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Abstract

Robot manipulation has been a prolific subject of academic research for several
decades - however, today’s robotic manipulators have yet to demonstrate an ability to
perform robust and versatile dexterous manipulation. This challenge can largely be
attributed to a trade-off between complexity and capability in the design of robotic
manipulators. In order to bridge this gap, we leverage the paradigm of Soft Robotics.
This work involves the development of two distinct soft robotic end effectors. The
first is a stiffness and adhesion tuning gripper, which is capable of grasping objects of
various shapes, weights, and sizes. Pull-off tests conducted using this gripper show
that transitioning from a soft to stiff state during grasping enables up to 6 X increase in
adhesion strength. The second end effector developed for this study is a tendon driven
foam hand, which is intended to be highly dexterous while requiring a low number
of motors for actuation. We develop a hand which demonstrates a high potential for
dexterity, and indicate a design based on postural synergies which would allow it to
complete 5 distinct dexterous tasks using only two motors.



v



Acknowledgments

Lots of people to thank here.

First of all, thanks to my advisor Carmel, for guiding me through my two years of
research at CMU.

Also, thanks to Nancy Pollard and Abhinav Gupta, who fulfilled additional advi-
sory roles for the foam hand project.

Thanks to all of the individuals who have helped me with my research along the
way. To Steven Rich, for getting me started with the thermoplastic composite. To Mo
Malakooti, for helping me collect the DMA data. To Zeyu Yan, for helping me figure
out how to fabricate flexible heaters. To Kevin Turner and Chris Stabile for imple-
menting the finite element model for the soft gripper. To Dominik Bauer, Jonathan
King, and Ella Moore, for sharing their knowledge on the design of foam hands. And
to Karmesh Yadav, for working with my foam hand prototypes to try controlling them
using reinforcement learning.

A big thanks to every member of the Soft Machines Lab - almost all of you have
helped me in one way or another at some point in the last two years.

Thanks to my thesis committee: Carmel, Nancy, and Ankit Bhatia.

Thanks to my friends, especially the “Foozin Squad” - Anish, Eric, Josh, Vai, and
Will - for helping to keep me grounded during my time at CMU.

And finally, thanks to my parents, who have provided their unwavering support
thoughout the whole journey.



Vi



Contents

L Introduction|
(1. Robot Manipulation|. . . . . .. ... ... .. ... . L

2 Stiffness & Adhesion Tuning Soft Gripper]
2.1 Background . . . . . . . .. . ...
2.2 Methodology| . . . . . . ..
[2.2.1 Material Selection, Synthesis, & Characterization| . . . . . . ... .. ...
[2.2.2  Gripper Design| . . . . . . .. ...
[2.2.3  Experimental Setup|. . . . . . . . ...

2.3.1 Pull-off Testing| . . . . . . ... ... ..
[2.3.2  Comparison of FEA and Experimental Results| . . . . .. ... ... ...

[2.3.3  Pick-and-place Demonstrations| . . . . . .. ... ...
234  Limitations] . . . . . . ... e e e

3 Design Optimization of a Tendon Driven Foam Hand]
[3.1 Background . . . . . . . ... .
[3.2  Methodology| . . . . . . ... .
[3.2.1  Evaluating Dexterity| . . . . . . . . . ... ... o o
[3.2.2  Morphology| . .. ... ... ... ..
[3.2.3 Tendon Routing|. . . . . . ... ... ..
[3.2.4  Postural Synergies| . . . .. ... oo o

[(3.3.1 Fully Actuated Hand| . . . . . ... ... ... ... .. ... .......
[3.3.2  Software Synergies| . . . . . . . . .. ...

3.3.3 Limutations| . . . . . . ... e e e
[3.4 Concluding Remarks| . . . ... ... ... ... ... .. .. .

vii



4__Conclusions and Future Work

|A  Criteria for Manipulation Patterns|

B~ Photo Sequences of Manipulation Patterns|

C LowDi ronal R r fData

(D Dimensioned Drawing of Foam Hand Prototype|

viii

37

39

41

45

47



List of Figures

(1.1  Line drawing of the Utah/MIT Hand [1].| . . . . . . . .. ... ... ... .. ... 2

(1.2 (a) Universal gripper [2]. (b) SDM Hand [3]. (c) RBO Hand II [4]. (d) Gecko |
| agripper [S.] . . . .. 3

