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ABSTRACT

Lee, Hun Chan M.S.M.E., Purdue University, August 2018. Design and Analysis of
a Body-Powered Underactuated Prosthetic Hand.  Major Professor: Raymond J.
Cipra.

As affordable and efficient 3-D printers became widely available, researchers are
focusing on developing prosthetic hands that are reasonably priced and effective at
the same time. By allowing anyone with a 3-D printer to build their body powered
prosthetic hands, many people could build their own prosthetic hand. However, one
of the major problems with the current designs is the user must bend and hold their
wrist in an awkward position to grasp an object.

The primary goal of this thesis is to present the design process and analysis of a
mechanical operated, underactuated prosthetic hand with a novel ratcheting mecha-
nism that locks the finger automatically at a desired position. The prosthetic hand
is composed of the following components: a frame for the hand and forearm, ratch-
eting mechanism, finger mount, rack, pawl and stopper for ratchet, cable, springs,
rigidly supporting finger and a compliant finger. The compliant finger was manufac-
tured using shape deposition manufacturing. The joints of the finger were made using
PMC 780, polyurethane material, and the finger pads were made of Polydimethyl-
siloxane(PDMS). To estimate how a compliant finger behaves on the actual system
with the ratcheting mechanism and how much force is required to operate this finger,
the preshaping analysis was conducted. The preshaping analysis data was verified by
loading and unloading weights to the tendon cable and taking pictures of the finger
each time the cable force was varied. Then, the pictures were processed using MAT-
LAB image processing tools to calculate joint angles. Additionally, the contact force

analysis was performed to determine the effects of the contact location and finger
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joint angles on the magnitude of contact force given the tension of the cable. Using
the contact force analysis, it would be possible to estimate how much load the hand
can hold. Finally, the hand was tested to hold various shapes of objects to prove
how well it can grasp. Based on the experiment, the hand had a higher success rate

of grasping objects that are lightweight (less than 500g) and cylindrical or circular
shaped.



1. INTRODUCTION

In 2005, around 541,000 Americans had some sort of upper limb amputation and this
number is expected to be doubled at least by 2050. In Italy and U.K., about 3500
and 5200 upper limb amputation cases are reported respectively and of those cases,
61 percent is transcarpal amputation [1]. Figure 1.1 shows the level of upper limb

absence.

Shoulder  .---7"
Disarticulation

~
~~o
~
~

Disarticulation

Wrist

. . . Transradial
Disarticulation

Fig. 1.1. Level of amputation of upper limb.



Depending on the level of upper limb absence, the design of the prosthetic hands
and the actuating method of the hands change. To substitute the amputated portion
of the upper limb, the amputees choose among cosmetic hand, body powered hand,
and electrically powered hand. When they select the type of prosthesis, their economic
status and the types of job they perform heavily influence their decision. For example,
for people who have a laborious job, they tend to consider a cosmetic or body powered
prosthetic hand over a electrically powered hand because they need more durable and
less expensive hand that can be replaced easily if needed. On the other hand, if a
user's job requires more dexterity, then they consider a electrically powered prosthetic
hand. Hereafter, Chapter One presents different types of prosthetic hands and their

advantages and disadvantages.

1.1 Electrically Powered Prosthetic Hands

In the market, electrically powered prosthetic hands are available. Many of which
use electromyography (EMG), which captures the electrical signals from the muscle
activities to control the prosthetic hand. In the research field, other control methods
such as ultrasound imaging, neural interface, surface electrodes, and pattern recog-
nition are currently developing without a clinical application [1]. As of now, most of
the commercially available hands use EMG signals to control the hand. Figure 1.2
shows some of the prosthetic hands in the market. As described in [5], the commer-
cially available hands, shown in Figure 1.2, use multiple motors to achieve multiple
degrees of freedom (DOF). Due to higher DOF, these hands can accomplish different
types of grasp such as power, precision, lateral, finger point grasp and more, and they
are more dexterous. In addition, because they use multiple motors to operate the
fingers, these hands can easily exert a larger range of grasping force on an object with
precision compare to the body powered prosthetic hands.

Even though the commercially available myoelectric hands, prosthetic hands con-

trolled using the electrical signal produced by the muscles, have many advantages



s

bionic

Fig. 1.2. Commercially available electrically powered prosthetic hands. (a) Bebionic
hand [2]. (b)Vincent Evolution 3 [3]. (c¢) i-limb ultra [4].

in terms of dexterity and grasping force, there are still many disadvantages leading
to the rejection of the electrically powered hands as well. Some of the drawbacks
of electrically powered hands are heavyweight, lack of sensory feedback, noise pro-
duced by motor, high cost, and high learning curve. The prosthetic users express
that the electrically powered hands are usually too heavy to use, where most of the
weight accumulates from motors and batteries attached to the hand [1]. In addition,
currently available electrically operated hands still lack sensory feedback that helps

the users to control and sense an object. For example, a user needs to operate their



hand more carefully in a dark environment because they do not know how much they
opened or closed their fingers [6]. Lastly, many people reject commercially available
prosthetic hands because the cost of electrically powered hands is too high for an
average person to accommodate. Even though many research groups are developing

cost-effective prosthetic hands, they are not commercially available yet.

1.2 Body Powered Prosthetic Hand

Fig. 1.3. Body powered prosthetic hand [7].

Although electrically powered prosthetic hands are more advanced and dexterous,
body powered prosthetic hands such as split-hook prosthetic terminal devices are
more commonly used due to their robustness, low-cost, low learning curve, efficient
performance, and feedback from body [6,8]. Unlike the electrically powered prosthetic
hands, for the body powered prosthetic hands the users can sense how much the hook
is opened using the awareness of the position of their body. Therefore, even when
a user is in a dark room, they can sense how much the hook is opened and operate
their hand accordingly. An example of conventional body powered prosthetic hands

is shown in Figure 1.3.



The design of split hook prosthetic hand has not changed much since 1912 [8]. The
body powered prosthetic operates by either moving an elbow or shoulder. Depending
on the size of the residual upper limb, the user may choose to use their wrist, elbow,
or shoulder to operate the hand. A split hook hand works by pulling an attached
cable between the amputee’s body and the terminal device. When the user pulls the
tendon cable using their amputated limb in a certain direction, the split hook opens
by working against the rubber band around the hook. Once the actuating portion of

the upper limb moves back to the original position, the hook closes due to the force

generated by the rubber band.

RAPTOR RELOADED

Fig. 1.4. Wrist operated 3-D printed prosthetic hand [9].

Another type of body powered prosthetic hands is the 3-D printed prosthetic
hand. Figure 1.4 shows an example of 3-D printed prosthetic hands. The 3-D printed
prosthetic hands have been making a great stride because of the widely available low-
cost and efficient 3-D printers. They are commonly operated by using a wrist or an
elbow. Thus, for the users to operate these types of hand, they require the users to
have a functional wrist with a partial or full palm or a functional elbow with a partial
or full forearm. The definition of functional wrist and elbow is the person needs to

be able to bend those parts of the body at least 30 degrees.



The advantages of the 3-D printed prosthetic hands are low-cost, ease of manu-
facturing, and light weight. However, the currently available 3-D printed prosthetic
hands are mainly used for children. The current design of those hands cannot exert
enough force for average adults to use. In addition, the users must bend their wrist
to close the fingers and maintain that position until they want to reopen their fingers.
However, maintaining such position is cumbersome and tiring. Therefore, throughout
this thesis, the author intends to explain some of the existing problems of the 3-D
printed prosthetic hands and discuss potential solutions to those problems in Chapter

Two.

1.3 Underactuated Hand

To reduce the number of actuators, many research groups use an underactuated
control system. An underactuated system refers to a system in which the number
of its inputs is smaller than the DOF. This system is beneficial for many different
applications, many of which can be found from manipulators and graspers. Some
of the key advantages of using an underactuated system are to reduce the overall
weight of the system by reducing the number of actuators and to use the power of
input actuators more efficiently. However, because its DOF is larger than the number
of actuators, this system itself cannot be directly controlled. The kinematics of the
system needs to be considered to understand how it works [10].

One of the popular applications of an underactuated system is an underactuated
grasper. Many of the underactuacted hands are inspired by the SDM hand developed
from Harvard University [17], [18] where they use the shape deposition manufacturing
method, a layered manufacturing technique that fabricates both the compliant and
rigid links simultaneouslyFigure 1.5(a) shows the SDM hand. Grab Lab at Yale
University has further improved such design of the hand to produce different kinds of

underactuated hands. These models that they developed use one actuator to control



Single Input
Shaft to

Multi-Jointed, 20mm

Fig. 1.5. Examples of underactuated hands. (a) SDM Hand [11]. (b) Ocean One
Hand [12]. (¢) HERMES Hand [13]. (d) Model O [14]. (e) Deployable Surgical
Grasper [15]. (f) SARAH Hand [16].

a finger with multiple joints [14]. Figure 1.5(d) shows one of the hands developed
from Grab Lab. Even though these manipulators are underactuated systems, they can
grasp an object using different types of grasp such as pinch and power grasp defined by
Cutkosky [19]. Similarly, the HERMES Hand, shown in Figure 1.5(c) from M.I.T. [13]
and the Ocean One Hand, shown in Figure 1.5(b), from Stanford University [12] used



a similar strategy to achieve grasping for robots with different applications, search
and rescue robot and underwater manipulation respectively. Those groups further
enhanced their stiffness of the finger joints using springs. As seen from those projects,
one of the key features of underactuated hands is the shape adaptability. For example,
if a finger has only one actuator to control multiple joints on that finger, then once
a joint touches an object, the stiffness of the corresponding joint becomes infinity.
This forces that joint to stay at the same position and move other joints with lower
stiffness. This concept will be further discussed later in this thesis. Another group
from Harvard University developed a grasper, shown in Figure 1.5(e), that could
be used for surgical purposes which mainly uses a pinch grasp to operate [15]. On
the other hand, unlike the compliant underactuated manipulators, Gosselin and his
group investigated developing an underactuated system with a series of mechanical
links. Figure 1.5(f) shows SARAH Hand developed by Gosselin’s group. Essentially,
by connecting a series of four bar mechanisms, the hand has 10 DOF with only 2
actuators [16]. To close the fingers, SARAH Hand only uses one motor input to
control all three fingers simultaneously.

For the prosthetic hand purpose, it is critical that the hand is light weight. Ac-
cording to [20], [21], the consumers of prosthetic hands prefer a light weight prosthetic
hand because they have a power and weight constraint on their amputated arm. This
limit gets tighter as the level of amputation gets higher. To solve such issue, many
groups used the underactuated hand concept to reduce the number of actuators to
lower the weight of the hand. The prototype that was developed for this project
uses the same concept. However, the main purpose was not necessarily to reduce the
weight. To avoid restricting the range of motion of a body part, only one input, wrist,
is allocated for this prototype. Even though the number of inputs can be increased by
using a fully functional arm or other joints, this would essentially restrict the range
of motion of the arm. If other joints of body are used to control the hand, they would
restrict the movement of the amputated arm because the user needs to move their arm

within a limited range of motion unless they want to actuate. However, it is possible



to increase the number of inputs by adding control inputs that can be operated by
the other hand that is functional. For this prosthetic hand, only the wrist portion of
the arm was used as the input. Therefore, to use this hand, a functional wrist needs

to be present.

1.4 Design Requirements

As described in [1], some of the important design priorities are listed below:
e Comfort

e Durability

e Appearance

e Function

o Weight

e Cost

e Grip strength

e Sensory feedback

e Ability to maneuver in awkward positions
e Physical effort needed to use

Of those requirements, comfort, durability, appearance, functionality, and cost were
the most prioritized requirements. For the functionality of the body powered hand,
gripping, steadying, manipulating, appearance, and body languages are the priori-
tized functions [1].

The present research focuses on improving the design of previously developed
prosthetic hands while keeping the price of the hand affordable. To allow the hand to

be accessed widely around the world, the hand needs to be cost-efficient. To keep an
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affordable price range, electronic components such as motors and sensors had to be
removed. Though there are many advantages of using the electronic components, it
was an appropriate choice to lower the price and the weight of the hand. Additionally,
as stated in [1], the replacement of battery and the hand are critical issues of the
electrically powered prosthetic hands that need to be solved.

One of the biggest problems with the current 3-D printed prosthetic hands is
the users need to rotate their wrist by at least 30 degrees to fully close the hand
and maintain such position until they desire to open their fingers. However, such
position is uncomfortable to maintain for a long period of time and an awkward
hand position to be at. Most of the body powered, 3-D printed prosthetic hands
do not have a locking mechanism to avoid the position described. By installing a
locking mechanism to hold the fingers at a certain position, the hand should be more
comfortable to use.

Another ability of prosthetic hands that the user desires is the capability to easily
adapt to the shape of an object. Previously developed body powered prosthetic hands,
especially a hand with a hook, are not capable of adapting to the shape of an object
because two rigid bars open and close to grasp it.

Regarding the weight of the hand, an average weight of a human hand is around
400 g. However, according to [5], prosthetic devices that weigh around the same as
an average weight of a human hand felt too heavy. Therefore, the specific weight
requirement was included as a part of design requirements.

Referring to those design requirements and previously developed 3-D printed pros-

thetic hand specifications, the following requirements were selected :

1. Ability to produce 1.5 kg grip load which is enough for most of the daily living

activities [22]
2. Ability to produce 20 N pinch force [23]
3. Capability to hold a 1~15 cm wide object

4. Easily adapt to the shape of an object
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5. Finger Locking Mechanism
6. Rotate wrist less than 30 degrees to actuate the finger
7. Low cost (less than 100 dollars to build)

8. Light weight (less than 400 g)

1.5 Scope of Research

The purpose of this research is to improve the design of previously developed
body powered, 3-D printed prosthetic hands. This research mostly focuses on de-
veloping a novel locking and actuating mechanism and fabricating compliant fingers
that are adapted from the previously published papers. Additionally, this work fo-
cuses on developing a prototype of prosthetic hand with the locking mechanism that
could potentially satisfy the design requirements described in section 1.4. Lastly, the
preshaping and contact force analysis of the hand are performed to determine the
workspace of the compliant finger and the force required to trigger the rotary ratchet
actuator. The information obtained from those analyses and the results from the pre-
shaping and grasping experiments will become a basis of the system that customizes

a hand for each user based on the size, shape, and strength of their wrist.

1.6 Thesis Overview

Chapter Two of this thesis reviews the design concepts of the prosthetic hand.
This chapter reviews how each component of the hand operates and the purpose of
each component. This chapter will explain further how each part of the hand helps to
satisfy the design requirements described in Chapter One and the uniqueness of those
parts. Additionally, it reviews how each component, specifically the fingers, has been
manufactured. Hybrid deposition method was applied to fabricate compliant fingers.
This chapter will further clarify the materials of the hand and the manufacturing

process. Chapter Three reviews the preshaping and force analysis. The results of
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those analyses help to predict the trajectory of the fingertip and required torque
from the user’s wrist to actuate the hand. These analyses will help to optimize the
parameters of each component by observing the required torque to operate before
manufacturing the hand. The results of this chapter will be further verified by the
preshaping and grasping experiment. Chapter Four describes the purpose and the
set-up of the preshaping and grasping experiment. It also reviews the results and
discusses the results of the experiment. Chapter Five presents the conclusion which
summarizes this thesis and in Chapter Six, it discusses about the recommendations

for the future research and potential designs that could improve the hand.
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2. DESIGN CONCEPTS

This chapter presents the design concepts of critical components of the proposed pros-
thetic hand shown in Figure 2.1. The hand is composed of a ratcheting mechanism,
mechanical fuse, compliant finger, and a supporting finger. This chapter reviews
the actuation method, introduce each component, and discusses the purpose of each

component. Refer to Appendix G for the detailed drawings with parameters.

Ratcheting

Mechanical
Fuse

Compliant
Finger

-5

Cantilever Bar

Structure .
Supporting

Finger

Fig. 2.1. Proposed prosthetic hand design.

2.1 Actuation

Previously developed 3-D printed, body-powered prosthetic hands require the flex-
ion of the user’s wrist to operate them. Once the hand is actuated using their wrist,

the cables along the fingers of the 3-D printed hand are pulled to close the fingers.
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Other actuation methods were looked at but not used for the proposed prosthetic
hand design. The flexion of the wrist was the best option because using other joints
such as elbow or shoulder would lower the precision of the actuation and it would
limit the range of motion of the entire arm. Additionally, compared to other wrist
motions as shown in Table 2.1 [24], which shows the average range of motion, the
flexion of the wrist has a wider range of motion which makes it easier to rotate in
comparison to other wrist motions. However, it needs to be further studied if the
range of motion and the torque generated from the wrist of the amputees are similar

to that of average person.

