature;
the literature value of friction coefficient between Teflon tube and steel is
known as 0.05 - 0.2. Since the results of simulation and experiment show
similar trends, we can conclude that the proposed method to obtain the

optimal tendon routing could be a possible solution.
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Ratio T Ty T 75 T}

TR1 1 0.32 0.18 0.10 0.06
TR2 1 0.21 0.12 0.07 0.12
TR3 1 0.09 0.16 0.16 0.09
TRA4 1 0.29 0.16 0.05 0.03
TR5 1 0.18 0.10 0.03 0.02
TR6 1 0.16 0.09 0.09 0.16
TR7 1 0.32 0.32 0.32 0.32
Distribution Ty T TS T3 Ty
TR1 - B%) 21(%) 16(%) 9(%)
TR2 - A1(%)  23(%)  13(%)  23(%)
TR3 - 18(%) 32(%) 32(%) 18(%)
TRA4 - 54(%) 31(%) 10(%) 6(%)
TR5 - 54(%) 31(%) 10(%) 6(%)
TR6 - 32(%) 18(%) 18(%) 32(%)
TR7 - 25(%) 25(%) 25(%) 25(%)

Table B.8: Comparison of the tension distribution of the seven tendon

routings.
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Experiment and modelling results for tension distribution (a)
(When the friction coefficient of Teflon tube is 0.18)
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Experiment and modelling results for tension distribution (b)
(When the friction coefficient of Teflon tube is 0.09)
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Figure B.11: Tension distribution of the seven different tendon
routings

Bar graph of the figure means the experimental results of tension distri-
bution in each tendon routings while the line+symbol graph of the figure
means the simulation results. (a) shows the simulation results with the
friction coefficient of 0.18 and (b) shows the simulation results with the

friction coeflicient of 0.09.
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Appendix C

Theoretical Background of Product of

Exponential

In robotics, a relation between a joint angle and an end-effector can often
be expressed through forward and inverse kinematics. In this appendix,
we introduce a method to solve the kinematics of an index finger. We
propose a method of finding the exact center of rotation in a finger joint
using the position of Vicon markers attached on the skin. In order to find
the center of rotation, the Product of Exponential method (POE) is used.

First, the position of each marker measured directly from the Vicon
expressed in a fixed frame {F} should be transformed with respect to
a moving frame {M}, which moves along with the hand, since it is the
relative position of the finger with respect to the hand that is meaningful.
We defined this reference moving frame {M} to be located at the back of
the hand , since this part does not move relative to other parts in a hand
while an index finger is in motion. The coordinate systems of the fixed
frame {F} and reference frame {M} are shown in Figure C.1 (a). Using

this concept, transformation of a marker position X, € R3*! from frame
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{F} into frame {M} can be written as Eq (C.1), using a transformation
— — —
matrix Thrp € R4 X7, Xp, and Py are illustrated in Figure C.1 (a),

and Rysp is a rotation matrix from frame {M} to {F}.

X Xr Ryr Pyr| | XF
— Turp _ (C.1)
1 1 0 1 1

The basic concept of deriving the transformation matrix in Eq (C.1)
is expressing the m vector with respect to the frame {F}, as shown
in Eq (C.3), while Zp, yp, Zr can be written as Eq (C.2). From the
relationship between the two coordinates shown in Eq (C.2), the position
of the markers in frame {M} can be expressed in a matrix form, as shown
in Eq (C.3). Other details about coordinate transformation can be found
in previous works about robotics (Lynch & Park 2016). One thing different
from traditional robotics is that usually a transformation matrix shows
different forms because the matrices are defined to transform a vector

from a moving frame to a fixed frame.
Tp = Vgpl + U:cy?QM + V22

@f = 'Uya:i'M =+ UnyM + UyzzM (CQ)

ZF = Uy + 'UzyZ)M + V222
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Xor = Xnrediar + Xoryinr + Xarsiur
% Py
= Xpo@r + XryUr + Xp.2r — (Pmaip + Pmeyr + Pmg2r)
= (Xpz — Pmy)(VaaZ v + VoyUn + VazZmr)
+ (Yry — Pmy)(vya@ar + vyynr + vyzZ2ar)
+ (Zp, — Pmy) (Vae v + VayUnr + V2z200)
VUzx Uyzr Uzg
Vgy Uy Usy | (XF— Pm)
VUzz Uyz Vzz
= Ry p(Xp — Pm)
= RyrpXp + Pur
(C.3)

A transformation matrix can also be expressed as products of expo-
nential (POE) by introducing a screw axis S € R6*1. A screw axis S is
equal to [w, v]T, where w and v refer to an angular and a linear velocity of
a moving frame, respectively. Eq (C.4) is an example of a POE expression
that can be used in the case illustrated in Figure C.1 (b). Figure C.1 (b)
shows a rotation of a moving frame {M;} to the frame {Ms} about a ro-
tational axis w. In Eq (C.4), My, ar, refers to the transformation matrix
from frame {M;} to {M>} at their initial position, and el in Eq (C.5)

refers to the transformation that actually occurs due to the rotation, while
[w] v Axd ; . :

Sl = € R*** is a matrix form of S, and € is an angle of rota-
0 O

tion. Vector @ directs to an arbitrary point on the rotational axis and is

expressed in frame {M;}. In this sense, we can express the rotation from
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a coordinate to another along the screw axis.