[2.1 ~(A) Fully integrated robotic system, with gripper mounted to robot arm. (B) Grip- |
| per with contact pad attached. (C) Contact pad containing a stiffness tuning ele- |
| ment composed of carbon-filled polycaprolactone (PCL) composite and serpentine |
| copper heater| . . . . . . . ... e 7

2.2  Results from DMA test of PCL composite with PCL of molecular weight 88.4 kg mol ™" |
| and 20% loading fraction of carbon black.| . . . . . .. ... ..o 00 8

[2.3  (a) Fabrication process: (1) Copper-clad polyimide is laminated to a PDMS bed,
with polyimide facing upwards. (11) Copper-clad polyimide 1s machined by ultra-
violet laser. (111) Excess copper-clad polyimide 1s removed from the PDMS bed,
leaving only the serpentine traces. Traces are then laminated to VHB tape and
removed from the bed. (iv) Traces and VHB tape (1.e. flexible heater) are placed
on top of the composite, with copper facing upwards, and adhered to the surface
using a hand 1ron. Wires are then soldered to connection points on the traces. (v)
Stiffness tuning element 1s placed inside of the mold, on top of a 500 um thick
layer of silicone. Mold is filled with silicone and placed 1n a 70 °C oven to cure for
30 minutes. (vi) Mold 1s removed from the oven and the contact pad 1s separated
from the mold. (b) Exploded view of contact pad. Thickness of the bottom layer
of silicone 1s 500 um. Thickness of the composite 1s 1.5 mm. Thickness of the top
layer of silicone 1s 1 mm. Total thickness of the contact pad1s Smm.. . . . . . .. 9

ix



!

(A) Pull-off testing procedure for state = stiff: (1) Initially, the contact pad 1s in

1ts soft state, with the bottom edge several millimeters above the acrylic substrate.

Then, the Instron crosshead begins moving downwards. (2) Contact pad comes

into contact with the substrate. (3) The crosshead reaches its resting height and

stops moving. (4) Contact pad 1s allowed to rest on the substrate for 5 minutes.

During this time, stress relaxation occurs due to the viscoelasticity of the compos-

ite. (5) Crosshead begins retracting. (6) The pad loses contact with the substrate.

Afterwards, the crosshead continues moving upwards until it reaches its starting

height. (B) Pull-off testing procedure for state = soft. This is identical to the stiff

state procedure except for heating of the contact pad. The plots and images shown

correspond to tests with parameters, S = 46 mm, and /7 = 17.5 mm on a flat sub-

strate. (C) State = stiff and state = soft loading cycles overlaid. (D) Parameters

controlling contact pad geometry. .S 1s the distance between the gripper’s jaws and

11 1s the distance between the bottom of the gripper jaws and the top of the acrylic

[2.5

(A) Finite element schematic of the initial flat state. (B) Finite element deformation

process showing (1) the initial flat state, (1) application of gravity, (111) compres-

sion, and (1v) contact formation.| . . . . . . . . . . .. ... ..o

n.6

Pull-off test results for the flat substrate: (a) Superimposed loading cycles from

consecutive trials with parameters state = stiff, S = 46 mm, 4 = 17.5mm. (b)

Superimposed loading cycles from consecutive trials with parameters state = soft,

S = 46mm, H = 17.5mm. (c¢) Representative photograph, S = 37mm, H =

15mm. (d) Averaged results for tests with condition state = stiff. (e) Averaged

results for tests with condition state = soft. (f) Ratio of pull-off force between stiff

n7

Pull-off test results for the cylindrical substrate: (a) Superimposed loading cycles

from consecutive trials with parameters state = stiff, S = 51 mm, H = —18 mm.

(b) Superimposed loading cycles from consecutive trials with parameters state =

soft, S = 51 mm, H = —18mm. (¢) Representative photograph, S5 = 51 mm,

1 = —5mm. (d) Averaged results, S held constantat 51 mm. . . . .. ... ...

D3

Deformed profiles of the contact pad prior to retraction. Predictions from FEA

with logarithmic maximum principal strain contours are shown 1n the left column,

and experimental results are shown 1n the night column.| . . . . . . .. ... .. ..

P9

Grasping various objects: (A) Playing card, 1.62 g. (B) Silicon water, 9.38 g. (C)

Small tomato, 25.3g. (D) Juicecan, 36.6¢.| . . . ... .. ... ... ... .. ..