2.2 Locking Mechanism Design

One of the problems with the existing 3-D printed prosthetic hands and other
voluntary closing prosthetic hands is that the fingers of those hands cannot be locked
at a certain position. To maintain the position of those fingers, the user must keep
flexing their wrist or hold their actuating portion of the body position the same
until they want to reopen the fingers. That position is an awkward position to be
at and it is difficult to maintain the same position for a long period of time. To
avoid this problem, a locking mechanism is needed. Considering that the hand has
a limited DOF, a mechanism was designed to perform two tasks at once: pulling the
tendon cable for the finger and locking the cable at the new position. Taking those
functional requirements into consideration, a mechanism like a ratchet was a suitable
mechanism. During the process of conceptualization, both linear ratchet and rotary
ratchet were considered to adjust the position of the finger. To effectively lock the

finger, a rotatable cantilever bar design was proposed.



Table 2.1. Average range of motion of the wrist.
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2.2.1 Linear Ratchet

Initially, a linear ratchet type mechanism was designed to fulfill the functional
requirements described in the previous section. A similar type of mechanism was
found in [25], where the linear ratchet with a motor is used to control the thumb of a
prosthetic hand. Figure 2.2 illustrates the mechanism design with labels and shows

how the mechanism operates.

= First Positio|

Cable Redirection and
First / Change in the Length of
Position 4 the Cable Issue
_
Second /%é

Position 27457

Fig. 2.2. Linear ratchet mechanism design attached to the hand.

The mechanism contains a bi-stable pawl, rack, and base for the rack. For this
mechanism, the rack cannot move toward the hand unless it reaches the last tooth of
the rack. The last tooth is taller than the other teeth on the rack. This forces the
bi-stable pawl to rotate to the second position. Figure 77 illustrates how the linear
ratchet moves. Because the rack is spring loaded, once the pawl moves to the second
position, the rack is pulled back to the initial configuration by the spring attached
in front of the rack. Consecutively, due to the design of the rack, the rack forces the
pawl to move to its first position.

The design of this mechanism effectively satisfies the previously described require-

ments; however, it is difficult to use the flexion motion of the wrist to move the rack
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Actuator Cable
Pull Direction

o

~

() (d)

Fig. 2.3. Operating process of the linear ratchet mechanism (a) Pawl is at the initial
position, resting on a tooth of the rack (b) Pawl is lifted up and moved to the second
bi-stable position(c) The second position of the pawl is maintained and the rack
returns to the initial position (d) Pawl is pushed down and moved to the initial
position.

to the direction that closes the fingers effectively. To move this rack successfully,
the cable attached to the rack needs to be redirected and the length of the cable
needs to change to pull the rack. However, considering the contact force between the
cable and its route and the frictional force along the route, the mechanical advan-
tage would be low and the length of the cable cannot be changed to pull the rack
using only an input. Therefore, this mechanism did not completely satisfy the given
design requirements. Additionally, while testing the prototype of this mechanism, it
was difficult to maintain the bi-stability of the pawl. For example, when there is an
external impulsive force acting on the ratcheting system, the pawl may move from
the second position to the first position since the pawl is only marginally stable at
the second configuration and it only requires a small amount of force to change its
position. Lastly, preventing the rack from lifting up from the base without an extra

support on top of the rack which would make the rack harder to pull due to friction.
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2.2.2 Rotary Ratchet

To solve the problems seen from the linear ratcheting mechanism, a rotary ratchet
type mechanism was designed as an alternative. This mechanism is composed of a
rotary ratchet with a partial gear, rack for the partial gears, pawl, and stopper. Figure

2.4 shows the structure of the mechanism.

Opening Direction Closing Directio

r//

Supporting Finger

Fig. 2.4. Rotary ratchet mechanism with labels.

As described previously, the mechanism needs to do two functions: pulling the
tendon cable and effectively locking the finger at a desired location. The mechanism
shown in Figure 2.5 is capable of pulling the tendon cable and adjusting the position
of the finger. Unlike a conventional ratcheting system, the pawl of this mechanism
is not stopping the ratchet from rotating instead it is actuated by pulling the cable
attached between the pawl and the gauntlet of the hand. The pawl moves whenever
the user flexes the wrist. As can be seen from Figure 2.5, the string is not rerouted
unlike the linear ratchet mechanism described in the previous section and the length of

the actuator cable does not change. After actuating the pawl, the pawl automatically
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returns to the initial configuration if the user extends their wrist back to the original
position due to a spring attached to it. For this mechanism, the stopper acts like
a pawl of the conventional mechanism, which prevents the ratchet from rotating in

undesired direction.

S ) A B

.
-
%’é
7

70

7

Fig. 2.5. Rotary ratchet mechanism design (a) Initial position (b) First rotary ratchet
- Actuating (c) First rotary ratchet tooth - Actuated (d) Second rotary ratchet -
Actuating (e) Second rotary ratchet tooth - Actuated.
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Figure 2.5 illustrates an example of grasping an object using the compliant finger
and the ratcheting mechanism. The joint angles of the finger need to be adjusted by
actuating the ratcheting mechanism. To grasp an object, the ratcheting mechanism
may need to be actuated several times depending on the size of the object. Due to a
limited range of motion of the pawl, the rotary ratchet is only able to move only one
or two teeth at a time. Once the first tooth of the partial gear engages with the rack,
then it pulls the rack toward the direction that closes the fingers. When the ratcheting
mechanism is actuating as shown in Figures 2.5(b) and 2.5(d), the compliant finger
is further actuated than the actuated position as shown in Figures 2.5(c) and 2.5(e).
When the ratcheting mechanism actuates as the wrist rotates, the tendon cable has
be further pulled as well. Therefore, when the ratcheting mechanism is actuating, the
compliant finger has to curl more than when the ratcheting mechanism has finished
actuating and the wrist has returned to the rest position. The rack continues to
pull the tendon cable to close the hand until the gear and the rack are disengaged.
Once they disengage, the rack moves back to the initial position due to the compliant
joints. As the compliant joints return to the initial configuration, the finger pulls the
cable toward the opened hand configuration direction as well. A unique feature of
this mechanism is that the rack and the rotary ratchet can be easily replaced. The
number of teeth on the ratchet and the rack can be changed based on the user’s

preference.

2.2.3 Cantilever Bar Design

One problem that was shown from both linear and rotary ratcheting mechanisms
was that the finger cannot be locked at a position unless the top surfaces of the
gauntlet and forearm are on the same plane. When the rack is pulled back, the
distance traveled by the rack needs to be compensated from somewhere in the system.

The easiest way to compensate the distance is extending the wrist because when

the wrist is extended, the shortest path between the finger and the rack is formed.
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Compliant Finger Gauntlet Wrist Forearm
Joint

(d)

Fig. 2.6. Different situations after actuating the ratcheting mechanism (a) original
position (b) Actuated position (c)Actuated position with generated torque from the
wrist (d)Actuated position with an applied force from the support structure.
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Figure 2.6(b) illustrates the natural position of the system after actuating the ratch-
eting mechanism. As mentioned, extending the wrist does not keep the finger at a
desired position since the top surfaces of the gauntlet and forearm are forming an
angle. Therefore, to keep the finger at a desired position, either the user needs to
generate torque from their wrist to keep two parts straight or there must be a struc-
ture that prevents the wrist joint from extending. Figures 2.6(c) and 2.6(d) show the
position of the system in those two situations. However, it is exhausting for the user

to constantly generate torque to lock the finger at a certain position.

Fig. 2.7. Cantilever support.

To avoid cases shown in Figures 2.6(b) and 2.6(c), a cantilever structure was
designed to effectively lock the finger at a position. As shown in Figure 2.7, it is
a cantilever bar structure that prevents the gauntlet from rotating. The cantilever
bar structures help to effectively keep the top surface of the gauntlet and that of the
forearm leveled flat to lock the finger in place. Refer to Figure 2.1 to see how the
cantilever supports are attached. If the user needs to open their finger for any reason,

they can rotate the cantilever supports and extend their wrist.

2.3 Mechanical Fuse

When both the distal phalanx (DP) and immediate phalanx (IP) contact an object
or if they reach their maximum range of motion, the stiffness of the joints increases

drastically. Using the rotary ratchet mechanism described earlier, the mechanical
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advantage of the mechanism drastically is lowered if the finger is at either one of those
two situations. In those scenarios, the user needs to flex their wrist with significantly
greater amount of force than usual because the joints are essentially locked and the
cable along the finger cannot be further reduced to compensate the distance traveled
by the rack. At this point, to open the hand, the user needs to disassemble the
mechanism or slack the tendon cable by extending their wrist.

However, those motions are cumbersome; they are not the best solutions to those
problems. To resolve them, a spring was attached between the rack and the finger.

Figure 2.8 shows where the spring is attached. In this work, this spring is defined

With Fuse

/777 777

7/;
% ,,

%,

Without
Fuse

Fig. 2.8. Comparison of the position of compliant finger (with and without a fuse).

as a mechanical fuse. Unlike a conventional fuse where a fuse stops a system, this
mechanical fuse overrides the inextensible cable condition. When the phalanges reach
their maximum range of motion or contact an object, the spring starts to extend to
compensate the distance traveled by the rack. Even though the user needs to flex
their wrist with a higher force each time, the force required to pull will be much less
than without a fuse and the required amount of force can be controlled by changing

the stiffness of the spring.
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2.4 Finger Design and Fabrication

For the proposed hand, it has two different types of finger: compliant finger and
supporting finger. The compliant finger is actuated using the flexion of the hand. On
the other hand, the supporting finger is not actuated; it is a stationary finger that is

attached to the gauntlet of the hand.

2.4.1 Compliant Finger

To satisfy the shape adaptability requirement and to avoid using electronic actua-
tors, an underactuated hand was designed. This hand design requires only one input
to actuate the finger. Similar variations of this hand were referenced, as described in
Section 1.3, when this hand was designed. As [11,17,26] describe, one of the main
advantages of an underactuated hand is the shape adaptability. In addition, this un-
deractuated hand does not require a control algorithm to control each joint to adapt
to the shape of an object. This shape adaptability was further improved by replacing

rigid finger joints with compliant joints as shown in Figure 2.9. Normally, a revolute

Flexure Joint — Flexure Joint —
Intermediate Joint Distal Joint

Distal Phalanx

Proximal Phalanx Intermediate Phalanx

Proximal Joint

Finger Pads

Fig. 2.9. Compliant finger design.

joint only has one DOF. On the other hand, a compliant joint can bend in different
directions as well. This bending displacement can be controlled by changing the area

moment of inertias of the joints. The flexion and extension direction of moment of in-
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ertia is significantly lower compared to abduction and adduction direction of moment
of inertia. Consequently, the finger is mainly extending and flexing to adapt to the
shape of an object, but at the same time, the joints are capable of slightly deforming
in other directions as well to adapt. This allows it to reject external disturbances [26],
and such characteristic helps increase the durability of the hand. However, the second
moment of inertias need to be carefully chosen. If the moment of inertia in abduction
and adduction is too low, then the finger cannot hold a heavy object. A contact
force generated on the finger pad is enough to bend the joints in undesired directions.
Additionally, the moment of inertia directly impacts the required tension to operate
the finger. Therefore, the size of the joints needs to be optimized based on the users.
If thin joints are desired, thin spring steel can be embedded to the joints to increase
the moment of inertia as described in [15] or side supports on the phalanges can be
installed to prevent the joints from bending in undesired directions.

Another feature of this hand design is the finger pad. Between PLA material and
an object, there is not much friction unless the object itself provides a lot of friction.
Therefore, without exerting a high grasping force, the object cannot be grasped and
would tend to slip. On the other hand, adding finger pads on each phalanx, which are
made of Polydimethylsiloxane (PDMS), provide more friction between the finger and
object. In addition to the material of the finger, the texture of pads is not smooth

which would provide additional friction.

2.4.2 Supporting Finger

The proposed hand does not have a thumb which is a critical component when it
needs to grasp an object because a thumb helps to support the object from sliding
away from other four fingers. For the proposed hand, instead of having a thumb,
it contains a rigidly supporting finger that acts like a thumb but it does not have
any DOF. However, the supporting finger can be easily taken off and replaced. On
the gauntlet of the hand, there are multiple levels to place the supporting finger to
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help grasp different sizes of object as shown in Figure 2.10. Additionally, the friction
between the object and the supporting finger has been increased by adding a pad
that is made of PDMS.

IRERERNRN

Fig. 2.10. Supporting finger mounting level.

=

(a) (b)

Fig. 2.11. Supporting finger design (a) Initial design (b) Second Design.

The initial design of the finger is shown in Figure 2.11(a). Even though the initial
design helps to grasp an object, if there is only one finger attached to the hand, then
the compliant finger has a small space to move. To resolve the problem seen from the
initial concepts, the shape of the finger was changed to a curved L shape as shown in
Figure 2.11(b). Such design helps to increase the workspace of the compliant finger.
When the new design of the supporting finger is used then, the tip of the compliant

finger does not touch the supporting finger as fast as using the the initial design.
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2.4.3 Fabrication

e Compliant and Support Finger Frame Design

Mechanical
Anchors

T Shaped

Mechanical Anchor
Anchors

Tendon Cable Route
Thin Sacrificial Walls

Fig. 2.12. Labeled drawing of the finger frame. The red line indicates the tendon cable
route, the blue lines indicate the thin sacrificial walls, and the mechanical anchors
are indicated with yellow circles.

The frame of the fingers includes a tendon cable route, T shaped anchors for the pads,
thin sacrificial walls, and a space for finger pads and joints. The frame was designed
as one piece because the resolution of the printer was not high. It was difficult and
inefficient to design a shell that fits multiple parts; therefore, the frame was designed
as one body. Figure 2.12 illustrates the drawing of the finger frame with labels and
Figure 2.13 shows the fabricated fingers. For the design of the finger joints, the shape
of two sides of the flexure joints act as if the joints have an anchor on each side.
Those shapes are referred to as mechanical anchors. The mechanical anchors help to
interlock with the rigid links next to the joints.

Without the mechanical anchors, it would be to difficult to maintain their original
condition over time. The paper [27] written by Ma further describes how the me-
chanical anchors help to interlock rigid bodies. Similary, the T shaped anchors that
are 3-D printed as a part of the frame help the compliant finger pads to stay attached

to the finger over time. The design of the frame includes thin wall structures for
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the shape of the joints. The thickness of the wall was reduced as much as possible;
however, it heavily depends on the resolution of the printer. Additionally, in [27],
Ma suggests a small gap, 0.25 times the 3-D printer nozzle diameter, between the
sacrificial wall and the rigid body helps to remove the wall because of the stress con-
centration. Lastly, the polyurethane based finger pads were used to help the fingers
grip an object. While grasping an object, the material of the pad and unevenness on

the pad would provide more friction than without them [13].
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Fig. 2.13. Fabricated fingers (a) Compliant finger (b) Supporting finger.
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e Fabrication Process

To manufacture the compliant finger, hybrid deposition method(HDM) was applied.
HDM combines additive manufacturing (AM) process with material deposition and
embedded components. HDM process initially prints rigid parts of the mechanism
with support structures, adds deposit materials, and removes the support structures

27].

Fig. 2.14. Dremel 3D45 FDM 3D Printer.

To build compliant fingers, the frame of the fingers were 3D printed using 3D45
3D printer from Dremel. Polylactic acid (PLA) and Acrylonitrile butadiene styrene
(ABS) filament were used to print. Even though PLA and ABS have different material
properties, both filaments are strong enough for this research purpose. The 3D printer
that was utilized to print uses fused deposition modeling (FDM) to print the rigid
components. A commonly found FDM 3D printer was used to print to demonstrate
that this finger manufacturing process does not require a high-quality printer.

Once the rigid frame of the fingers was printed, one side of the finger was taped to
prevent the deposit materials for the flexure joints and the pads from leaking out from
the designated space. For the fingers, Sylgard 184 Silicone Elastomer (Dow Corning)
and PMC 780 (Smooth-On) were used for pads and joints in the corresponding order.
Sylgard 184 was mixed with its curing agent in 10:1 ratio and they produce Shore 50A
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hardness. PMC 780 has shore 80A hardness. To manufacture the urethanes, the two
parts had to be mixed with 2:1 weight ratio and the air bubbles created by mixing the
materials were removed ahead of time using a vacuum pump for about 30 minutes.
A vacuum chamber can be used to substitute the vacuum pump. Eliminating air
bubbles is not a necessary process; however, eliminating air bubbles helps to obtain
consistent properties of the flexure joints. In addition, if the joints have excessive air
bubbles, they can easily tear apart from fatigue. Once the air bubbles were removed,
the deposit materials were poured onto the rigid frame. An excess of materials was
removed before they were cured. After curing the materials, all of the sacrificial walls

were removed using a utility knife.