Tayar, = e Mg, (C.4)

[0 (o R P
(1o — |© O)o) _ (C.5)
0 1 0 1

G(#) = 16 + (1 — cos 0)[w] + (A — sin 6)[w]?

_ 1 1., 1 1
G 1(«9)271—*[111]4‘(5—5

9
cot 5)[11)]2

0 2

(a)

Marker

XF

Figure C.1: Schematic view to explain the transformation and
rotation of coordinates

(a) shows two different ways to define the marker position in different
frames (i.e, Moving frame or Fixed frame). (b) shows a method to define

screw parameters in Product of Exponential formula.

Based on the relationship between a transformation matrix T using
Vicon data and 7' using the POE method in Eq (C.4), we can finally
estimate the center of rotation in a finger joint as a function of the rotation

angle. The angle of rotation 6 and rotational axis w can be obtained from
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Eq (C.7) and Eq (C.8). Here, 7 in Eq (C.7) is an i*® component in the
main diagonal of a rotation matrix and wy, wy, w, in Eq (C.8) are x, y,
and z components of w. From Eq (C.5), the linear velocity is equal to
G~ 1(0)p, while G=1(#) can be written as Eq (C.6). Knowing that the
linear velocity is equal to —w X @, we can determine the direction and
magnitude of the vector @, which points at the joint center, as in Eq (C.9)
and Eq (C.10). Eq (C.9) and Eq (C.10) are based on an assumption that
we are looking for the vector () that is perpendicular to the rotational axis

w. This method can be applied to finding the center of the finger joints.

711 + 122 + 733 — 1

0 = cos™( ) ) (C.7)
0 —wW, Wy
L 1 _ pT
—wWy Wy 0
Q=1 x 0 (C.9)
| v |l
Q== C.10
Q=g (C.10)

In the case of an MCP joint, which has two degrees of freedom, instead
of using Eq (C.4) we should use Eq (C.11) when expressing the transfor-
mation matrix. Eq (C.11) consists of products of exponentials based on
two rotational axes, each of which are abduction and flexion, respectively.
Since the transformation matrix measured from the Vicon data includes
both abduction and flexion information, we should separate it into two

different rotations and find out the rotation angles for each.

Tacp = eSS0 N0 (C.11)
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Here, we introduce a numerical method to estimate 6; and 0y using
the space Jacobian Js(6). This method starts by setting the initial guesses
of 01 and 0y as Oiniti € R?*L. Then we define a matrix [A] € R*** as Eq
(C.12). T (Oinitial) is a transformation matrix with 6;,,;;; as an input, and
T~! is calculated from the ground truth data measured by Vicon. The
next step is to calculate Af from Eq (C.13). The space Jacobian J4(0)
can be calculated as shown in Eq (C.14) and Eq (C.15). Finally, we can
update theta;nitiar bY Ginitiar + A6 and repeat the whole process until 6
converges. In this way, we can determine the abduction and flexion angle
separately at the MCP joint, and hence, we can also calculate the distance
between two adjacent joints, which can also be regarded as the length of
phalanges. More detailed information about the numerical method used

in this process is elaborated in (Lynch & Park 2016).

[A] = log(T (Oinitiar) T~ ) (C.12)
—A = J,(0)A0 (C.13)
Js(0) = [51]S2] (C.14)

I

52 = Ade[sum (52)
R 0 (C.15)

(where, Adp(S) = S e R6%6)
[PIR R
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Appendix D

Kinematic Calibration with Product of

Exponential

The process of matching the kinematic model is usually named as kine-
matic system identification. In this thesis, a kinematic system identifica-
tion is conducted based on the product of exponential formulas (POEs).
Basic explanations about the product of exponential formulas are included
in the appendix C. Overall process are all represented in the previous
research about the system identification using POEs (Okamura & Park
1996).

To find out the thumb kinematic parameters, which is the main goal of
kinematic calibration in this thesis, the thumb motion is measured by the
Vicon motion capture system as shown in the Figure D.1 (a). Since the
CMC joint has three degree of freedoms, the internal screw parameters

could be explained as shown in the Figure D.1 (b).

Xrrip = f(5,0)

. ' (D.1)
XF.Tip - Jm(Sa 6)0
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The kinematic system identification starts from the Eq (D.1), which
represents the relationship between the joint angle # and the fingertip
position X7, . With given equation, the error of the end-effector could
be represented as Eq (D.2). Here, the error dX g7y is 6 x 1 vector which
represents the position error and orientation error.

of of

Then, the calibration can be explained as a process of finding the
optimal df and dS that minimize the end-effector error; In mathematical

expression, it can be represented as D.3 in least-square methods.