B

(a) CAD 1mages of the foam hand prototype. (b) CAD model of the multi-part

B2

Coordinate axes for a human hand (left) and the foam hand prototype (right).|

B3

Diagram 1illustrating how a foam finger can be actuated with four tendons 1n a way

that allows 1t to bend 1n any direction.| . . . . . . ... ... o L oL,




[3.4  Diagram illustrating fingertip workspaces. The workspace 1s the area between dot- |

ted lines. (left) Finger actuated by individual tendons running along its length. |

(right) Finger actuated by multiple tendons (proximal and distal) running along 1ts |

length. . . . . . . 27
[3.5 Tendon routing diagram for the final foam hand prototype.,| . . . . . . .. .. ... 27
[3.6 Comparisons between human and robot postures: Rockll (top) and Palmar Slide |
(bottom).| . . . . . 31
[3.7 Scree plot for principal component analysis using only data from successtully com- |
pleted manipulation patterns as input.| . . . . .. ... oL L. 33
[3.8 (a) Two-dimensional reconstruction of manipulation patterns. (b) Hand postures |
corresponding to minimum, maximum, and centroid values for PC1 and PC2,| . . . 35
[3.9  Hand postures corresponding to minimum and maximum values of higher order |
principal components.|. . . . . .. ... 36

[C.1 'Two-dimensional reconstructions of manipulation patterns for: (top) successful |

subset, and (bottom) all data. Clusters not common to both plots are circled in blue.| 46

[D.1  Dimensions in millimeters. The radius of the base of each finger 1s 11 mm and |

the radius of the fingertips 1s 11 mm. The radius of the mid-line of the index and |

middle fingers 1s 50 mm (arc length 79 mm). The radius of the midline of the |

thumb 1s 40 mm (arc length 62mm).| . . . . .. .. ... ... ... .. 47

xi



Xii



List of Tables

31

Number of principal components required to complete each manipulation pattern.

The “Subset” column applies to principal components which were derived using

only data from manipulations which were successfully completed by the fully ac-

tuated hand. The “All Column” refers to principal components which were derived

using the full dataset.| . . . . . . . ... ... .. ... .. ...

B2

Number manipulations successfully completed versus number of principal compo-

nents applied. The “Subset” column applies to principal components which were

derived using only data from manipulations which were successfully completed by

the fully actuated hand. The “All Column™ refers to principal components which

were derived using the full dataset.| . . . . . . . ... ... ... ... ... . ...

Xiii



Xiv



Chapter 1

Introduction

1.1 Robot Manipulation

Robot manipulation has been an important and highly studied topic of research for many years.
Robotic manipulators (grippers, hands, end effectors) have a range of applications, from indus-
trial robotics to prosthetics to human-robot interaction [6]. Although many robust manipulation
solutions have been developed for use outside of laboratory settings, there are still several key
challenges associated with robot manipulation. In this paper, we will focus on limitations related
to hardware design.

With regard to the design of hardware for robot manipulation, there is a fundamental trade-off
between complexity and capability. Perhaps the simplest of these designs are 2-fingered parallel-
plate grippers, which are also some of the most common designs used both in research and indus-
try. These grippers are highly favored for many applications because they are exceptionally easy
to program and control, and therefore present a very low barrier to usage. Despite their simple
design, these grippers are capable of performing a wide range of tasks. However, for complicated
manipulation tasks , more versatile end effectors may be required.

The need for more versatile end effectors motivated the development of multi-fingered robotic
hands - inspired by the human hand - which began in earnest in the 1980’s with seminal work such
as the Stanford/JPL Hand [7]] and Utah/MIT Hand [1] (see Figure [I.I). These robotic hands had
complex mechanical designs (relative to parallel grippers) which incorporated a high number of
degrees of freedom (9 for the Stanford/JPL Hand and 16 for the Utah/MIT Hand), theoretically
enabling high levels of versatility and dexterity. However, due to the correspondingly high degrees
of actuation (12 for the Standord/JPL Hand and 32 for the Utah/MIT Hand), control of these hands
was extremely difficult, which severely limited their efficacy.

Since the development of these early robotic hands, an extraordinary number of novel designs
for robotic end effectors has followed [6]. However, despite this terrific level of innovation, the
challenges of robot manipulation today are still largely the same as they were in the 1980’s [8]].
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Figure 1.1: Line drawing of the Utah/MIT Hand [1]].

Specifically, the trade-off between capability and complexity in mechanical design remains highly
relevant, as modern robotic end effectors have yet to demonstrate an ability to perform robust and
versatile dexterous manipulation.