2.5 Final Prototype

Fig. 2.15. Final Prototype.

Figure 2.15 shows a picture of the prototype. The total cost to build this prototype
was 20.20 U.S. dollars. The detailed bill of material can be found in Appendix I. The
total weight of this hand is 364.4 grams.
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3. ANALYSIS

This chapter presents the preshaping and force analysis. The preshaping analysis
helps to estimate how the compliant finger moves as the rotary ratchet rotates. The
force analysis was conducted to calculate the contact force that can be generated by

the hand and estimate how much load the finger can take.

3.1 Preshaping Analysis

The preshaping refers to the process of change in the configuration of the finger
before contacting an object. Once the finger contacts the object, it starts to adapt
to the shape of the object as shown in Figure 3.1. For this analysis, the pseudo-rigid
body model is used to simplify the analysis of the flexure joints [28-30].

To compute the joint angles, 6y and 63, two different methodologies were used:
calculating by varying the input force and the rotary ratchet angle, 6,. Computing
the joint angles by changing the input force was performed to verify the results of the
preshaping experiment. The behavior of the finger joints was observed in response
to increasing the tension of the cable. The other method was performed to simulate
the behavior of the finger joints in response to actuating the rotary ratchet which
consequently provides an input force, F,. By doing such simulation, the boundary of
position workspace of the finger and the rotation of the finger joints can be determined

ahead of time.
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Fig. 3.1. The configuration of the compliant finger when it adapts to a circular shape
of the object.

Distal Phalanx
Proximal Phalanx Immediate Phalanx

Fig. 3.2. The design of finger with parameters.
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3.1.1 Assumptions

The following assumptions were made to proceed with the analysis:

1. It is a quasi-static analysis. The inertial effects are ignored because this hand

is operating slowly such that the inertial effects are negligible.
2. An object is small enough such that the proximal joint does not move.
3. The finger phalanges are rigid bodies.
4. Force on an object is perpendicular to the finger pads.
5. The friction between an object and a pad of phalanx is 0.3.
6. The cable does not extend.

7. The joint angle locks when the corresponding finger pad contacts an object or

reaches its joint limit



3.1.2 Finger Nomenclatures

Table 3.1.: Finger Parameters.

Symbol | Descriptions

0; The i" joint angle

b;..., The initial value of i joint angle

L; The length of i;h flexure joint

k; The rotational stiffness of the ;™ joint

E, The magnitude of the applied cable force

B The base length of the flexure joints

h The height of the flexure joints

E The modulus of elasticity of the flexure joints

I The moment of inertia of the flexure joints

a; The x distance between the center of it joint
and the end of cable route of i’* link

b; The y distance between the center of i** joint
and the end of cable route of i link

C The length of cable

R; The length of i** link

0] The magnitude of contact angle

dy Deflected distance of a spring

ky The stiffness of a spring

iz The x direction distance between the center of i joint
and the contact location of the corresponding link

Teiy The y direction distance between the center of i joint
and the contact location of the corresponding link

F, The x component of i link reaction force

F,y, The y component of it link reaction force

continued on next page



Table 3.1.: continued

Symbol | Descriptions

F.. The x component of i link contact force

Fy, The y component of it” link contact force

T The tension of the cable

Vi The angle between i and i+1%" surface of the distal pad
N The normal force

36
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3.1.3 Flexure Joints

The pseudo-rigid body model (PRBM) is an appropriate model to use for a com-
pliant mechanism. The PRBM simplifies the calculation by modeling a flexure joint
as a spring and two rigid links. The representation of PRBM is shown in Figure 3.3.

To use this model, it assumes that applied bending moment, 7, is the dominant load

Rigid Body 10 ire Joint

Rigid Body
= (U—p1 U

Actual Model Pseudo Rigid Model
Fig. 3.3. Pseudo rigid body model representation.

compared to the transverse and axial forces applied to the joints. As described in [31],
if the length of flexure joints is much smaller than that of rigid links, the approxima-
tion is accurate for large deflections as well. However, as the length of a flexure joint
gets larger, then the accuracy of this model decreases. The PRBM assumes that a
flexure joint acts like a revolute joint with a torsional spring and the center of rotation
is at the center of the flexure joint. Figure 3.4 shows the parameters of flexure joints.
The stiffness of the flexure joints is calculated using the following Equations 3.1 and
3.2:

k=" = (3.1)

M FEI
0 L

[=="" (3.2)
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Center of
Rotation

Mechanical ~ Compliant Mechanical
Anchor Joint Anchor

Fig. 3.4. The design of a flexure joint with parameters.

where M is the moment applied to the links, 6 is the amount of rotation in the joint,
E is the modulus of elasticity, I is the second moment of inertia, L is the arc length

of flexure joints, b is the base of flexure joints, h is the height of joint.

3.1.4 Preshaping - Force Control

In this simulation, the force acting on the cable is a variable and based on that
force, the distance traveled by the end of cable that is attached to the rack, C,
the angle of distal phalanx, 63, and intermediate phalanx, 65, have been computed.
Figures 3.5 and 3.6 show the relationship between the direction of the cable and the
joint angles. This method is used to simulate the characteristics of the finger joints
and to verify the experimental data. For this method, initially, it is assumed that the
tension of the cable is consistently applied to each joint; hence, the friction applied

on to the cable is negligible.

C=rola= (Li—2(L;/2) cos(6:/2) + 2b;sin(6;/2)) (3.3)
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Fig. 3.5. Simplified diagram of a flexure joint.

The distance traveled by the rack can be computed using simple geometry. To sim-
plify the actual model, each link is converted to a rectangle. Similar approach was
performed in [32] to compute the joint position of the compliant finger. It was as-
sumed that the flexure joints rotate about their center and the center of joints was not
moving. With those assumptions, the geometry shown in Figure 3.5 can be obtained
where a flexure joint is composed of two straight, black dotted lines.

Using the FBDs shown in Figure 3.7, Equations 3.4 and 3.5 can be derived.

~ A 9 ~ . (9 “
(agty + baja) X (Fa(cos(E2 +7))ig + Fa(sm(E2 +7))j2) + ko(b2 — O9in) =0 (3.4)

~ ~ 9 ~ . 0 ~
(asis + bsjs) X (Fa(cos(E3 +7))is + Fa(sm(E3 +7))gs) + k3(03 — O3;0) =0 (3.5)
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Fig. 3.6. Bent configuration of the compliant finger.

Using the Newton-Ralphson method and solving three equations above simultane-
ously, the angle of flexure joints and the distance traveled by the rack are computed.
Refer to Appendix A for the detailed calculation. Based on those angles, the tension

of the cable can be recomputed including the friction applied to the cable.
e Point Contact Method

To include the friction effects on the cable, the frictional forces were applied on the
contacting points of the phalanges which are the start and the end of the cable
route at each phalanx. It was assumed that the cable is only contacting the start
and the end of the route and the curvature of the cable route inside of the distal
phalanx. The frictional effects were ignored for the cable route in the middle of the
phalanges assuming the cable does not touch the surface of that portion of the route.
Additionally, it was assumed that the cable is contacting at specific points rather
than surfaces since the start and the end of the cable route are sharp edges and the
sharp edges have very small contacting surfaces. However, since the cable route inside

of the distal phalanx has a curvature, the friction was applied over the surfaces of
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(b)

Fig. 3.7. FBD of the compliant finger during preshaping. (a) DP (b) DP and IP.
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that curvature using the capstan equation. The capstan equation, also known as the
belt friction equation, is used to recompute the tension of the cable, T, including
the effects of the friction. Equation 3.6 shows the general capstan equation. The

derivation of this formula is shown in Appendix C.
TLoad - Tholdemz) (36)

where Tj,.q is the cable facing toward the end of the cable route, Ty, is the cable
facing toward the start of the cable route, i is the coefficient of static friction, and ¢
is the total angle contacting the surface of the link. The equation can be modified as

shown in Equation 3.22.

Fig. 3.8. Location of the friction effects where the highlighted regions experience the
frictional effects.

For the friction effects around the sharp edges, the point contact friction method
was applied. Figure 3.8 shows the locations where the static friction is applied and
Figure 3.9 illustrates the FBD of the cable at different locations of the cable route.

The direction of the normal force was assumed to be half of the angle of the
applied force at each joint. Using the free body diagrams of each section of the cable,
the force and moment equations can be found. Refer to Appendix B for detailed

calculations.
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Fig. 3.9. FBD of the cable at different location of the cable route (a) Partial FBD of
the cable at the curvature of the route (b) FBD of the cable at the end of the route
inside of the DP (c) FBD of the cable at the IP (d) FBD of the cable at the PP.
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F, =0= Nycos(ay) + Nypcos(8y) — Fay (3.18)
F, = 0= Nysin(ay) + Nypsin(fy) (3.19)
where
ay = —92/4+7T/2 (320)
By = —03/4 (3.21)

In Equations 3.7, 3.8, 3.11 to 3.13, 3.18, and 3.19, « and [ define the direction of
corresponding normal force and friction force respectively. By solving Equations 3.7,
3.8, 3.11 to 3.13, 3.18, and 3.19, consecutively, the tension of the cable including the
effects of friction can be solved. For the experiment that will be discussed in Chapter
5, an additional frictional effect is considered using the capstan equation assuming

the total contact angle around the pulley is 90 degrees.
e Capstan Equation Method

Initially, in the previous section, it was assumed that the cable only contacts at certain
points rather than surfaces. However, for the real system, the cable wraps around the
surfaces of the sharp edges. Thus for the real system, the friction must be applied
over those contacting surfaces, rather than at a contacting point of those edges [15].
As the finger bends, the cable wraps around the surfaces more, which increases the
frictional force on the cable. To apply the effects of friction around the contacting
surfaces, the capstan equation, also known as the belt friction equation, was used to
recompute the tension of the cable. For this analysis, it was assumed there are some

curvatures on the sharp edges as if there is a tiny pulley on each edge. The capstan
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equation, Equation 3.6 can be modified as shown in Equation 3.22. Equation 3.22

multiples the frictional effects by using the capstan equation.

5

E,=F, ") (3.22)

j=1

where [, is the input force and F,q is the initial tension of the cable which is not
affected by the friction. As the cable passes through the locations shown in Figure
3.10, the tension of the cable grows due to the effects of the friction to result in the
input force, F,. As can be seen from the capstan equation, Equation 3.6, the radius
of the capstan does not affect the frictional resistance as long as the coefficient of
friction and the contact area are the same. As described by [33], as the radius of
the capstan increases, the local friction forces and the local normal forces become
smaller and apply over the larger contacting surface. Vice versa, as the radius of
the capstan decreases, the local friction forces and the local normal forces get larger
and apply over the smaller contacting surface. Consequently, both cases produce the

equal amount of total frictional force.
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Friction Effects
Present

Fig. 3.10. Location of the capstan effect.

The total contacting angle on each edge of the cable route is assumed as 6;/2 since
the direction of the cable needs to change twice when the corresponding joint changes
its angle as shown in Figure 3.6 and the contacting angle inside the distal phalanx
needs to be determined based on the shape of the cable path. Additionally, for the
preshaping experiment that will be described in Chapter 4, the cable goes around a
pulley and the contacting angle around the pulley was 90 degrees. The friction effects

had been taken into account accordingly.

3.1.5 Preshaping - Rack Actuated Distance Control

To simulate the trajectory of the finger on the actual system, the control variable
needs to be the angle of the actuator, which essentially controls how far the cable has
been pulled back. Similar to the previous method, initially, the tension of the cable
is consistent throughout each link and the effects of friction are neglected. For this

method, the input force is initially unknown, but the angle of the rotary ratchet is
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defined and known. Two moment equations, Equations 3.4 and 3.5, are combined as

shown in Equation 3.23. Refer to Appendix A for the further details.

0

53 - 03int)

, , (3.23)
—(as sin(;3 +m) — b3 cos(E3 + 7)) ko(b0s — O2int) = 0

6 6
(ag sin(;2 +7) — by COS(EZ + 7)) ks(

Similarly, to solve Equations 3.23 and 3.3, the cable kinematic equation shown in the
earlier section, the Newton-Ralphson method has been applied. Further details can
be found in the Appendix A. Equation 3.24 computes the tension of the cable without

the friction effects.

k2(62 - 92int>

F,——
¢ assin(fy/2 + ) — by cos(02/2 + 7)

(3.24)

Using the angles of each joint, the tension of the cable is recalculated including the

effects of static friction using the capstan equation as shown in Equation 3.25.

5
o(h®;5) (3.25)
=1

k2 (92 - 92int>

Fo—_
¢ ag sin(fy/2 + ) — by cos(by/2 + ) ;

As described previously, ¢; is the total contacting angle and j is the location of capstan
effect as shown in Figure 3.10. The first contacting angle needs to be determined from
the path of cable route of distal phalanx and for the rest of the contacting angles,
they depend on the joint angles. For this specific finger, ¢;, and ¢;, depend on the
distal joint angle, 65/2 and ¢;, and ¢;, depend on the intermediate joint angle, 6,/2.
Similar to the input force controlled case, the point contact method can be applied

for this analysis to calculate the input force including the frictional effects.
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3.1.6 Mechanical Fuse Effect

Calculate the joint
angles based on the
actuated distance
(without fuse)

L

Calculate the tension of
the cable (with friction)

!

Calculate the extended
distance of the fuse
based on the tension of
the cable

!

Subtract the extended
distance of the fuse
from the actuated
distance

§

Recompute the joint
angles using the new
distance

Fig. 3.11. Joint angle computation process including a mechanical fuse.

Initially, every time the rack is moved by the rotary ratchet, the amount of distance
moved by the rack is compensated by reducing the length of the cable that goes
through the finger by bending the joints. However, if the joints reach their joint
limits or if they contact an object, the joints cannot be rotated further unless applying

enough force to break the system or deform the object. Thus, for the actual system,
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a spring is attached between the finger and the rack to act as a fuse. A fuse allows
the finger joints to bend after their joint limits or contacting an object by taking up
the additional input force from the rack and extending accordingly. In addition, by
extending this spring while actuating, it allows the finger joints to bend less. Without
the fuse, the finger almost reaches its joint limits or touches the object even before
the rotary ratchet is fully actuated because the direction of the cable is changed as
the wrist flexes to actuate. However, the new direction of the cable, pointing toward
the top surface of the gauntlet, requires a longer length of cable between the finger
and the rack. Figure 3.11 shows the flowchart of how the joint angles of the finger
are computed including the mechanical fuse. Using the tension of the cable with the
friction effects, the extended length of the spring can be calculated using Equation
3.26.

F, =Fkyxdy (3.26)

The distance moved by the rack can be computed using Equation 3.27.

C = rof, — d; (3.27)

By substituting the distance traveled by the rack in Equation 3.3 with Equation 3.27,

the equation can be modified as Equation 3.28.

3
C = raﬁa — df = (Lz — 2([;1/2) COS(@Z'/2> -+ 2[)@ SIH<91/2>> (328)

i=2
Finally, using Equations 3.23 and 3.28, the joint angles of the finger with a mechanical

fuse can be computed.



ol

3.2 Preshaping Analysis Results and Discussion

When this analysis was performed, it was assumed that the proximal joint is not
moving; therefore, the preshaping results of the proximal joint angle were omitted.
The size of intermediate phalanx joint used to calculate the joint angle was 7mm x
13mm x 5.5mm (L x B x h). The size of distal phalanx joint used to calculate the
joint angle was 8mm x 13mm x 5.5mm (L x B x h). The young’s modulus of the
polyurethane was 276 MPa. Correspondingly, each size results in a stiffness of 0.0621
Nm/rad (intermediate joint) and 0.0710 Nm/rad (distal joint) using Equations 3.1
and 3.2.

3.2.1 Force Control Results

As described in the previous section, the input force, F,,, is the control variable for
this analysis. By changing the magnitude of the input force by a constant amount,
0y and 63 were calculated. Figure 3.12 shows how 6, and #3 change with respect to
F, when the effects of friction are ignored. As shown in Figure 3.12, 65 changes at a
faster rate than 3, which is expected because the stiffness of the distal joint is slightly
greater than that of the intermediate joint.

Using the computed joint angles, the tension of the cable with the effects of static
friction was computed by including the capstan effects. Figure 3.13 shows the changes
in joint angles with respect to F, including the friction effects using the capstan
equation method. As shown from Figures 3.12 and 3.13, the effect of the friction is
significant. When the effect of the friction is considered, to actuate the same amount
of angle, the input force almost quadrupled. Additionally, when the friction effects
are included, Figure 3.13 indicates that it is harder to bend the joints because the
cable wraps around more surfaces of the edges which makes it harder to pull the cable.