2
min||dx — g‘gd — ngSH (D.3)
g(01,0s, ...,0,) = 51015202 .. oSnbn pp (D.4)

The infinitesimal dx can be represented by considering the manipula-
tor jacobian Jy, in the Eq (5.1). When we represent the transformation
matrix between the base frame and the end-effector frame in POE form
as Eq (D.4), generalized velocity of end-effector frame can be represented
as g9~ '(Lynch & Park 2016). It can be represented in a form using ma-
nipulator jacobian as Eq (D.5).

ggfl = 5161 + 68101 5267319192 + -
G 16— —Sp—16n— 5161,
45101 @Sn1fn1g o =Sno1fn1 L o= S101 0 (D.5)

= Jm X [9192 s Gn]T
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Since the gg=! in the Eq (D.5) represents the velocity of the end-
effector frame, the end-effector error can be represented by considering

dg - g~ ! which can be represented as Eq (D.6).

dg X g—l — d(eslel)e—slel

+ 65191 d(€5292 )6—52926—5191

+ -+ eslal e eSn—len—ld(eSnen)
(D.6)
X e Spbp,---e” 5161

+ 510 St (@) M

o Snbn .. 5161

The gg~' can be represented in terms of adjoint map as shown in the
Eq (D.7), where the definition of the adjoint map can be found in the
appendix C. Here, I" represents screw parameters which can be expressed

as I' = log(M).

dg-g~" = S1dby + Ad_s,e, (A2)dbs
+---+ AdeS191...eAn—19n—1 (An)dgn
1
+ 91/ Adeslol (Al)du
0
1 (D.7)
+ 02 Ad,s,0, (/ Ad 540, (Az)du)
0
1
+ 00 Ad s 0, S0o10, (/ Ad, s, (Ap)du)
0

1
+ Ad_sy0, ... o5n0n (/ Ad,r, (dT)du)
0

Finally, the linearized equation about the end-effector error can be

represented in a matrix form y = AP as Eq (D.9). Here, P means the
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vector of kinematic parameters as below:
P = |d61dbs---db,, dS" - dSanSMT] (D-8)

y=1[rilro| - [ |Q1|Q2| - |Qn|Qu]P
£ AP

(D.9)

The terminology 71 to 7, and Q1 to Qs in the Eq (D.9) are brief
expression for the compact form and these can be represented as Eq (D.10)

~(D.12).

T = ( ) (D.lO)

i—o |[bi]©; © (D.11)
y / ol Ry (u) 0 s
0 |[dp]Ri(u) Ry(u)
e 0
Qum = ( )z
" g) [b:]©; ©; ’ (D.12)
X / 1 Ras (v) 0 du
0 |[dm]Ru(u) Rar(u)

In the above equations ((D.10) - (D.12)), several variables such as ©,
b;, and etc. are not defined; These can be defined by represented form in

the Eq (D.13) and (D.14) as below:

%0 = ' ,eSifiv — ' 4 (D.13)
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M= or = | O bl pa | Rar(w) () (D.14)

01 01
As a next step, we should think about the left-hand side of dg - g~ 1;
since dg means the error of the transformation matrix, it can be simply
represented as Eq (D.15) where, T, is a transformation matrix obtained

from the measured data and T, is computed transformation matrix using

the nominal kinematic parameters (i.e, estimated transformation matrix).

dg-g ' = (T, - T,)T,!
=T, T, ' 1
(D.15)
= log(T, T, )
=y
Therefore, by finding the kinematic parameter P in the Eq (D.9),
it is possible to conduct the kinematic calibration. In order to increase
the performance of the kinematic calibration, it is quite obvious that the
number of experiments should be increased; For instance, if we measure
the position of the end-effector by motion capture camera, increase of
the position data will increase the performance of the proposed kinematic
calibration. If we assume that there are m numbers of data, the linearized
equation can be extended to the Eq (D.16) or to the compact form as Eq
(D.17).

1 Ay
y2 A2
=| |P (D.16)
| Ym | | Am |
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j=AP (D.17)

By solving the above equation with a least-square method, we can
finally obtain the variations p as shown in the Eq (D.18). Using the p, it
is possible to reduce the kinematic error dy; By updating the kinematic
parameter P to P’ as shown in the Eq (D.19), we can reduce the kinematic
error. Since the proposed optimization problem is a non-linear problem,

the overall process should be iterated until the variations p approach zero.

P=(3"9)"5"9 (D.18)

P’=P+p (D.19)

The overall process of the kinematic calibration is explained more
detail in (Okamura & Park 1996). Also, the result of kinematic calibration

in this thesis could be found in the section 5.5.1.
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Figure D.1: Kinematic parameters of the thumb
(a) shows the thumb joints and markers used to calibrate the thumb

kinematic parameters and (b) shows the target calibration model for the

thumb joints.
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