1.2 Soft Robotic End Effectors

One paradigm which may offer a solution to this trade-off between complexity and capability
in the design of robotic manipulators is that of soft robotics [9]. The guiding principle of soft
robotics is that by incorporating soft materials - such as silicone rubbers - into the design of robotic
systems, improvements in performance can be realized while reducing the need for sensorization
and complex control algorithms. This is possible primarily due to the compliance of soft materials,
which allows them to conform and adapt to their environments. Compliance enables an element
of “embodied intelligence” [10] in soft robotic systems, which is to say that the adaptability of the
robot’s physical structure offloads some of the computation which is normally handled via sensing
and control.

In order to better understand the advantages of soft robotic systems, we can consider several semi-
nal examples of soft robotic end effectors as case studies - namely, the “Universal” Gripper [2,11],
the Shape Deposition Manufacturing (SDM) Hand [3], the RBO Hand 2 [4]], and the Gecko Gripper

[5]] (see Figure[1.2).

The Universal Gripper consists quite simply of a rubber membrane filled with a granular material
(e.g. a latex balloon filled with coffee grounds), connected to an air pump. This gripper is highly
compliant - thus, when it is pressed into contact with an object, it conforms to the object’s surface,
effectively enveloping it. Once the gripper has established intimate contact with an object, the
air pump is used to extract air from the gripper, creating a vacuum within the rubber membrane.
This results in a phenomenon known as granular jamming, where the granular particles inside
of the gripper’s rubber membrane are packed together, which leads to a dramatic increase in the
overall stiffness of the system. In this manner, the gripper is able to “lock in” its adaptive shape,
allowing it to maintain intimate contact with the object while lifting it. When air is restored to the
gripper, it returns to its original compliant state and the object is released. This gripper is capable
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Figure 1.2: (a) Universal gripper [2]]. (b) SDM Hand [3]. (c) RBO Hand II [4]. (d) Gecko gripper [3].

of robustly grasping objects spanning a wide range of geometries without the need for any sensors
or a sophisticated control strategy. Additionally, due to its compliance it is able to grasp delicate
objects without any risk of causing damage.

The SDM Hand is a multi-fingered gripper with fingers consisting of rigid plastic links, connected
by flexible urethane joints. The design principle of the SDM Hand is simple: its flexible joints
allow it to adapt to the shape of objects being grasped while requiring only one actuator. It demon-
strates that effective soft robotic systems can be designed without the need for the entire robot to
be made of soft materials.

The RBO Hand 2 is an anthropomorphic hand which uses silicone-based pneumatic actuators as
fingers. This hand has the same grasp adaptivity benefits as the SDM Hand; additionally, due to its
anthropomorphic design and high number of degrees of freedom (technically infinite), it is capable
of more complex manipulation tasks. This hand uses 7 actuators, which gives it a lower actuation
dimensionality than most high-DoF robotic hands.

The Gecko Gripper is inspired by gecko feet and achieves reversible adhesion using silicone mi-
crofibers which generate a van der Waals force between the gripper and the object. This grip-
per demonstrates that soft materials can also enable adhesion-based grasping, in addition to force
closure-based grasping.

Despite all of the advantages of soft robotic end effectors, it is important to note that they also have
limitations - such as a relative lack of durability, repeatability, and precision - which have largely
excluded them from use outside of laboratory settings. As a final case study, consider the Amazon
Picking Challenge [12] - an international competition challenging teams to design autonomous
robotic systems capable of picking items from warehouse shelves - which has been won by suction
cups and parallel-plate grippers in every year that it has been held. This demonstrates that sim-
plistic robotic end effectors are the preferred option for leading researchers around the world, and
suggests that soft robotic end effectors and complex mechanical hands alike still require substantial
improvements before they can truly begin to outperform these simple alternatives.
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1.3 Contribution

The contribution of this work is the development of two separate soft robotic end effectors meant
to address some of the challenges faced by typical robot manipulators.

The first of these end effectors is a versatile stiffness and adhesion tuning gripper. Importantly,
this gripper is capable of grasping simple convex objects as well as flat, low-profile objects such
as playing cards and silicon wafers. Grasping flat objects is challenging for most grippers which
rely upon force-closure-based grasping, while grasping non-flat objects can be challenging for
adhesion-based grippers. As a result, developing grippers which are capable of robustly grasping
both classes of objects is an open problem. While this gripper serves primarily as a simple proof-
of-concept, we believe that it represents a significant milestone in the development of versatile
adhesion-based grippers.