According to the capstan equation, the input force needs to exponentially increase.
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Fig. 3.12. The change in the joint angle of the phalanges without friction.
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Fig. 3.13. The change in the joint angle of the phalanges with friction.
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To compare the effectiveness of point contact method and the capstan equation,
the joint angle plots are shown in Figure 3.14. As shown from Figure 3.14, there is
not significant difference between two methods. From the results, it can be inferred
that either method can be used to determine the tension of the cable and the friction
on a sharp edge acts as if the cable is experiencing the friction effect on a contacting

point because the contacting surface is small.

Point Contact & Capstan Equation Method Comparison

100 T T
90 | = - 4
~
~
80 = .- 4
= —
= =
70 7 Z — — -
7 =~
> 7
g 60r -~ _
=) 7
- 7
<>  50F b
k]
&
~ 40 b

S

30 ) 4

— — Point contact - 02
20 Capstan - 0, 4
— — Point contact - 03
10 Capstan - 0, )
O 1 1 1 1 1
0 5 10 15 20 25 30

Actuation Force(N)

Fig. 3.14. Comparison of the point contact method and the capstan equation method.

If the intermediate link reaches its joint limit, 90 degrees, or if it touches an object,
then the intermediate link stops moving and locks at that position. Consequently,
only the distal link is able to move. Once 6, reaches its limit, the rate of change in
05, dfs/db,, changes to a much faster rate because the joints are no longer coupled

and the distance traveled by the rack, C, directly changes 63 only.

C =140, = Ly — 2(L3/2) cos(03/2) + 2b3 sin(03/2) (3.29)
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Fig. 3.15. The trajectory of the tip of finger.

Using the forward kinematics and the calculated joint angles, the trajectory of the
finger tip was calculated. As mentioned before, it was assumed that the angle of the
proximal joint is fixed at 8 degrees. The forward kinematic equations, Equations 3.30

and 3.31,
Tposition = 11 cos(01) + R cos(0y + 02) + Rz cos(0y + 02 + 03) (3.30)

yposition = R1 sin(@l) + R2 sin(€1 + 92) + R3 sin(91 + 92 + (93) (331)

The trajectory of the tip of finger defines the outer boundary of the position workspace.
Additionally, the result of this calculation was necessary information to design the
size and location of the stationary finger. Figure 3.15 shows the trajectory of the

distal phalanx using forward kinematics.
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%0 The Changes in Joint Angles
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Fig. 3.16. The change in joint angles as actuator angle changes. The blue line
represents f. The red line represents 63.

3.2.2 Rack Actuated Distance Control Results

To estimate the actual trajectory of the finger, the distance traveled by the rack
was controlled by varying the angle of the actuator. Figure 3.16 shows the changes in
joint angles as the actuator angle changes. Because the joint angles depend only on the
distance traveled by the rack, the static friction does not affect the results of the joint
angles. The static friction makes the rack harder to pull, but it does not necessarily
influence the movement of the joint angles. When the effects of static friction are
present, the rotary ratchet needs to be able to withstand a greater amount of applied
force. In addition, including the static friction, the pawl needs to exert a greater
amount of force to actuate the rotary ratchet. Hence, the user needs to generate a
higher torque from their wrist to actuate. Figure 3.17 compares the magnitude of

input force without friction and with friction. It can be inferred that the tension of
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Fig. 3.17. Required force to actuate based on the actuation angle. The blue line
represents the tension of the cable without friction. The red line represents the
tension of the cable with friction.

the cable is mostly dominated by the force to overcome the friction force and this
force increases as the finger curves more due to the capstan effect. When designing a
hand, the tension of the cable needs to be examined because depending on the level
of amputation and the age of the users, the range of torque generated from the wrist
varies. Based on the level of amputation, the users will activate a different set of

muscles to bend their wrist. This would be a potential area for future research.

3.2.3 Mechanical Fuse Results

For the actual system, a spring is attached between the finger and rack. When
the rotary ratchet is actuated to curl the finger, the spring starts to extend as tension
builds up on the cable. As seen from the previous section, the joint angles of the

finger depend on the distance traveled by the rack. When a spring is not present,
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The Changes in Joint Angles (w/ Spring)
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Fig. 3.18. The change in the joint angles as the actuation angle changes with spring.

such distance is reflected only on the joint angles. Therefore, once the joints are
locked, the rack cannot be further moved. However, when a spring is included as a
part of the system, not all the distance is reflected on the joint angles, rather a part
of the distance moved is taken up by the deflection of the spring because the force is
applied onto the spring to extend. As the input force increases, the spring extends
more to generate an equivalent tension. As shown Figure 3.18, the joint angles are
significantly reduced to compensate the deflection of the spring compared to Figure
3.16 which does not include the effect of a spring. Based on the stiffness of the spring,
the trajectory of a finger can be further controlled. When the stiffness of the spring
is low, the finger changes less because the spring needs to deflect more to produce an

equal amount of tension.
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3.3 Force Analysis

In this section, the contact force between an object and a finger is analyzed. It
is important to calculate an approximate magnitude of contact force to predetermine
the range of weight of an object that the hand can lift up. The tightness of the
gripping force is mainly controlled by the tension of the cable, which depends on the
angle of the rotary ratchet. As the tension of cable increases, the contacting force on
an object increases proportionally. Additionally, the contacting location of the links
and the object and the joint position of the links affect the magnitude of the contact

force.

Fig. 3.19. Diagram of the finger with contacting distance labels.

3.3.1 Analysis

For this specific analysis, the effects of contact locations and joint angle positions
had been analyzed. Using the moment equations shown in Equations 3.32 and 3.33

based on FBDs shown in Figure 3.20, the contact forces were calculated. Given an



59

arbitrary tension of the cable, initially, the joint angles were varied and the contact
locations were fixed at 21.88 mm (6.02 mm relatively) and at 23.28 mm (7.91 mm
relatively) for the IP and DP respectively. Figure 3.19 indicates the relative finger
contacting distances. In Figure 3.20(b), the numbers on the DP indicate the contact
regions; the slopes of those regions all differ. Therefore, the coordinate needs to be
transformed accordingly. Assuming the PP stays at the initial angle and the contact
forces are acting perpendicularly, the moment equations of the intermediate and distal
phalange were derived.

A stable region needs to have positive contact forces for both phalanges and re-
quires tension on the cable. When the magnitude of the arbitrary tension is less than
that of the tension required to hold the joints at a specific position, then it is defined
as cable slacking. After the effects of joint angles were determined, the joint angles
were fixed at a certain configuration and the contact locations were varied to further

increase the size of the stable region.

(agis + b3j3) X (Fuzsiz + Fa3y]¢3) + (resais + rc3yj3) X (Flayiz + chyjf?))

+k3(03 — O3it) = 0

(3.32)

(agiz + baja) X (Fuauia + Fa2yj2) + (regaia + rc2yjA2> X (Frgyin + Fc2yj2) (3.33)

(RQi; + rc3x7;AS + TcSyjAB) X (chx{:a + Fc3y.7?3) + ka(0 — i) =0

Refer to Appendix D for the detailed calculation



Fig. 3.20. FBD of the phalanges with contact forces (a)IP and DP (b)DP.
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3.3.2 Results

The range of both joint angles are 0 to 85 degrees. The range of contacting
distance of IP pad is 12.04 mm and that of DP pad is 39.82 mm. However, for the
DP, there are three contact regions as shown in Figure 3.20(b). The slope between
contact region 1 and 2 is 42.34 degrees and the slope between contact region 2 and 3
is 47.66 degrees.

Stabilit
90 Y

80

70

0 10 20 30 40 50 60 70 80 90
6, (deg)

Fig. 3.21. Stability where DP contact location is 7.91 mm away relatively and IP
contact location is 6.02 mm away relatively. The yellow regions represent a stable
region and the dark blue region represents an unstable region.

Given the arbitrary tensions of the cable, 5 N and 10 N, in Figure 3.21, the
yellow regions represent the contact force at the DP when the contact force at the
IP are both positive and the input cable is not slacking. As the joints curl more,
the required tension to be at those positions increase. When the cable slacks, the
finger cannot further preshape since the input tension is not enough to move to the

subsequent position. In other words, the yellow regions are the stable regions where
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both phalanges have successfully wrapped around and contacted an object. As shown
in Figure 3.21, when the tension of the cable is reduced from 10 N to 5 N, the stable
region shifts down and becomes smaller. When the tension of the cable is low, the
joint angles need to move further away from the maximum joint angles because the
required tension to maintain such positions increases. The dark blue region in Figure
3.21 represents either one of the contact forces is less than zero or the cable is slacking.
The dark blue region is where the compliant finger is not able to wrap around and
grasp the object or the configuration of the finger is not possible since the tension of
the cable is too low. The stable and unstable regions could change when the input

tension or the contact location varies.
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Fig. 3.22. Effects of the joint angles on the contact force produced by the DP. Contact
location is at 21.88 mm (6.02 mm for the relative distance) for the IP and 23.28 mm
(7.91 mm for the relative distance) for the DP.
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Fig. 3.23. Effects of the joint angles on the contact force produced by the IP. Contact
location is at 21.88 mm (6.02 mm for the relative distance) for the IP and 23.28 mm
(7.91 mm for the relative distance) for the DP.

Figure 3.22 shows the magnitude of the contact force at the DP including the
mask from Figure 3.21. The dark blue region in Figure 3.22 represents where the
grasp is unstable assuming the object is contacting at the center of the contact region
1 of the DP. As shown from the plot, the contact force at the DP increases as the
intermediate joint angle gets smaller. In Figure 3.23, the contact force at the IP is
higher when the contact force at the DP is low. From Figure 3.22 and 3.23, it can be
inferred that the total amount of the contact force that can be generated from two
phalanges is limited by the tension of the cable.

To further increase the area of the stable regions illustrated from Figure 3.21, the
contact locations of two phalanges had been varied. As shown from Figure 3.24 and
3.25, the effects of the contact locations are small, but varying the contact locations

helps to increase the size of the stable region. However, if the original configuration
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is far apart from the stable region such as the configuration shown in Figure 3.22 and
3.23 as a yellow point, then the corresponding configuration would remain unstable;

the effects of the contact location is small to change the magnitude of the contact

I1

forces significantly.
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Fig. 3.24. Effects of the contact locations on the contact force produced by the DP
when the DP is at 48 deg and the IP is at 50 deg.

In Figure 3.22 and 3.23, when the intermediate joint is at 50 degrees and the
distal joint is at 48 degrees, represented as a red point, the configuration is unstable.
However, in Figure 3.24 and 3.25, the configuration becomes stable once the contact
locations of the DP and the IP change where the color of the unstable region is dark
blue. If the configuration is close to the stable region, changing the contact locations

helps to stabilize.
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Fig. 3.25. Effects of the contact locations on the contact force produced by the IP
when DP is at 48 deg and IP is at 50 deg.

Additionally, it was observed that the configuration of the finger cannot be stable
when the object contacts the contact region 2 and 3 of the DP. This is physically
reasonable because if the object contacts the contact region 2 and 3, then it is most
likely that the object is grasped using the pinch grasp. Since there are changes in the
slope of the DP finger pad, it is unlikely to contact both the IP finger pad and the
contact region 2 and 3 of the DP finger pad unless the shape of the object enforces
that. On the other hand, if the slopes on the DP pad do not exist, the stable region
can be further increased. Hence, as the area of the flat surface of the pad increases,
the stable region further increases as well.

For this analysis, it was assumed that the object is point contacting the pha-
langes, the thickness of the finger was neglected, and the compliance of the pad was
ignored. However, for the actual system, the contact forces are distributed around

the contact locations and the compliance on the finger pad is present. The more pad
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is compressed, the higher contact force is exerted onto the object. The effects of the
compliance of the pad should be further investigated to increase the accuracy of this
analysis. Overall, this contact force analysis was performed to have a general idea of
how much contact force the hand can generate and determine the best configuration

to be at given an arbitrary tension of the cable.
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4. EXPERIMENT
4.1 Preshaping Experiment

The tools to measure the joint angles of the finger are limited. In literature, some
potential sensors to measure the joint angles of an underactuated hand are hall-effect
sensors with magnets, strain gauges, piezoelectric rubber, or optoelectric sensors [34].
An alternative to those methods is using motion capture. Because it is simple to set
up, a planar motion capture experiment was conducted using a cellphone camera to
capture the changes in joint angles and processed the images using MATLAB image
processing tool. The key objective of this experiment was determining the change in
joint angles when there is an increase of the tension of cable and verifying the results

of the simulation that control joint angles by varying input force.

4.1.1 Experimental Method

To track each joint of the finger, two 6 mm circular shaped stickers were attached
to each link of the finger. To help to detect the stickers, the color of the stickers
was chosen such that there was a clear contrast in colors between the finger and the
stickers. For this specific experiment, the color of the links was navy and the color
of the stickers was pink. The joints and the pads of the finger were painted black to
obtain a clear contrast in colors.

Once the tracking markers were set up, the camera was positioned in front of
the finger. The camera needed to be directly lined up with the finger. To ensure the
camera had been lined up correctly, a horizontal line was drawn on a white background
board and the top of the image from the camera was lined up with the horizontal

line. To take pictures, a standard cellphone (Samsung Galaxy S7) was utilized and
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the cellphone was set up on a cellphone tripod. Figure 4.1 shows the set up of the

experiment.

Fig. 4.1. Preshaping experiment setup.

The tension of the actuation cable was generated using weights. Each block of the
weights was 100 grams. An additional pulley was used to support the cable and to
maintain the direction of the cable steady. The weights were then changed carefully
to see the effects of the change in the tension of the cable. Lastly, to determine the
joint angles, MATLAB (R2016a) image processing tool was used. The images of the

finger were taken and imported into the program to calculate the joint angles.

4.1.2 Results

Using the program, all six tracking markers on the finger were detected. Each
of the detected stickers was marked with a red circle around it and a blue line was

drawn between the stickers next to each other. as shown in Figure 4.2. Using the
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Fig. 4.2. Processed image.

slopes of those lines, the joint angles were computed. Refer to Appendix E for the
program algorithm and the derivation of joint angle calculation. In Figure 4.3, one
cycle of results is shown. One cycle of results is composed of 42 positions where the
weight is added from 0 g to 2000 g and then weights are removed from 2000 g to 0
g. To accurately obtain data, the experiment was conducted by adding weights more
carefully. Because if the weights are added to the cable too fast, then it may apply
an additional force. Therefore, the weight was added on more slowly and carefully.
By taking measurements of one cycle of results, the presence of elastic hysteresis was
observed. Because PMC 780 urethane is rubber, it was expected to experience elastic
hysteresis.

In Figure 4.4 and Figure 4.5, a black dotted line represents simulation data that
neglected the effects of friction, a blue line represents the simulation data that in-
cluded the friction effects, a red dotted line is the line of average experimental values
where the input mass was increased from 0 g to 2000 g, a green dotted line is the
average experimental values where the input mass was decreased from 2000 g, and

red and green dots are the actual experimental values. On the plot, the input mass is
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Fig. 4.3. One cycle of results. The weight was added from 0 g to 2000 g and subtracted
from 2000 g to 0 g.

converted to weight. Lastly, the yellow area is the area of hysteresis loop. As shown
from the plots, 6y and 63 increase as expected from the simulation and more force
needs to be loaded to bend a finger than to unbend it. Such effect can be observed
from a viscoelastic material. As expected, polyurethane is a viscoelastic material. A
viscoelastic material does not conserve entire energy; rather, it dissipates energy in
tension and compression. The area of the hysteresis loop is the amount of energy
that cannot be restored. From Figures 4.4 and 4.5, it can be noted that a hysteresis

loop is clearly present for each joint.
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4.1.3 Discussion

As shown in Figures 4.4 and 4.5, the joint angles do not correspond even though
the input force is the same for the loading and unloading cases. Even at the rest

configuration, the joints are not exactly at the original position. To return to the
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original configuration of the finger, there is a delay period to return to the initial
position. However, such delay does not affect the operating process of this prosthetic
hand system since the actuator only rotates in one direction and this system does
not require precise motion. However, if the actuator is bi-directional and the system
needs to operate in a precise manner, such delay in the system and hysteresis are
important factors to consider. Figures 4.3 and 4.6 illustrate a clear hysteresis between

loading and unloading case. Additionally, in Figures 4.4 and 4.5, they show that the

Weight Added

Weight
Subtracted

Fig. 4.6. Hlustration of the hysteresis when the total input force is 16.7 N.

joint angles from the simulation require less force to move in comparison to the
experimental joint angles. As the results clearly illustrate, the effects of friction
are not negligible. In fact, as expected from the simulation, the friction force is a
huge portion of the input force. Between the experimental and simulation results,
additional discrepancies may have been resulted from unaccounted friction from the
path of the cable route and other factors such as discrepancies in values between the

actual system and the simulated system.
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4.2 Grasping Experiment

To verify how well the hand can grasp, the maximum load the hand can handle
was tested by adding weights onto a cup. Additionally, to demonstrate that the hand
can grasp objects with different shape, size, and weight, different kinds of objects

that can be found from daily life were attempted to be grasped.