The second end effector described in this paper is a tendon driven foam hand. The design of
this hand builds on previous work from King et al. [13]]. The goal of this work was to optimize
the design of the hand such that it demonstrated high levels of dexterity while requiring a low
number of actuators in order to simplify control and reduce size, weight, and cost. We develop
a hand which demonstrates a high potential for dexterity, and conduct a preliminary investigation
into design strategies which may enable the hand to operate effectively using a low number of
actuators. The mechanical implementation of these design strategies remains for future work.



Chapter 2

Stiffness & Adhesion Tuning Soft Gripper

2.1 Background

Stiffness tuning - the ability of a material or system to transition between a soft, conformable state
and a rigid, load bearing state - is an aspect of robotics that has received considerable attention
in recent years. This is especially true within the field of soft robotics, where many different
approaches have been developed to enable stiffness tuning for various applications [9, 14, [15].
Generally, these approaches can be grouped into one of four different categories: (1) granular
jamming [2, |11} [16H18]; (2) electro- and magnetorheological materials [19,120]; (3) shape memory
polymers [21-27]; and (4) low melting point materials, e.g. waxes [28, 29], polymers [30-37],
and metal alloys [38-41]. While the references provided above are generally relevant to this paper,
they represent only a fraction of all of the research on stiffness tuning for soft robotics; for a more
thorough review, see [9, 14, [15].

The work presented in this paper focuses on the use of a low melting point polymer (LMPP) for
robotic grasping applications. The stiffness tuning principle of LMPPs is simple: these materials
are stiff at room temperature (Young’s modulus > 10 MPa), and they soften as their temperature
increases, ultimately undergoing a phase change that results in a soft “melt” state. Previously,
several robotic grippers have been developed using LMPPs as an enabling material, including
multi-fingered grippers with stiffness tuning ligaments or joints made of conductive propylene-
based elastomer (cPBE) [35] and acrylate-based thermoplastic polymer (ATPP) [30]], as well as
silicone posts with stiffness tuning cores made of cPBE [36], which enabled tunable adhesion.
However, while these grippers demonstrated the potential of LMPPs to aid in robotic grasping,
their ability to effectively grasp a wide range of objects was limited. The goal of this research is to
introduce an LMPP-based materials architecture and gripper design that allows for more versatile
soft robot grasping.

The gripper described in this paper (see Figure [2.1)) achieves tunable adhesion by controlling the

'Ryan Coulson, Christopher J. Stabile, Kevin T. Turner, and Carmel Majidi. Versatile Soft Robot Gripper Enabled
by Stiffness and Adhesion Tuning via Thermoplastic Composite. Soft Robotics. Submitted for publication, May 2020.
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stiffness of a stiffness tuning element embedded within a silicone matrix, similarly to the device
described in [36]. In adhesion-based grasping, the maximum adhesion force (also referred to as
pull-off force) between the gripper and a target object determines the load capacity of the gripper.
As a result, pull-off force is often used as a metric for evaluating the efficacy of adhesion-based
grippers [28, 42-44]. To test the effectiveness of our gripper and help guide its future design, we
conduct experiments to measure pull-off force as a function of various parameters. Additionally,
a finite element model is developed to simulate the behavior of the gripper. Finally, the gripper is
used for pick-and-place demonstrations with various objects.

2.2 Methodology

2.2.1 Material Selection, Synthesis, & Characterization

The LMPP chosen as the stiffness tuning element for this gripper was a thermoplastic composite
consisting of polycaprolactone (PCL) loaded with carbon black. The process for synthesizing the
composite is described in detail by Rich et. al [37]. Qualitative testing revealed that the most
favorable composition was an 80:20 ratio of PCL (Perstorp AB) to carbon black (Alfa Aesar) by
weight. The selected PCL had a molecular weight of 88.4 kg mol~! (CAPA 6800).

As the composite’s loading fraction of carbon black increases, its stiffness at room temperature
increases while its ductility decreases. Similarly, reductions in the molecular weight of PCL lead
to increased stiffness and reduced ductility. We desired a composite that was maximally stiff at
room temperature without being susceptible to fracture, and we found that the composite described
above yielded the best results. An additional consideration was the viscosity of the composite in
its melt state, which increases with molecular weight and loading fraction of carbon black. We
required that the viscosity would be high enough that the composite would maintain structure in
its melt state in order to support the embedded heater (described in subsequent sections). This
requirement was also satisfied by the selected composition.

In order to characterize the stiffness tuning capabilities of the composite, we conducted a dynamic
mechanical analysis (DMA) test with tensile loading. Results are shown in Figure 2.2] Testing
revealed that the composite is mechanically stiff below ~ 50 °C, undergoes a phase change be-
tween 50 °C and 67 °C, and is soft above ~ 67 °C. Here, the storage modulus serves as a proxy
for the Young’s modulus. The maximum switching ratio (i.e. the ratio of the moduli between stiff
and soft states) for the composite is ~ 300x, which is sufficiently high for most stiffness tuning
applications [ 14, [15].