4.2.1 Verification of the Maximum Load

To determine the maximum load that the hand can lift up, the weights, shown
in figure 4.1, were added onto a cup. The weights were added until the hand was
not able to hold the cup. Figure 4.7 shows the results of the experiment. From the
experiment, it was observed that the cup slowly started to slide down after 400 grams
of weights were added to the cup. But the cup was not sliding significantly to notice.
However after adding 500 grams of weights, the cup started to slide noticeably. The
cup started to slide because the contact force generated by the hand onto the cup
was not enough to hold 500 grams of weights. As it can be seen from Figure 4.7, after
loading 600 grams of weights, the finger joints twisted, causing the cup to contact the

edges of the finger pads.

4.2.2 Grasping Demonstration

To demonstrate the hand can grasp objects from daily life, several objects with
different sizes, weights, and shapes were attempted to be grasped. Figure 4.10 shows
objects that were attempted to be grasped. Refer to Appendix F for more pictures.
From the experiment, objects that are round, within the workspace of the finger, and
light, such as the air refresher spray bottle, umbrella, and pencil case can be grasped
easily by allowing the finger to wrap around the object. On the other hand, it was
possible but difficult to pick up an object such as a pen and a knife that is long but

thin relative to the length from the ground. Because the hand has only one finger,
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Fig. 4.7. Maximum load verification experiment. (a) Og. (b) 100g. (c) 200g. (d)
300g. (e) 400g. (f) 500g. (g) 500g top view. (h) 600g.
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unless those objects were grasped at their center of mass, they tend to rotate and slip
out from the hand. In addition, the objects such screws, nuts, and coins were difficult
to be grasped because they were too close to the ground; the fingers were not able to

contact the object.

Fig. 4.8. Pinch grasp contact location.

Generally, using pinch grasp, the object needs to be held with a constant magni-
tude of force once the hand successfully grasps the object. If the user applies more
force than it is required to hold, then the object may slip out depending on the initial
contact location. Referring to Figure 4.9, the region 1 had a high chance of the object
slipping out from the hand if an additional force was applied because the compliant
finger tried to slide along the surface the object rather than pushing the object in
toward the gauntlet. For example, when the hand tries to grasp a locknut as shown
from Figure 4.9(a), most of the time, the finger touches the locknut with the contact
region 1. If the compliant finger contacts the object with the region 1, then the com-
pliant finger tends to slide along the surface of the locknut because the contact forces

from the compliant finger and supporting finger onto the locknut point toward the
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Fig. 4.9. Grasping a locknut using the tip of the finger.(a) Finger contacting at
contact region 1.(b) Finger contacting at contact region 2.

ground and the compliant finger bends more as more input force is applied. However,
if the finger contacts with the contact region 2, then there is a high chance of locking
the object between the compliant finger and the supporting finger. For example, as
it can be seen from Figure 4.9(b), the contact forces on the locknut point toward the
supporting finger and the compliant finger. This helps to securely grasp the object.
However, if an excessive force is applied onto the locknut, then the locknut would slip
out from the hand.

To properly use the pinch grasp, the trajectory of the tip of the compliant finger
needs to pass right above the tip of the supporting finger. If the level of the supporting
finger is changed, then the compliant finger may not pass right above the tip of the
supporting finger and the gap between two fingers may be too large to pinch grasp

an object.
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Fig. 4.10. Grasping Experiment. (a) Air refresher spray. (b) Scissors. (c) Pencil case.
(d) Computer mouse. (e¢) Umbrella. (f) Lighter. (g) Knife. (h) Water bottle.
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5. CONCLUSIONS

This thesis has presented a new design of a body-powered prosthetic hand. Based
on the existing 3-D printed prosthetic hand from Enabling the Future, the actuation
strategy of the hand had been redesigned. Using a novel ratcheting mechanism with a
partial gear, the cable that changes the position of the compliant finger is controlled.
By rotating the actuator, the rack attached to the actuator is moved to pull the
cable that controls the joint angles of the finger. Using this mechanism with the
cantilever bar structures attached to the forearm, the user does not need to maintain
an awkward hand position to grasp an object since the mechanism holds the finger
at a specific position based on the rotation of the ratchet. Unlike the previously
developed 3-D printed prosthetic hands, with this mechanism the user can avoid
awkward hand positions to hold objects and prevent from accidentally opening the
finger by extending their wrist. Additionally, the work showed that the compliant
finger effectively ejects the external disturbances that could damage the system.
Additionally, in this work, the preshaping motion of the underactuated hand and
the contact force analysis had been conducted. In the literature, the effects of friction
have often been ignored. However, friction is one of the most critical variable for
the cable driven underactuated hands as proven from this work. Considering the
effects of the friction, the force required to hold the finger in place was analyzed by
controlling the tension of the cable. The behavior of the finger from that analysis
was compared with the preshaping experiment. In addition, by varying the angle of
the actuator, the change in the position of the finger and the tension of the cable to
hold that position on the actual system were estimated. It was found that the effects
of friction add up as the finger curves more and hysteresis of the flexure joints was
clearly observed from the experiment. To estimate the magnitude of contact force

the hand can generate, the contact force analysis was performed. This allows one
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to estimate how much load this hand can handle and learn about the effects of the
contact locations and joint angles on the contact force overall. Lastly, by grasping
various types of objects, it was shown that the maximum load the hand can hold is
around 500 grams and it has a higher chance of grasping objects that are cylindrical

and circular.
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6. RECOMMENDATIONS

For this project, there are additional design improvements that can be made. To start
with, the effects of friction increase the required force to bend the joints. To reduce
the friction effects, a linkage based finger with springs can be designed to substitute
the compliant finger. By preventing the tendon cable from touching the surface of
the phalanges, the effects of friction can be reduced. Even though a linkage based
finger has friction between links, the effects of friction would be less than that of the

cable driven finger.

it
finger

55

Fig. 6.1. The recommended design allows the support finger to move when force is
applied.

From the prototype of the hand, it was noted that the range of size of an object
that can be grasped is limited based on where the rigidly supporting finger is placed.
Depending on which level it is placed at, the hand can grasp something relatively big
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or small. However, the current design requires the user to pull out the supporting
finger manually and put it on a different level. This can be very cumbersome for
the users. In addition, the user will fatigue their wrist if they constantly bend their
wrist to actuate the hand. An alternative design would be an environment interactive
supporting finger. Instead of this finger being rigidly attached to the hand until the
user pulls it out and pushes back it into a different level, they will use their surrounding
environment or their other hand to control the position of the supporting finger. The
location of this finger will be simply changed by pushing it against something like
a table or pushing it using the other hand to make sure it is contacting the object.
Figure 6.1 illustrates how the support finger moves.

Lastly, a program that computes the parameters of a prosthetic hand based on the
size of the user’s hand and the level of amputation would help to deliver a customized
prosthetic hand to the users in a shorter period of time. Furthermore, this program
would compute the best locations to grasp given the size and the shape of an object
using the contact force analysis. By computing the best locations to grasp based on
the given objects, this would reduce the job of the users. Without the program, the

users need to find out the best locations to grasp by trial and error.
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A. JOINT ANGLE CALCULATION DERIVATION

To solve multiple equations simultaneously, Newton Ralphson method is used. New-
ton Ralphson is a numerical method that looks for the roots of a real valued function
by continuously approximating the roots of the function based on the previous ap-

proximation the value of the roots is within the desired tolerance.

A.1 Force Controlled

This method calculates the joint angles by changing the magnitude of input force.
Initially, it is assumed that friction is not present along the path of cable. Therefore,

the input force is changed without considering the effects of friction.
3
fi:C=rb,=  (L;—2(L;/2)cos(0;/2) + 2b; sin(6;/2)) (A1)

1=2

Figure A.1 shows the free body diagram of the intermediate phalanx. By summing
a moment about the center of rotation, Equation A.2 can be derived. a, and by are

the moment arm between the input force and the center of the joint.
o ~ 02 0 . 02 ~
f2 . (CLQZQ + ijQ) X (Fa(COS(E + W))ZQ + Fa<Slﬂ(§ + 77))]2) + k2(92 — 922'”15) =0 (AZ)
Equation A.2 can be expanded as shown below.

0 0
agFa(sin(g2 +7) — bQFCL(cos(52 + 7) + k(02 — i) = 0 (A.3)
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Fig. A.1. FBD of distal and intermediate phalanx during preshaping.

Figure A.2 shows the free body diagram of the distal phalanx. Similarly, by
summing moment about the center of rotation, equation can be derived where a3 and

bs are the moment arm between the input force and the center of the joint.
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Fig. A.2. FBD of distal phalanx during preshaping.

o ~ 6 o . 6 ~
f3 : (agiz + bsj3) X (Fa(cos(é’ + )iz + Fa(sm(é’ +7))J3) + k3(03 — O3it) = 0 (A4)
Equation A.4 is expanded as Equation A.5
. 83 93
agFa(sm(—E + 7T) — bgFa(COS<5 + 7T) + k3<93 — (931'”75) =0 (A5)

To solve Equation A.1, A.3, and A.5 simultaneously, Newton Ralphson method has
to be used. To obtain roots of 0, 03, and #,, partial derivatives of Equations A.1,

A.3, and A.5 with respect to 0, #5, and 6, need to be taken.

% = Ly/2sin(02/2) + by cos(02/2) (A.6)
2
of .
0. = L3/2sin(03/2) + bz cos(65/2) (A7)
3
ofi
96, = o (A.8)
9% =ayF, COS(@ +7)/2 4 b F, sin(@ +7m)/24+ky=0 (A.9)
00, 2 2
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ofs

— Al
2. =" (A.10)
ofs
.~ 0 (A.11)
dfs
—2 = A12
90, =" (A12)
—afS = asF, cos(@ +7)/2 + b3F, Sin(@ +7)/2+ ks =0 (A.13)
003 2 2
Afs
= A.14
96, =" (A.14)

Until Afy, Af3, Af, converges to zero, 0y, 03,and 6, need to be updated and
solved iteratively using Equation A.16.

Af ge g%, g% Ab,
_ |0 O Of Al
Af 00, 003 00 Al (A.15)
ARl |25 Ofs 0| | A,
100y, 065 00, ]
on 0 oA
02new 02past g& g?g, g?a fl
93new = 6)3past - 8_92 a_ej 862 fQ (A 16)
eanew eapast E % afg f3
| 00y 065 06, ]

A.2 Rack Distance Controlled

To simulate how the joint angles change on the actual system, the angle of actuator
needs to be varied. Therefore, for this method, 6, is varied.
3

fi:C=rb,=  L;—2(L;/2)cos(0;/2) + 2b; sin(0;/2) (A.17)

1=2
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For this method, Equation A.3 and A.5 are combined as one equation.

(ag(sin(% +7) — bg(cos(% + 7)) k3(05 — O3int)
0, 0, (A.18)
—<CL3(S1H(5 + 7T) — bg(COS(g + 7T))]€2(02 — Qgimg) =0

To solve Equation A.17 and A.18 simultaneously, Newton Ralphson method is
used again. For this method, roots of 5, 03 need to be obtained. To start, partial

derivatives of Equation A.17 and A.18 with respect to 5, f5 need to be taken.

% = Lo/2sin(63/2) + by /2 cos(02/2) (A.19)
2
ofi .
g = La/2sin(03/2) + bs/2cos(0s/2) (A.20)
3
o 0 b 0
a—gz = (%(005(52 + 7)) + f(sin(g + 7)) k3 (03 — Osint) —
) . (A.21)
(a3 sin(§3 +7) —bs 003(53 +7))ky =0
0 0 b 7
a_gi = —(%(008(53 +m)) + 53(5111(53 + 7)) k202 — Osie)+

9 9 (A.22)
(as Sin(;2 +7) — by cos.(E2 +7))ks =0

Until Af, and Af3 converges to zero, 6, and 03 need to be updated and solved
iteratively using Equation A.24.

o of:
A e 2 af? '
f2 —= == |Af;
00y 003
9 9 on 0i)
2new 2past 1
= - |9 (A.24)
03new €3past W W f2
2 3
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B. POINT CONTACT METHOD DERIVATION

To consider the frictional effects between the cable and the cable route, the friction
were applied at the contacting points of the phalanges which are the start and the end
of the cable route at each phalanx. It was assumed that the cable is only contacting
the start and the end of the route except for the curvature of the cable route inside
of the distal phalanx. The friction was applied around the surface of the curvature

using the capstan equation described in Appendix C.
Tal = Ta0€“¢ (Bl)

Using the equation B.1, the frictional effects from the surface of the curvature are
taken into account. For the friction effects around the sharp edges, the point contact
friction method was applied. Figure B.1 shows the locations where the static friction
is applied and Figure B.2 illustrates the free body diagram of the cable at different

locations of the cable route. The direction of the normal force was assumed to be the

Fig. B.1. Location of the friction effects.
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=+,
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(d)

Fig. B.2. FBD of the cable at different location of the cable route (a) FBD of the
cable at the curvature of the route (b) FBD of the cable at the end of the route inside
of the DP (c) FBD of the cable at the IP (d) FBD of the cable at the PP.
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half of the angle of the applied force at the each joint. Using the free body diagrams
of each section of the cable, the force and moment equations can be determined. To
start, using the known cable tension from Equation B.1, the tension of the cable
including the frictional effect at the end of the cable route at the distal phalanx can

be calculated.

F, =0= Njcos(ay) + Nypcos(fy) + Fuacos(03/2 +7) + Fon (B.2)
F, =0= N;sin(ay) + Nipsin(fy) + Faasin(fs/2 + ) (B.3)
where
a1:03/2+71' (B4)
2
Br=103/4 (B.5)

Equation B.2 and B.3 can be put into as a matrix format as shown in Equation B.6

to solve the tension of the cable.

cos(ay) + peos(Br) cos(Os/2+m)| | Ni|  |—Fu (B.6)
sin(aq) + psin(By)  sin(03/2+ )| | Fa2 0 .
Similarly, F,3 can be determined using the moment and force equations.
F, =0 =N;ycos(ay) + Napcos(fB2) + N3 cos(az) + Nz cos(fs) B7)
+ Fa3c08(02/2 + ) + Fao cos(65/2)
F, =0 =Nysin(as) + Nopsin(52) + Nz sin(ag) + Nspsin(fs) B35)
.8

+ Fussin(by/2 4+ m) + Fuosin(fs/2)
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M = 0= — Ryi x ((Nscos(az) + p1cos(Bs) + Faz cos(0z/2 + 7))
+ (N sin(ag) + psin(Bs) + Fassin(6s/2 + 7))j) (B.9)
= — Ry(N3sin(az) + psin(fs) + Fuzsin(fy/2 + 7))

where

ay = —03 /4 + 7/2 (B.10)
P2 = —03/4 (B.11)
az = 0p/4 +7/2 (B.12)
Bs =0/4 (B.13)

Equation 3.11,3.12,3.13 can be put into as a matrix format as show in Equation B.14.

cos(az) + pcos(fa) cos(az) + pcos(fs) cos(by/2 + m) Ny
sin(aw) + psin(fs) sin(ag) + psin(fs) sin(fy/2 + ) N3 | =
0 RQ Sin(()ég) — RQ,M Sin(ﬁg) —R2 Sin(02/2 + 7T) Fa3
—Fuo cos(05/2)
—1Lq2 s111(93/2)
0
(B.14)
Finally, by summing the forces in x and y direction, Fj4 can be found.
F, =0 = Nycos(ay) + Nypcos(fy) — Fay (B.15)
F, = 0= Nysin(ay) + Nypsin(fy) (B.16)
cos(ay) + pcos -1 | N —F,3cos(0y/2
(ca) + pcos(By) 4 _ 3 cos(0a/2) (B.17)
SiIl(Oé4) -+ 1% Siﬂ(ﬂ4) 0 Fa4 — 13 Sln(92/2>
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where

ay = —05/4+m/2 (B.18)
fy = —05/4 (B.19)

In Equation B.6, B.14, B.6, a and (3 define the direction of corresponding normal force
and friction force respectively. By solving Equation B.6, B.14, B.6 consecutively, the

tension of the cable including the effects of friction can be solved.



98

C. CAPSTAN EQUATION DERIVATION

To consider the friction around the edges of the cable route, the capstan equation is
used. Using the capstan equation, the frictional force is applied around the contacting

surfaces instead of considering the frictional force at a contacting point.