2.2.2 Gripper Design

The composite is loaded with carbon black, making it electrically conductive. Therefore, it is
possible to heat the composite via Joule heating by attaching electrodes and running electrical
current directly though the composite [37]]. An ability to heat the composite is necessary because
increasing temperature enables phase change. However, during preliminary testing, we found this
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Figure 2.2: Results from DMA test of PCL composite with PCL of molecular weight 88.4 kg mol~! and 20% loading
fraction of carbon black.

method of direct Joule heating to be unreliable. The primary issue with direct Joule heating was
that any variations in the cross-section of the composite would result in the formation of “hot
spots,” or areas of localized heating. This is because the resistance of the composite at any location
is inversely proportional to its cross-sectional area. Thus, in locations where the cross-sectional
area was smaller than the nominal cross-sectional area, the resistance of the composite was high,
resulting in a greater generation of thermal energy for the same amount of current. The problem
with this localized heating was that it would not allow the composite to bend uniformly when
subjected to external forces, and therefore did not meet the requirements for our application.

In order to apply uniform heat to the composite, we developed flexible resistance heaters by cutting
serpentine copper traces, following the process established in [45, 46]. This process is depicted
in Figure [2.3p. First, a 70 um thick layer of flexible copper-clad polyimide (Pyralux FR8510R,
DuPont) was laminated onto a PDMS bed (10:1 Sylgard 184, Dow Corning) with a rigid aluminum
backing and cut using an ultraviolet laser (Protolaser U3, LPKF), as in [46]. The width of the
traces was 0.6 mm. Then, a 51 um thick layer of adhesive transfer tape (VHB F9460PC, 3M) was
laminated to the traces, and the traces and tape were pulled away from the PDMS bed as a single
unit, which we refer to as a flexible heater. The heater was then placed on top of a 70 mm x 40 mm,
1.5 mm thick rectangular piece of PCL composite, and was adhered to the composite using a hand
iron. Thus, by running electrical current through the heater’s copper traces, heat is generated
which is then distributed through the composite via thermal conduction. The result is that the
entire composite can be heated to a nearly uniform temperature. Together, the flexible heater and
PCL composite form the stiffness tuning element of the gripper.

After soldering wires to the flexible heater, the stiffness tuning element is embedded in a silicone
matrix. The result is a “contact pad,” shown in Figures and[2.3p. The first step of this process
is creating a primary mold for the silicone matrix, shown in Figure 2.3h. This mold is made of
VeroWhite (Stratays) and is fabricated using an Objet 3D printer (Stratasys). A separate mold is
also fabricated using the same material which enables casting of a 70 mm x 40 mm layer of silicone

8
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upwards. (ii) Copper-clad polyimide is machined by ultraviolet laser. (iii) Excess copper-clad polyimide is removed
from the PDMS bed, leaving only the serpentine traces. Traces are then laminated to VHB tape and removed from the
bed. (iv) Traces and VHB tape (i.e. flexible heater) are placed on top of the composite, with copper facing upwards,
and adhered to the surface using a hand iron. Wires are then soldered to connection points on the traces. (v) Stiffness
tuning element is placed inside of the mold, on top of a 500 um thick layer of silicone. Mold is filled with silicone and
placed in a 70 °C oven to cure for 30 minutes. (vi) Mold is removed from the oven and the contact pad is separated
from the mold. (b) Exploded view of contact pad. Thickness of the bottom layer of silicone is 500 um. Thickness of
the composite is 1.5 mm. Thickness of the top layer of silicone is 1 mm. Total thickness of the contact pad is 3 mm.

(Dragon Skin 10, Smooth-On) with a thickness of 500 um. This layer of silicone is placed at the
bottom of the primary mold and serves as the interface between the contact pad and target objects.
It is important that this layer is cast in a dedicated mold in order to ensure consistent thickness,
since its thickness will impact the overall adhesion strength of the contact pad [36]. Next, a thin
layer of uncured silicone (Dragon Skin 10) is poured into the mold, and the stiffness tuning element
is placed on top and pressed into contact with the cured layer of silicone beneath. Pouring uncured
silicone into the mold before inserting the stiffness tuning element helps to ensure that any cavities
on the bottom surface of the composite are filled with silicone, which prevents the formation of air
pockets between the composite and the silicone matrix. Finally, the rest of the mold is filled with
silicone, and the mold is placed in an oven set to 70 °C and left to cure for 30 minutes. The mold
is then removed from the oven, and the contact pad is separated from the mold and left to cool.