Y Y Y
Compliant Finger Gauntlet Wrist Forearm

Joint

Fig. C.1. Free body diagram used to derive the capstan equation.

i:0=Tcos(A0/2) — f, — (T + AT) cos(A0/2) (C.1)

j:0=—Tsin(A8/2) + N — (T + AT) sin(A6/2) (C.2)
Using small angle approximation, the equation can be simplified.
i:0=Tcos(A0/2) — fo — (T + AT) cos(A0/2)

~T — f,— (T +AT) (C.3)
:_fs_AT
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j:0=—Tsin(A0/2) + N — (T + AT)sin(Af/2)
~-—TNAO/2+ N — (T +AT)§/2 (C.4)
— TAG+ N — ATAG/2

Equation C.4 can be further simplified by ignoring AT'/Af/2 term because this term
produces a small value in comparison to other terms. Using Equation C.4, the mag-

nitude of the normal force is found.
J:N=TAH (C.5)
The magnitude of static friction is shown in Equation C.6
fs = pusN (C.6)
By combining Equations C.3 and C.6, following equation is found.
AT = —pN (C.7)

Now, the magnitude of normal force, Equation C.5, can be substituted into Equation

C.8.

0= —uTAO — AT

AT (C.8)

ag -~

dTl
TLoad dT ef
e C.10
THold T 0; ( )
T

In(2%) = —pus(07 — 6:) (C.11)

THold
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0 —0; is the magnitude of contact angle which can be represented as ¢. By organizing

Equations C.11 and C.12 can be found.
TLoad = THold * Gusqb (012)

The capstan equation can be applied to derive the required input force to bend a

finger.

5

F,

Anew

= I

Aprev

o(1d;) (C.13)

j=1
For the force controlled method, the input force starts from 0 and constantly
increased. On the other hand for the cable length controlled method, the input
force is derived from the one of the moment equations, Equations A.2 and A.4. By
reorganizing one of those equations, following equation has been derived.

h (6 — Oainy) (C.14)

0 0
as sin(;2 +7) — by 008(53 + )
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D. CONTACT FORCE ANALYSIS DERIVATION

The FBD of distal phalanx and intermediate phalanx is shown in Figure D.1(a) and
D.1(b). Based on the FBDs, the moment equation of each phalanx is derived as
shown in Equation D.2 and D.1.

(CLS/L-A?) + ijAS) X (Fa3x723 + FaSyjAB) + (rc?)xit% + rcSyjAB) X (FC3Q:ZA3 + Fc?)yj?)) (D 1)

+k3(03 — Osint) = 0

(a2{2 + ijAZ) X (Fa21‘{2 + Fa2y.]?2) + (TCQIZ; + TchjA2) X (FCQIZAz + Fc?ij) (D 2)

(Ryia + Tesyis + Tc3yj3) X (Fugis + Fc3yjA3) + ko (02 — O2ip) =0
Figure D.2 indicates contact region 1,2 and 3 for the distal phalanx pad with angle
between pad surfaces, v, and 5. 71 equals to 42.34 degrees and 7, equals to 47.66
degrees for this specific design. For this analysis, it was assumed that the contact
force is perpendicular to the finger pad. Therefore, if the contact force is applied
on region 2 and 3, then the coordinate of the force needs match with the coordinate

frame of the moment arm which is in ¢z; and j; coordinate frame.



102

Fig. D.1. FBD of the phalanges with contact forces (a)IP and DP (b)DP.
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Fig. D.2. DP Finger Pad with Labels.

Fig. D.3. Rotation about Z axis.



104

The rotation matrix is based on Figure D.3.

cosf —sinf| | X
= (D.3)

sinf cos0 Y

S

<o

Equation D.4 shows the contact force in i, and jAl coordinate frame for the contact

force in different coordinate frame.

(

~

Fesyin, if F3, @ contact region 1

Fegy = Fla, cos(%)fl + Fig,sin(yy) 1 if Fi.3, @ contact region 2 (D.4)

Fi3, cos(y1 + 'yg)iAl + Fo3ysin(y1 + 72) g1, if F,3, @ contact region 3
\
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E. PRESHAPING DATA ANALYZING ALGORITHM

To start the program, the image to analyze has to be imported to the program. The
program detects the tracking markers based on the color and the shape. The program
has to extract the RGB color space and the user needs to determine which color space

has the most contrast in color between the links and the tracking markers. Using that

Green Original

Fig. E.1. The extracted color data.

color space data and circle detection function, the location of the markers and the

size of the markers are defined. Then, the data of the center positions is organized
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based on the x and y coordinates of the markers. With the position of the markers,
the slope of a line between two markers can be computed. The angle between two

lines is calculated using the slope of the lines and Equation E.1.

tan(0) = % (E.1)

where m is the slope of a line. The joint angles were calibrated using the initial joint
angles where the hand is perfectly straight. Because the markers are not attached as
a perfectly straight line, the offsets result from the alignment of the markers Figure

E.2(a) shows the original image of the finger that needs to be processed. The RGB

(a) (b)

Fig. E.2. Example of Conversion Process (a)Original image (b)Binary image of the
red color space.

data is extracted and converted to a black and white image to see which color has
the most contrast with the color of the link. As shown in Figure E.2(b), the red color
has the most contrast in color between the finger and the markers. Therefore, the
red color space from the original RGB data is converted to a binary image and used
to detect the tracking stickers. By converting the image to a binary image, there is
a clear color contrast between the markers and the hand that would help detecting
the markers. Once the program successfully detects the markers, it puts a red circle

around the detected marker and draw a blue line to the consecutive marker that is
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detected. By looking at the processed image, it is clear to see whether the program
has successfully detected all the markers or not. Figure E.3 shows a successfully

processed image.

Fig. E.3. Processed image.
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F. GRASPING DEMONSTRATION

F.1 Successful

The objects shown in this section were successfully grasped without any trouble.

\‘\Q

Fig. F.1. Cup.
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(b)

Fig. F.2. Air refresher spray bottle. (a) Side view. (b) Top View

F.2 Partially Successful

The objects shown in this section were successfully grasping most of the times (>

70 %) if the objects are standing on the ground. However, if the objects are laying
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Fig. F.3. Pencil Case.

Fig. F.4. Computer mouse.
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—

Fig. F.5. Umbrella.

Fig. F.6. Lighter.
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Fig. F.7. Knife.

Fig. F.8. Pen.
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Fig. F.9. Scissor.

on the ground, then they were unsuccessful at grasping most of the times (< 15 30

%)
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Fig. F.10. Screw.
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F.3 Unsuccessful

The objects shown in this section were not able to be grasped.

Fig. F.11. Nut.

Fig. F.12. Coin.
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G. MECHANISM DRAWINGS
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H. CODE

H.1 Preshaping - Input Force Control Using Point Contact Method

clear
cle

$%$point contact method
%Rack Position Controlled Method
%Calculates the joint angles during the preshaping ph.

%Link length
link_1 = 26.05/1000;
link_2 = 43.05/1000;
link_3 = 45.2/1000;

%Distance between the center of the joints and the cable route
a2=9.98/1000;
b2=-10.38/1000;

a3=9.48/1000;
b3=-10.38/1000;

alpha = degtorad(90);

oefficient of friction
0.3
us of Pulley (Based on the length of the flex
= 11.46/1000; %check the dimension of the actuatc

mu =

e joints)
pully (not the partial gear

$Flexure Joint
E = 2.756*10"6; %in Pa

values - flexure joints parameters %

E*I/L_i;
k3 = E*I/L_d; %Nm/rad
k_fuse = 1696.979; %N/m

%Define Theta a

theta_a = degtorad(linspace(0,160,161));
num_ta = numel (theta_a);

theta_1 = degtorad(20);

theta_2 degtorad(0) ;

theta_3 degtorad(0) ;

theta_n2 = degtorad(0);

theta n3 = degtorad(0);

i=1;
%initial estimate

%Newton Ralphson Method
while 1 <= 161

del_t2 = 1;
del t3 = 1;
while abs(del_t3) > 0.1 || abs(del_t2) > 0.1
el = -Ra*theta_a(i)+ L_i - 2*(L_1i/2)*cos(theta_2/2) +

2* (abs (b2)) *sin(theta 2/2) +...
L d - 2*(L_d/2)*cos (theta_3/2) + 2*(abs(b3))*sin(theta_3/2);
e2 = (a2*sin(theta_2/2+pi)-b2*cos(theta_2/2+pi))*k3*theta_3 -
(a3*sin(theta_3/2+pi)-b3*cos (theta_3/2+pi))*k2*theta_2;



(L_i/2)*sin(theta_2/2) +abs (b2) *cos (theta_2/2);
(L_d/2) *sin (theta_3/2) +abs (b3) *cos (theta_3/2);
(a2/2*cos (theta_2/2+pi)+b2/2*sin(theta_2/2+pi)) *k3*theta_3 -

(a3*sin(theta_3/2+pi)-b3*cos (theta_3/2+pi))*k2;

- (a3/2*cos (theta_3/2+pi) +b3/2*sin (theta_3/2+pi)) *k2*theta_2

(a2*sin(theta_2/2+pi)-b2*cos (theta_2/2+pi)) *k3;

A = [dfl _da2, dfl da3;
df2_da2, df2_da3];

B = [-el;-e2];

C = inv(RA)*B;

theta_2p = -d_theta_2

C(1);
Cc(2);

theta_2 + del_t2;
theta 3 + del t3;

radtodeg (theta_2);
radtodeg (theta_3);
radtodeg (theta_a(i));
-theta_2;

-theta_3;

theta_3p = -d_theta_3';

dfl_da2
dfl da3
df2_da2
df2_da3
R _
del t2
del_t3
theta_2
theta_3
end
d_theta_2 (i)
d theta 3(i)
d_theta_a (i)
o_theta_2 (i)
o_theta_3 (i)
i=1i+1;
end
i=i-1;
figure (1)

plot(d theta a(l:i),d theta 2(1:i)

hold on

plot(d_theta_a(l:i),d_theta 3(1:1))

hold on

xlabel ('Acutation Angle (deg)');
ylabel('\theta 2 and \theta 3 (deg)');
legend('\theta_2','\theta_3','Location', 'southeast');

legend boxoff

title('The Changes in Joint Angles');

%Tension
for u = 1:i

%$Force

Fa_n(u) = (k2*o_theta_2(u))/(a2*sin(-o_theta_2(u)/2+pi)-b2*cos (-
o_theta_2(u)/2+pi));

Fad (u) = Fa_n(u)*exp (mu* (-o_theta_3(u)/2)) *exp (mu* (degtorad(78.83)));

Fa3(u) = Fa4(u)*exp (mu* (-o_theta_3(u)/2));

Fa2(u) = Fa3(u)*exp(mu*(-o_theta_2(u)/2));

Fal (u) Fa2 (u) *exp (mu* (-o_theta_2(u)/2));

Fa0(u) = Fal(u); %for experiment

$Fal (u) = Fal(u); %actual

%w/ Mechanical Fuse - subtracted distance elongated by spring

d_fuse(u) = Fa0(u)/k_fuse;
cable(u) = (Ra*theta_a(u) - d_fuse(u));
cable(1l) = 0;
del nt2 = 1;
del_nt3 = 1;
while abs(del nt3) > 0.1 || abs(del nt2) > 0.1
el = -cable(u)+ L_i - 2*(L_i/2)*cos(theta_n2/2) +

2* (abs (b2) ) *sin(theta_n2/2) +...
L_d - 2*(L_d/2)*cos(theta_n3/2) + 2*(abs(b3))*sin(theta_n3/2);

131
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e2 = (a2*sin(theta_n2/2+pi)-b2*cos(theta_n2/2+pi))*k3*theta_n3 -
(a3*sin(theta_n3/2+pi)-b3*cos (theta_n3/2+pi))*k2*theta_n2;

dfl_da2 = (L_i/2)*sin(theta_n2/2)+abs (b2) *cos (theta_n2/2);

dfl_da3 = (L_d/2)*sin(theta_n3/2)+abs (b3) *cos (theta_n3/2);

df2_da2 = (a2/2*cos(theta_n2/2+pi)+b2/2*sin(theta_n2/2+pi))*k3*theta n3

(a3*sin(theta_n3/2+pi) -b3*cos (theta_n3/2+pi)) *k2;

df2_da3 = -(a3/2*cos(theta_n3/2+pi)+b3/2*sin(theta_n3/2+pi)) *k2*theta_n2
+
(a2*sin(theta_n2/2+pi)-b2*cos (theta_n2/2+pi)) *k3;
A = [dfl_da2, dfl_da3;
df2 da2, df2 da3];
B = [-el;-e2];
C = inv (RA)*B;
del nt2 = C(1);
del nt3 = C(2);
theta_n2 = theta_n2 + del_nt2;
theta n3 = theta n3 + del nt3;
end
d_theta_n2(u) = radtodeg(theta_n2);
d_theta_n3(u) = radtodeg(theta n3);
cable na(u) = cable(u);
end
Fa_trans = Fa_n';
Fa_0 = Fa0'
Fa2p = Fa2';
figure (2)

plot(d_theta_a(l:u),Fa_trans,d_theta a(l:u),Fa_0);
xlabel('\theta_a (deg)');

ylabel ('F_a (N)')

title('Required Tension Force wrt Actuation Angle')
legend('w/o friction','w/ friction', 'Location', 'southeast');
legend boxoff

figure (10)
plot(d_theta_a(l:u)',d_theta_n2',d_theta_a(l:u)',d_theta n3');
xlabel ('\theta_ a(deg)');

ylabel ('\theta_2 and \theta_3 (deg)');
legend('\theta_2','\theta_3"','Location', 'southeast');

legend boxoff

title('The Changes in Joint Angles (w/ Spring)');
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H.2 Preshaping - Input Force Control Using Capstan Equation Method

clear
clc

stan equation method
ders friction on the cable and uses matrix to solve for the normal
tforces and cable force on the cable at the same time

alculates the joint angles during the pr
:This is based on virtual work and the con

aping phase
traint equation

$Link length

link 1 = 26.05/1000;
link_2 = 43.05/1000;
link 3 = 45.2/1000;

a2=9.98/1000;
b2=-10.38/1000; =

a3=9.48/1000;
b3=-10.38/1000; %%%%%

alpha = degtorad(90);

$coefficient of friction

mu = 0.3;

%$Radius of Pulley (Based on the length of the flexure joints

Ra = 11.46/1000; %check the dimension of the actuator pully (not the partial gear)

tFlexure Joint

hore = 80;

= exp(shore*0.0235-0.6403) * (10"6); %in Pa
2.756*10%6;

%check/change values - flexure joints%%%%%

b = 13/1000;
h = 5.5/1000;
L_i = 8/1000
L_d = 7/1000;
I = b*h"3/12;

k1l = 0.0535; %Nm/rad

k2 = E*I/L i; %Nm/rad

k3 = E*I/L_d; %Nm/rad $fix~~~~~~~mnvnnsnnnns
k_fuse = 1696.979; %N/m

%Define Theta a

Fa = linspace(0,7,161);
theta_a = degtorad(0);
theta_1 degtorad(20);
theta 2 = degtorad(100);
theta_3 = degtorad(100);
theta_n2 = degtorad(0);
theta_n3 = degtorad(0);

i=1;
u=1;
%initial estimate

while i <= 161



del_t2 = 1;
del _t3 = 1;
del _ta = 1;
u=1;
while abs(del t3) > 0.0001 || abs(del_t2) > 0.0001 || abs(del_ta) > 0.0001
el = -Ra*theta a+ L_i - 2%(L_i/2)*cos (theta 2/2) +

2* (abs (b2)) *sin(theta_2/2) +...
L_d - 2*(L_d/2)*cos(theta_3/2) + 2*(abs(b3)) *sin(theta_3/2);
e2 = Fa(i)*(a2*sin(theta_2/2+pi)-b2*cos(theta_2/2+pi)) + k2*theta 2;
e3 = Fa(i)*(a3*sin(theta_3/2+pi)-b3*cos(theta_3/2+pi)) + k3*theta_ 3;

dfl_da
dfl_da2

dfl_da3 =

df2_da
df2_da2

df2_da3 =

df3_da
df3_da2
df3_da3

-Ra;
(L_i/2)*sin(theta_2/2) +abs (b2) *cos (theta_2/2);
(L_d/2)*sin(theta_3/2) +abs (b3) *cos (theta_3/2);

Fa(i)*(-a2/2*sin(theta_2/2+pi)-b2/2*cos (theta_2/2+pi))+k2;
0;

0;
Fa(i)*(-a3/2*sin(theta_3/2+pi)-b3/2*cos (theta_3/2+pi))+k3;

A = [dfl_da,dfl_da2, dfl_da3;
df2_da,df2_da2, df2_da3;
df3 da,df3_da2, df3_da3];

B = [-el;-e2;-e3];