Embedding the stiffness tuning element in a silicone matrix is important for several reasons. First,
the silicone matrix helps the stiffness tuning element to maintain its structure. This is necessary
because the PCL composite does not exhibit an elastic restoring force in its soft state. A helpful
analogy is that the consistency of the composite in its soft state is similar to that of peanut butter.
Thus, any deformation to the composite will be maintained in the absence of external forces.
This characteristic is problematic because uniform heating of the composite is dependent upon
the composite maintaining its original dimensions. Embedding the stiffness tuning element in a
silicone matrix solves this problem since the original shape can be restored by the elasticity of
the silicone. An additional benefit of the silicone matrix is that it allows for the stiffness tuning
element to be easily attached to an external structure. Finally, the silicone matrix allows for greater
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adhesion than could be achieved with just the composite, since the particular silicone used (i.e.
Dragon Skin 10) is softer than the composite and, therefore, allows for more conformal contact.

In order to control the temperature of the contact pad, a thermistor (10 k(2 NTC, Uxcell) was
embedded between the silicone matrix and the stiffness tuning element (see Figure ). This was
achieved by cutting a slit in the silicone matrix, then inserting the thermistor and sealing the slit
with a flexible adhesive (Sil-Poxy, Smooth-On). The thermistor is used to measure the temperature
of the stiffness tuning element, and the temperature is used as feedback for a proportional controller
run by a microcontroller (Arduino Uno). The proportional controller restricts the flow of current to
the flexible heater in order to maintain a desired setpoint temperature. Although the temperature at
which the composite reaches its soft state is Ty, ~ 67 °C (as shown in Figure[2.2), testing revealed
that the thermistor reading at which this transition occurred was Tsoft ~ 48 °C. So, the setpoint of
the proportional controller was established at 50 °C. Correspondingly, it was determined that the
thermistor reading at which the composite stiffens is Tstiff ~ 35°C.

The time scale of the transition between the stiff and soft states of the contact pad was determined
by running a heating test three times. The test started with the contact pad in its stiff state at
room temperature (21 °C). Power was then supplied to the heater at 9.0 V, drawing approximately
1.9 A (17 W), and the contact pad was heated until it reached its setpoint temperature Tset = 50°C.
Then, power was removed from the heater, and the pad was allowed to passively cool until the
thermistor reading returned to room temperature. During these tests, the average time required for
the contact pad to heat from room temperature to its setpoint temperature was 3.3 minutes (Thea =
0.15°Cs™1). The average time required to cool from the setpoint temperature to Tuirr ~ 35°C was
4.5 minutes (Tio = 0.055°C's™).

The effectiveness of the contact pad in adhering to objects of various shapes and sizes is dependent
upon its ability to conform to surfaces in its soft state. So, when designing a gripper with an inte-
grated contact pad, the priority was to enable the contact pad to conform to objects with minimal
constraints. The result was the design shown in Figure 2.TB. This gripper is a modified version
of the PhantomX Parallel AX-12 Gripper (Interbotix). The parts were fabricated from VeroWhite
using an Objet 3D printer. The primary modification to the original gripper design was the addition
of fastening structures on the gripper jaws, which could be used to secure the contact pad to the
gripper. The gripper was then mounted to a four degree of freedom (DOF) robotic arm (uArm,
UFactory), as shown in Figure 2.TA.

This gripper works by modulating the distance between its jaws when the contact pad is in its soft
state. At the beginning of a grasp cycle, the contact pad is in its default, flat shape. As the contact
pad transitions to its soft state, it sags slightly due to gravity. Moving the gripper jaws towards
each other causes the pad to buckle and deform towards the ground. The robot arm then moves
the gripper downwards until the pad is brought into contact with the target object. Once sufficient
contact has been established between the pad and the object, the gripper stops moving and power
is removed from the flexible heater. The contact pad is then allowed to cool until it reaches its stiff
state, at which point the gripper is lifted back up with the object in its grasp.
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2.2.3 Experimental Setup