C = inv(A)*B;

del_ta = C(1);

del t2 = C(2);

del t3 = C(3);

theta_a = theta_a + del ta;
theta 2 = theta 2 + del t2;
theta 3 = theta 3 + del t3;
u=u+1;

end

d_theta_2 (i)
d_theta 3(i)
d_theta_a (i)
o_theta_2(1i)
o_theta_3(i)

theta 2p = -d_theta 2
theta 3p = -d_theta 3

s_theta_a (i)
i=1i+1;
end

figure (1)
plot(Fa,d_theta_2)
hold on
plot(Fa,d_theta_3)
hold on

radtodeg (theta 2);
radtodeg (theta_ 3);
radtodeg (theta_a);
theta 2;
theta_3;

theta_a;

xlabel ('Actuation Force (N)');

ylabel ('Theta_2 and Theta 3 (deg)');

legend('\theta_ 2','\theta 3','Location', 'southeast');
title('The Changes in Joint Angles (w/o friction)');

legend ('boxoff') ;

for u = 1:i-1

%Force

Fal(u) = Fa(u)*exp (mu*degtorad(78.83));
alpha_1(u) = (o_theta_3(u)/2+pi)/2;
beta 1(u) = (o _theta 3(u)/2+pi)/2-pi/2;

alpha_2(u) = (o_theta_3(u)/2+pi)/2-(o_theta_3(u)/2);
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beta 2(u) = (o _theta 3(u)/2+pi)/2-(o_theta 3(u)/2)-pi/2;

alpha_3(u) = (o_theta_2(u)/2+pi)/2;

beta_3(u) = (o_theta_2(u)/2+pi)/2-pi/2;

alpha_4(u) = (o_theta 2(u)/2+pi)/2-(o_theta_2(u)/2);

beta_4(u) = (o_theta_2(u)/2+pi)/2-(o_theta_2(u)/2)-pi/2;

A = [cos(alpha_1(u))+mu*cos (beta_1(u)) cos(o_theta_3(u)/2+pi);
sin(alpha_1(u))+mu*sin(beta_1(u)) sin(o_theta 3 (u)/2+pi)];

B = [-Fal(u);0];

C = inv (R)*B;
N_1l(u) =C(1);
Fa2(u) = C(2);
AR = [cos(alpha_2(u))+mu*cos(beta_2(u)) cos(alpha_3(u))+mu*cos (beta_3(u))
cos (o_theta_2(u) /2+pi);
sin(alpha_2(u))+mu*sin(beta_2(u)) sin(alpha_3(u))+mu*sin (beta_3(u))
sin(o_theta_2(u)/2+pi);
0 -link 2*sin(alpha 3 (u))-link 2*mu*sin(beta_3(u)) -
link 2*sin(o_theta 2 (u)/2+pi)];
BB = [-Fa2(u)*cos(-o_theta_3(u)/2);-Fa2(u) *sin(-o_theta_3(u)/2);0];
CC = inv (AR) *BB;
N_2(u) =cc(l);
N 3(u) = CC(2);
Fa3(u) = CC(3);

AAR = [cos(alpha_4(u))+mu*cos (beta_4(u)) -1;
sin(alpha_4 (u))+mu*sin(beta_4(u)) 0];
BBB = [-Fa3(u)*cos(-o_theta_2(u)/2); -Fa3(u)*sin(-o_theta_2(u)/2)];

CCC = inv (AAR) *BBB;
N_4(u) = ccc(l);
Fad(u) = CCC(2);

Fa5(u) = Fa4 (u) *exp (mu*degtorad(90)) ;
end

DP_Fa = Fa2'; % distal phalanx pull
IP_Fa = Fa3'; % intermediate phalanx pull
PP_Fa = Fad'; % proximal phalax pull
EXP_Fa = Fa5'; % For the experiment data
$Fa_0 = Fa0';

%Fa2p = Fa2';

figure (2)

plot (EXP_Fa, -theta_ 2p,EXP_Fa,-theta_ 3p);

xlabel ('Actuation Tension (N)');

ylabel ('Output angles (deg)');

title('The Change in Joint Angles (w/ friction)')
legend('\theta 2','\theta 3', 'Location', 'southeast');
legend ('boxoff");
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H.3 Preshaping - Rack Actuated Distance Control

clear
clc

%% Rack Position Controlled Method
%Calculates the joint angles during the preshaping phase

%Link length

link 1 = 26.05/1000;
link 2 = 43.05/1000;
link 3 = 45.2/1000;

%$Distance between the center of the joints and the cable
route

a2=9.98/1000;

b2=-10.38/1000;

a3=9.48/1000;
b3=-10.38/1000;

alpha = degtorad(90);

$coefficient of friction

mu = 0.3;
%Radius of Pulley (Based on the length of the flexure
joints)

Ra = 11.46/1000; %check the dimension of the actuator pully
(not the partial gear)

$Flexure Joint
E = 2.756*10"6; %in Pa

parameters $%%%%%%%%%%%%%%%%%%
b = 13/1000;
h = 5.5/1000;
L i = 8/1000;
L d= 7/1000;
I = b*h"3/12;

k1l = 0.0535; %Nm/rad

k2 = E*I/L_i; S%Nm/rad
k3 = E*I/L_d; %Nm/rad
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k_fuse = 1696.979; %N/m

$Define Theta a

theta a = degtorad(linspace(0,140,141));
num_ta = numel (theta a);

theta_1 = degtorad(20);

theta 2 = degtorad(0);

theta 3 = degtorad(0);

theta n2 = degtorad(0);

theta n3 = degtorad(0);

i=1;
%initial estimate

%Newton Ralphson Method
while i <= 141

del t2 = 1;
del t3 = 1;
while abs(del t3) > 0.1 || abs(del _t2) > 0.1
el = -Ra*theta a(i)+ L i -

2*(L_i/2)*cos(theta 2/2) + 2*(abs(b2))*sin(theta 2/2) +...
L d - 2*(L_d/2)*cos(theta_3/2) +
2* (abs (b3)) *sin(theta 3/2);
e2 = (a2*sin(theta 2/2+pi)-
b2*cos (theta 2/2+pi))*k3*theta 3 - ...
(a3*sin(theta 3/2+pi)-
b3*cos (theta 3/2+pi))*k2*theta 2;

dfl_da2 =
(L_i/2)*sin(theta 2/2)+abs(b2) *cos (theta 2/2);

dfl da3 =
(L_d/2)*sin(theta 3/2)+abs(b3) *cos (theta 3/2);

df2 da2 =
(a2/2*cos (theta 2/2+pi)+b2/2*sin(theta 2/2+pi))*k3*theta 3

(a3*sin(theta 3/2+pi)-
b3*cos (theta 3/2+pi)) *k2;
df2 da3 = -
(a3/2*cos (theta 3/2+pi)+b3/2*sin(theta 3/2+pi))*k2*theta 2
+
(a2*sin(theta_2/2+pi)-
b2*cos (theta 2/2+pi)) *k3;

A = [dfl_da2, dfl_da3;



df2_da2, df2_da3];
B = [-el;-e2];
C = inv (A) *B;
del t2 = C(1);
del t3 = C(2);
theta_2 = theta_ 2 + del_t2;
theta 3 = theta 3 + del t3;
end
d theta 2 (i) = radtodeg(theta 2);
d_theta 3(') = radtodeg(theta_ 3);
d theta a(i) = radtodeg(theta a (i
o_theta_ . 2(1) = -theta_ 2;
o_theta 3(i) = -theta 3;
theta 2p = -d_theta 27;
theta_3p = —d_theta_3"
i = i+1;
end
i=i-1;
figure (1)

plot(d_theta a(l:1i)
hold on
plot (d theta a(l:i)
hold on

,d _theta 2(1:1)

,d_theta 3(1:1)

xlabel ('Acutation Angle (deg)'):;
ylabel ('\theta 2 and \theta_ 3 (deq)');

legend('\theta 2',"
legend boxoff
title('The Changes

\theta 3', 'Location’

in Joint Angles (w/o

)) i

'southeast’

spring) ') ;

%$Tension
for u = 1:1i
%Force
Fa n(u) = (k2*o theta 2(u))/(a2*sin(-
o_theta 2(u)/2+pi)-b2*cos(-o_theta 2(u)/2+pi));
Fa4 (u) = Fa n(u)*exp (mu* (-

o_theta 3(u)/2)) *exp (mu* (degtorad(78.83

Fa3Tu) = Fad (u)
Fa2(u) = Fa3(u)*
Fal (u) = Fa2(u)
Fal(u) = Fal(u);
$Fa0(u) = Fal (u

*exp (mu* (-o_theta 3

))) i
(u)/2)
exp (mu* (-o_theta 2(u)/2))
(u)/2)

*exp (mu* (-o_theta 2
; %for experiment
); %actual

)

)

)
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$w/ Mechanical Fuse - subtracted distance elongated by
spring

d fuse(u) = FaO(u)/k_fuse;

cable(u) = (Ra*theta a(u) - d fuse(u));

(
cable (1) = 0;
del nt2 = 1;
del nt3 = 1;

while abs(del nt3) > 0.1 || abs(del nt2) > 0.1
el = -cable(u)+ L i - 2*(L_1i/2)*cos(theta_n2/2)
+ 2% (abs (b2))*sin(theta n2/2) +...
L d - 2*(L_d/2)*cos(theta_n3/2) +
2* (abs (b3)) *sin(theta n3/2);
e2 = (a2*sin(theta n2/2+pi)-
b2*cos (theta n2/2+pi))*k3*theta n3 - ...
(a3*sin(theta n3/2+pi)-
b3*cos (theta n3/2+pi))*k2*theta n2;

dfl da2 =
(L i/2)*sin(theta n2/2)+abs (b2) *cos (theta n2/2);
dfl da3 =
(L _d/2)*sin(theta n3/2)+abs (b3) *cos (theta n3/2);
df2_da2 =
(a2/2*cos (theta n2/2+pi)+b2/2*sin(theta n2/2+pi))*k3*theta
n3 -
(a3*sin(theta n3/2+pi)-
b3*cos (theta n3/2+pi)) *k2;
df2 da3 = -
(a3/2*cos (theta n3/2+pi)+b3/2*sin(theta n3/2+pi)) *k2*theta
n2 +
(a2*sin(theta n2/2+pi)-
b2*cos (theta n2/2+pi)) *k3;

A = [dfl_da2, dfl_da3;
df2 da2, df2 da3];

B = [-el;-e2];

C inv (A) *B;

del nt2 = C(1);
del nt3 C(2);

theta n2 theta n2 + del nt2;
theta n3 = theta n3 + del nt3;
end
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d_theta n2(u) = radtodeg(theta n2);
d_theta n3(u) = radtodeg(theta n3);
cable na(u) = cable(u);

end

Fa_trans = Fa_n';

Fa 0 = Fa0';

Fa2p = Fa2';

figure (2)

plot(d_theta a(l:u),Fa_trans,d theta a(l:u),Fa_0);
xlabel ("Actuation Angle (deg)');

ylabel ('Required Tension (N)'");

title('Required Tension Force wrt Actuation Angle')
legend('w/o friction', 'w/

friction', 'Location', 'southeast');

legend boxoff

figure (10)

plot(d_theta a(l:u)',d theta n2',d theta a(l:u)',d theta n3

')

xlabel ("Acutation Angle (deg)');

ylabel ('\theta 2 and \theta 3 (deq)');
legend('\theta 2', '\theta 3','Location', 'southeast");
legend boxoff

title('The Changes in Joint Angles (w/ Spring)');
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H.4 Preshaping Data Analyzing Code

clear

clc

$https://www.youtube.com/watch?v=1-jURfDzPls

%1st slope is the slope of two cirles on the right

= imread('20180217_164053.jpg"');

o

—

o

3
S

o

Compares RGB values of the image
r=1I(:,:,1);

g =I(:,:,2);

b=1I(:,:,3);

Ig = rgb2gray(I);

$Figure

figure (2)
subplot(2,2,1),imshow(r) ;
title('Red');

subplot (2,2,2),imshow (g) ;
title('Blue');
subplot(2,2,3),imshow (b) ;
title('Green');

subplot (2,2,4),imshow (I);
title('Original');

o o o o o o° o o

oe

%$Adjust image intensity values

b = imadjust (b);

r = imadjust(r);

g = imadjust(qg);

oo

5%

5555555 555555%%5%%5555%55%5%%%%%%%5%%adjustee53%55%%5555%5%5%%%%
90090000000000000

5555555555 %5%5%%%

levelr = 0.754; Stolerance value

900900000000 000000000000000000000000000000000000000000000000
R R R R R R R R R R R R LR R R R R R R R R R R R LR LR E R R L e Rt
©900000000000000

3%%%55%555%5%5%%%%%%

bw R = im2bw(r, levelr); %Changing it to binary color -

7

r
black and white
simshow (bw_R)

oe

wb R = ~bw R; % change BW image to WB image
imshow (wb_R)

o
S

o

o


https://www.youtube.com/watch?v=1-jURfDzP1s

142

o°
o
o
o
o©
o°
o
o
o
o°
o°
o
o
o
o

[center, radius]
imfindcircles(r, [43,57], 'ObjectPolarity', 'bright', 'Sensitiv

approximate radius

[70-77] =

o
S

ity',0.955);

1))

length (center (

num

%Captured Area

999900900000000000000009009009909090,43115t%525323322222%2%S
55555555555 %%55%%55%55%5%%5%%%55%%adjustsss%5%%5%5%%5%%%%

< 988 & center(t,2) > 230 & center(t,1)

if center(t,2)
> 1137 & center(t,1)

< 3183%sets the limit to detect circle

center (t,1);

center new(y,1)

center_new(y,Z)

i

center (t,2)

radius (t)

radiusin(y)

7

y=y+1;

end

end

o
o°

Organizing the Data

S

o\

1))

zeros (num, 1)
zeros (num, 1)

length (center new(

num

7

center x

center y

i

= zeros (num,1);

radius new

= 0;

result

Organize the data points by x and y location in

combination

o
S

organize by x location

o
©

o
S

num %Keep on comparing the value until you

compared every centers

while n <

o
S

rnum

=1

for m

iu)
©
<
i)
o
9
i)
[
9)
0
g 0
~
=P
o
oW
| o
[
0o
Fup}
c o
(O
O A
T
IS
vV o
o)
~ 0
—
~ X
o
-0
= q
0P
a
| 44
[T
)
oo
o+
O oe
0
“
-
o° oe

$that you are comparing with

ou are comparing is smaller than the center

>y oo



o\

result = result+l;

% end

% end

% %6 = smallest x, 1 = largest

% center_x(result) = center_new(n,1);
% center y(result) = center new(n,2);
% radius_new(result) = radius_n(n);

% result = 0;

% n=n+1;

% end

% center x2(1,1) = center_x(1);

% center y2(1,1) = center y(1l);

% radius _new2(1,1) = radius new(1l);

o

center x2(2,1)

o°

center x(2);
center y2(2,1) = center y(2);

% radius_new2(2,1) = radius_new(2);
% n=2;
% result = 1;

o

% %organize by y location

ol oo

Q

ompared every centers
for m = 2:num
if center y(n) >=

o o

o
oe

smaller than the center

o o
o

oe

end

o

end

%6 = largest x, 1 =
center x2(result,1) =
center y2(result,1) =
radius new2 (result, 1)
result = 1;
n=mn+1;
end

o0 oC o o° o0 d° oP
o
o

oe

%$%organize by x

center y(m)

%that you are comparing with
result = result+l;

smallest

center x(n);
center y(n);

= radius new(n);

while n <= num %Keep on comparing the value until

compared every centers
for m = 1l:num

while n <= num %Keep on comparing the value until you

%+1 if the center you are comparing is

you
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if center_new(n,1l) <= center_new(m,1)
%+1 if the x coordinate of the center that you
are comparing is smaller than the center
%$that you are comparing with
result = result+l;

end
end
%6 = smallest x, 1 = largest
center_x2(result) = center new(n,1);
center y2(result) = center new(n,2);
radius_new2 (result) = radius_n(n);

result = 0;
n=mn+1;
end

$0rganize with y
% while n <= num %Keep on comparing the value until you
ompared every centers
for m = 1l:num
if center_new(n,2) >= center_new(m,2)

%+1 if the x coordinate of the center that
ou are comparing is smaller than the center

%that you are comparing with

d Q

o

oe

y

% result = result+l;

% end

% end

% %6 = smallest x, 1 = largest

% center x2(result) = center new(n,1);
% center y2(result) = center new(n,2);
% radius new2 (result) = radius n(n);

% result = 0;

% n=mn+1;

% end

n=1;

o
o

%inserting circle and line
while n <= (num)

if n < num

img = insertShape (I, 'Line', [center x2(n) center y2(n)
center_x2 (n+1)
center y2(n+l)], 'LineWidth',20, 'Color', 'blue');
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end
img = insertShape (img, 'Circle’, [center x2(n)
center_y2(n) radius_new2(n)], 'LineWidth',20, 'Color', 'red");

I = img;

n=n+1;
end

img = insertShape (img, 'Circle’', [center_x2 (num)
center_ y2 (num)
radius_new2 (num) ], 'LineWidth',20, 'Color', 'red");
%Figure

figure (4)

imshow (img) ;

%% Finding Slopes and Angles
n=1;
i=1;
i=1;
while n <= (num/2)
m(n) = (center y2(j+l)-center y2(j))/(center x2(j+1)-
center_xZ(j));
if n ==
theta (i) = atan2(abs((m(n-1)-m(n))),abs((l+m(n-
1)*m(n))));
i = i+1;
end
n=n+1;
j=3+2;
end
theta (i) = atan2(abs((m(n-2)-m(n-1))),abs((l4+m(n-2)*m(n-
1))

theta_deg = radtodeg(theta);
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H.5 Contact Force Analysis Code - Varying Angle

clear
cle
%% Varying Angle

%considers friction on the cable and uses matrix to solve for the normal
%forces and cable force on the cable at the same time

%Calculates the joint angles during the preshaping phase
%This is based on virtual work and the constraint equation

%Link length

link 1 = 26.05/1000;
link 2 = 43.5/1000;
link_3 = 45.2/1000;

a2=9.98/1000;
b2=-10.38/1000; 2

%$change%%

a3=9.48/1000;
b3=-10.38/1000; %%%%%%

%%%change%%
alpha = degtorad(90);

$coefficient of friction
mu = 0.3;
%Radius of Pulley (Based on the length of the flexure joints)

%Flexure Joint
%Young's Modulus
E = 2.76*1076;%in Pa

b = 13/1000;
h 5.5/1000;
L i
L d
I = b*h"3/12;

k1l = 0.0535; %Nm/rad
k2 = E*I/L_i; %Nm/rad
k3 = E*I/L_d; %Nm/rad

rc2x_2 = 21.88/1000;
rc3x_2 = 23.28/1000;
F_result=zeros(86);
F_res_com=zeros (86) ;
F_stability=zeros(86);
F_tot=zeros(86);

j o= 1;
for theta 2 2 = degtorad(0:-1:-85)
for theta_3_2 = degtorad(0:-1:-85)
f factor = 0;

Fa_comp = (k2*theta_2_2)/(a2*sin(-theta_2_ 2/2+pi)-b2*cos (-
theta_ 2 2/2+pi))+f_ factor;



$Fa = 10;
$Fa3= 5;
Fa =10.08;

Fa2=Fa/ (exp (mu* (-theta_2_2/2)));
Fa3=Fa2/ (exp (mu* (-theta_2_2/2))*exp (mu* (-theta_3_2/2)));
Fa4=Fa3/ (exp (mu* (-theta_3_2/2) *exp (mu* (degtorad(78.83)))));
if Fad>Fa_comp
F_res_comp(i,j) = Fa_comp;
F_result(i,j) = 1; %1 = not slack 0 = slack
%Fa_comp = tension of the cable (initial)
%Fa4 = tension of the cable distal phalange
%Fa_comp = minimum tension cable (without friction). If Fa4 is
%the minimum tension cable as well (without friction). If Fa4
%is less than Fa_comp then the cable is slacking
end
Fa3 = Fa*exp (mu* (-theta 3 2/2)) *exp (mu* (degtorad(78.83)));
Fa2 = Fa3*exp (mu* (-theta_2_2/2)) *exp (mu* (-theta_3_2/2));

o

oe

s_theta 2(i,j) = radtodeg(theta 2 2);
s_theta_3(i,j) = radtodeg(theta 3_2);
A = [rc3x_2 0;
link 2*cos(-theta_3_ 2)+rc3x_ 2 rc2x_2];
B = [k3*theta_ 3 2 - a3*Fa3*sin(-theta_3_2/2+pi)+b3*Fa3*cos (-

theta_3_2/2+pi);
k2*theta_2_2 - a2*Fa2*sin(-theta_2_2/2+pi) + b2*Fa2*cos (-
theta 2_2/2+pi)];
C = inv (RA) *B;
Fe3y(i,3) = C(1);
Fe2y(i,3) = C(2);

Fc3y res(i,j) = Fe3y(i,j);
Fc2y_res(i,Jj) = Fc2y(i,3)7
DP_F_ca (i,j) = (k3*theta_3_2 - a3*Fa3*sin(-

theta_3_2/2+pi)+b3*Fa3*cos (~theta_3_2/2+pi))/rc3x_2;
if Fe3y(i,j) > 0 && Fc2y (i,3) > 0
F_stability(i,j) = 1;
end
if F_result(i,j) && F_stability(i,J) == true
F_tot(i,j) = 1;
end
if F_tot(i,j) == 0
Fc3y_res|( ) = 0;
Fc2y_res|( ) = 0;
end
j= j+1;
end
i = i+1;
jo=1;

i3
i3

% Plots
figure(4) %Fc3y plot
surf (-s_theta_2,-s_theta_ 3,Fc3y_res);
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hold on
scatter3(50,48,3,'filled', 'r")
hold on
scatter3(57,18,3,'filled','y")
hold on

xlabel ('\theta_ 2 (deg)"')

ylabel ('\theta 3 (deg)')

zlabel ('Contacting Force at Distal Phalanx (N)')
title('Distal Phalanx Contacting Force')
colormap (jet (6))

c = colorbar;

c.Label.String = 'Contact Force at Distal Phalanx (N)';
view (0, 90);

figure(5)

surf (-s_theta_2,-s_theta_ 3,Fc2y_res);

hold on

scatter3(50,48,3,'filled','r")

hold on

scatter3(57,18,3,'filled','y")

hold on

xlabel ('\theta 2 (deg)"')

ylabel ('\theta 3 (deg)"')

zlabel ('Contacting Force at Intermediate Phalanx (N)')
title('Intermediate Phalanx Contacting Force')
colormap (jet (6))

c = colorbar;

c.Label.String = 'Contact Force at Intermediate Phalanx
view (0, 90);

figure(9) %Fc3y plot

surf (-s_theta_2,-s_theta 3,F result);
hold on

xlabel ('\theta 2 (deg)"')

ylabel ('\theta_ 3 (deg)"')

zlabel ('slack (N)'")

title('slack or not')

c = colorbar;

c.Label.String = 'slack/ not slack';
view (0, 90);

figure(10) %Fc3y plot

surf (-s_theta_2,-s_theta_3,F_stability);
hold on

xlabel ('\theta 2 (deg)"')

ylabel ('\theta_3 (deg)"')

zlabel ('stability")

title('stable or not')

c = colorbar;

c.Label.String = 'stable/not stable';
view (0, 90);

figure(11)
surf (-s_theta_2,-s_theta 3,F tot);
hold on

xlabel ('\theta 2 (deg)"

)
ylabel ('\theta 3 (deg)"')

(

N) '

148



149

zlabel ('stability and slacking'
title('Stability"')

c = colorbar;

c.Label.String = 'stable and not slacking /not stable or slacking';

view (0, 90);
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H.6 Contact Force Analysis Code - Varying Contact Distance

clear
cle
%$%%%varying distance

3considers friction on the cable and uses matrix to solve for the normal
%forces and cable force on the cable at the same time

%Calculates the joint angles during the preshaping phase

3Link length

link 1 = 26.05/1000;
link_2 = 43.5/1000;
link_3 = 45.2/1000;

a2=9.98/1000;
b2=-10.38/1000;

a3=9.48/1000;
b3=-10.38/1000;

alpha = degtorad(90);

%coefficient of friction
mu = 0.3;
Radius of Pulley (Based on the length of the flexure joints)

$Flexure Joint
oung's Modulus
E 2.76*107%6;%in Pa

13/1000;
= 5.5/1000;

7/1000;
*h"3/12;

oo

k1l = 0.0535; %Nm/rad
k2 = E*I/L_i; %Nm/rad
k3 = E*I/L_d; %Nm/rad

%% Test 1 - Changing the Contacting Point

%change

%original

theta_2 = degtorad(-50);

theta_3 = degtorad(-48);

Fa =10.08;

Fa2=Fa/ (exp (mu* (~theta_2/2)));

Fa3=Fa2/ (exp (mu* (-theta_2/2)) *exp (mu* (-theta_3/2)));
Fa4=Fa3/ (exp (mu* (-theta_ 3/2) *exp (mu* (degtorad(78.83)))));

F_stability=zeros([25 80]);

rc3x2_c = 17;


https://Fa4=Fa3/(exp(mu*(-theta_3/2)*exp(mu*(degtorad(78.83

re3x3_c = 7;
rcl3y = -17.45;
t2 = degtorad(42.34); %finger pad slope angle
t3 = degtorad(47.66); %finger pad slope angle
i=1;
j o= 1;
for rc2x = 15.86:0.5:27.9
rc2x = rc2x/1000;

for re3x = 15.37:0.5:(31.19 + rc3x2_c + rc3x3_c)
rc3x = rc3x/1000;
s_rc2x(i,j) = rc2x*1000-15.86;
s_re3x(i,j) = rc3x*1000-15.37;

if rc3x > 31.19/1000 && rc3x <= (31.19 + rc3x2_c)/1000

re3x2 = rc3x-31.19/1000;

A = [(rc3xtrc3x2*cos(t2))*cos(t2)+ (rc3y+rc3x2*sin(t2)) *sin(t2) 0;

(link_2*cos(-theta_3)+rc3x+rc3x2*cos(t2)) *cos(t2)+(link_2*sin (-
theta_3)+rc3y+rc3x2*sin(t2)) *sin(t2) rc2x];

B = [k3*theta 3 - a3*Fa3*sin(-theta 3/2+pi)+b3*Fa3*cos (-
theta_3/2+pi);

k2*theta_2 - a2*Fa2*sin(-theta_2/2+pi) + b2*Fa2*cos (-
theta 2/2+pi)];

C = inv (A) *B;

DP_F(i,J) = (k3*theta_3 - a3*Fa3*sin(-theta_3/2+pi)+b3*Fa3*cos (-

theta_3/2+pi)) /...
((rc3x+rc3x2*cos (t2)) *cos (t2) + (rc3y+rc3x2*sin(t2)) *sin(-t2));
fprintf ('2\n");
elseif rc3x > (31.19 + rc3x2_c)/1000

rc3x2 = (rc3x2_c+rc3x3_c)/1000;

rc3x3 = rc3x - rc3x2_c/1000 -rc3x3_c/1000;

A =
[ (rc3x+rc3x2*cos (t2) +re3x3*cos (£2+t3)) *cos (£2+t3) + (rc3y+rc3x2*sin (t2) +rc3x3*s
in(t2+t3))*sin(t2+t3) 0;

(link_2*cos (-
theta_ 3)+rc3x+rc3x2*cos (t2)+rc3x3*cos (£2+t3)) *cos (t2+t3)+ (link 2*sin (-
theta_3)+rc3y+rc3x2*sin(t2)+rc3x3*sin (t2+t£3)) *sin(£2+t3) rc2x];

B = [k3*theta_3 - a3*Fa3*sin(-theta_3/2+pi) + b3*Fa3*cos (-
theta_3/2+pi);

k2*theta 2 - aZ*FaZ*sin(—theta_2/2+p1) + b2*Fa2*cos (-
theta_2/2+pi)];

C = inv (A) *B;

DP_F(i,j) = (k3*theta 3 - a3*Fa3*sin(-theta_3/2+pi) +
b3*Fa3*cos (~theta_3/2+pi)) /...

((rc3x+rc3x2*cos (t2) +rc3x3*cos (t2+t3)) *cos (t2) + (rc3y+re3x2*sin (t2) +re3x3*sin (
t2+t3)) *sin(t2));
fprintf ('3\n'");

else
A = [rc3x 0;
link_2*cos(-theta_3)+rc3x rc2x];
B = [k3*theta 3 - a3*Fa3*sin(-theta_3/2+pi)+b3*Fa3*cos (-

theta 3/2+pi);
k2*theta 2 - a2*Fa2*sin(-theta_2/2+pi) + b2*Fa2*cos (-
theta_2/2+pi)];
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C = inv(A) *B;

DP_F(i,j) = (k3*theta 3 - a3*Fa3*sin(—theta_3/2+pi)+b3*Fa3*cos(—
theta_3/2+pi))/rc3x;

fprintf('1");

end

Fedy(i,3) = C(1);

Fe2y(i,3) = C(2);

Fc3y_res(i,j) = Fc3y(i,3);

Fc2y res(i,j) = Fc2y(i,j):

if Fc3y(i,j) > 0 && Fc2y (i,3) > 0

F_stability(i,j) = 1;

end

if F_stability(i,j) == 0
Fc3y_res(i,3) =
Fc2y res(i,j) =

end

0;
0;

J= j+1;

end
i = i+1;
jo=1;

% Plots

figure(1l) %Fc3y plot

surf(s_rc2x,s_rc3x,Fc3y_res);

xlabel ('Relative Intermediate Phalanx Contacting Distance (mm)')
ylabel ('Relative Distal Phalanx Contacting Distance (mm)')
title('Distal Phalanx Contacting Force')

%shading interp

colormap (jet (6))

c = colorbar;

c.Label.String = 'Contact Force at Distal Phalanx (N)';
view (0, 90);

figure (2)

surf(s_rc2x,s_rc3x,DP_F);

xlabel ('Relative Intermediate Phalanx Contacting Distance (mm)"')
ylabel ('Relative Distal Phalanx Contacting Distance (mm)')
zlabel ('Contacting Force at Intermediate Phalanx (N)')
title('Contacting Distal Phalanx Only')

%shading interp

colormap default

c = colorbar;

c.Label.String = 'Contact Force at Distal Phalanx (N)';
view (0, 90);

figure (3)

surf(s_rc2x,s_rc3x,Fc2y_res);

xlabel ('Relative Intermediate Phalanx Contacting Distance (mm)')
ylabel ('Relative Distal Phalanx Contacting Distance (mm)')



zlabel ('Contacting Force at Intermediate Phalanx (N)')
title('Intermediate Phalanx Contacting Force')

%shading interp

colormap (jet (6))

c = colorbar;

c.Label.String = 'Contact Force at Intermediate Phalanx (N)';
view (0, 90);

figure(12) %Fc3y plot

surf(s_rc2x,s_rc3x,F_stability);

hold on

xlabel ('Relative Intermediate Phalanx Contacting Distance (mm)"')
ylabel ('Relative Distal Phalanx Contacting Distance (mm)')
zlabel ('stability")

title('stable or not')

c = colorbar;

c.Label.String = 'stable/not stable';

view (0, 90);
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I. BILL OF MATERIALS

Package Price per |Quantity used for the[Prototype
Material Name Quantity | Quantity Price package prototype part price

PLA Filament - 1kg 1| 1000 g S 23.00 | 0.02 S/g 320 g S 7.36
PMC 780 1| 1360 g S 34.08 | 0.03 S/g 351g S 0.09
Sylgard 184 1| 500¢g S 65.41| 0.13 S/g 41g S 0.54
Steel Phillips Rounded Head Screws #6 x 1/2" 1| 100 S 2.72| 0.03 $/part 11 $ 0.30
0.5mm x8mm 1| 100 S 4.17| 0.04 $/part 3 S 0.13
Metric 316 stainless steel dowel pins 4mm x 24mm 1 10 S 6.29 | 0.63 S$/part 2 S 1.26
Metric 316 stainless steel dowel pins 5mm x 24mm 1 5 S 4.76 | 0.95 S$/part 2 S 1.90
Metric alloy steel cup point set screws M4 x 0.7mm x
10mm 1| 100 $ 5.04| 0.05 $/part 2 S 0.10
Extension spring with loop ends 0.75"x0.188" 1 12 S 7.00| 0.58 $/part 2 S 1.17
Metric 316 Stainless Steel Dowel Pins 4mm x 28mm 1 10 $ 6.98| 0.70 $/part 1 S 0.70
90 deg right hand wound torsional spring 0.375"x0.218" 1 6 S 7.33| 1.22 $/part 1 S 1.22
18-8 stainless steel nylon insert locknuts M3 1| 100 S 5.17 | 0.05 $/part 4 S 0.21
M3 x 0.5mm Thread, 25mm Long screw 1| 100 S 6.67 | 0.07 $/part 2 S 0.13
M3 x 0.5mm Thread, 20mm Long screw 1| 100 S 6.26 | 0.06 S$/part 1 S 0.06
Loop Ends, Zinc-Plated, Tempered,
2.49" Extended Length 1 3 S 3.08| 1.03 $/part 1 $ 1.03
Velcro Strap 1 $3.97 1 $3.97
Power Pro Spectra Fiber Braided Fishing Line 113716 cm $ 13.96 | 0.00 $/cm 40 cm S 0.04

|Total | $205.89 |Total $ 2020
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