In order to evaluate the effectiveness of the gripper, pull-off tests [28, 43l 44] were conducted
using a materials testing machine (Instron 5969). During the tests, the gripper was attached to a
+10N load cell that was mounted to the crosshead of the Instron, and an acrylic substrate was
fixed in place directly below. Each individual test started with the contact pad in its stiff state and
flat shape. The pad was then heated to Ty, = 50°C, and the gripper jaws were moved towards
each other in order to cause the pad to buckle, resulting in a curved shape. In this curved shape,
the contact pad is deflected downwards, with the bottom several millimeters above the surface of
the acrylic substrate. Next, the Instron crosshead was lowered at 0.167 mms~! until reaching a
pre-determined height. The contact pad was then allowed to rest on the substrate for 5 minutes
before the Instron crosshead began retracting upwards at 0.167 mms~!. The test ended when the
crosshead returned to its starting height. During the test, the Instron records force measurements
from the load cell, as well as timestamps and the position of the crosshead. This testing procedure
is graphically depicted in Figure 2.4JA/B. Prior to each test, the contact pad and acrylic substrate
were cleaned in order to ensure consistent adhesion.

Throughout pull-off testing, several parameters were chosen to be varied systematically. These
parameters included the geometry and state of the contact pad, and the geometry of the acrylic
substrate. The geometry of the contact pad was controlled by varying the distance between the
gripper jaws and the resting height of the Instron crosshead. These parameters are represented
by the variables S and H, respectively, depicted in Figure 2.4D. The state of the contact pad
prior to retraction (Figure 2.4/A/B, Step 5) was either state = soft or state = stiff. In the case
of state = soft, the contact pad was kept at Tset = 50°C throughout the entire trial. In the case
of state = stiff, power was removed from the flexible heater after the Instron crosshead stopped
moving downwards (Figure [2.4]A, Step 3). The contact pad was then allowed to cool during the 5
minute resting period, such that its temperature was below Tiir =~ 35°C once the crosshead began
pulling upwards. The geometry of the acrylic substrate was varied between flat and cylindrical. A
minimum three tests were conducted for each unique parameter combination.

2.2.4 Finite Element Model

In order to gain insight into the mechanics of the gripper, a finite element model was developed
to simulate its deformation and adhesion. Finite element analysis (FEA) was conducted using
ABAQUS/Standard (ABAQUS 2018). The system was modeled as a two-dimensional beam under
plane strain conditions and consisting of a stiffness-tunable core between two soft outer layers as
shown in Figure [2.5]A. The initial length of the beam is S; = 98 mm and the thickness of the
bottom, center, and top layers are ¢t; = 0.5 mm, ¢, = 1.5 mm, and {3 = 1 mm, respectively. Here,
S corresponds to the sum of the initial parallel jaw separation S, as shown in Figure 2.4D, and
twice the distance between the location of applied clamping force and the corresponding inside
parallel jaw surface. The soft outer layers were assumed to be linear elastic with Young’s modulus

“Finite element model implemented by Christopher J. Stabile, Department of Mechanical Engineering and Applied
Mechanics, University of Pennsylvania, Philadelphia, Pennsylvania, USA.
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Figure 2.4: (A) Pull-off testing procedure for state = stiff: (1) Initially, the contact pad is in its soft state, with the
bottom edge several millimeters above the acrylic substrate. Then, the Instron crosshead begins moving downwards.
(2) Contact pad comes into contact with the substrate. (3) The crosshead reaches its resting height and stops moving.
(4) Contact pad is allowed to rest on the substrate for 5 minutes. During this time, stress relaxation occurs due to
the viscoelasticity of the composite. (5) Crosshead begins retracting. (6) The pad loses contact with the substrate.
Afterwards, the crosshead continues moving upwards until it reaches its starting height. (B) Pull-off testing procedure
for state = soft. This is identical to the stiff state procedure except for heating of the contact pad. The plots and images
shown correspond to tests with parameters, S = 46 mm, and H = 17.5 mm on a flat substrate. (C) State = stiff and
state = soft loading cycles overlaid. (D) Parameters controlling contact pad geometry. S is the distance between the
gripper’s jaws and H is the distance between the bottom of the gripper jaws and the top of the acrylic substrate.
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Figure 2.5: (A) Finite element schematic of the initial flat state. (B) Finite element deformation process showing (i)
the initial flat state, (ii) application of gravity, (iii) compression, and (iv) contact formation.

E, = 0.09 MPa, Poisson’s ratio v; = 0.49, and density p, = 1.07 g/cm?, representative of Dragon
Skin 10. The core was assumed to be linear elastic with Young’s modulus and Poisson’s ratio
defined as £ = 2 MPa and v *°" = (.49 for the soft state and £ = 500 MPa and v = 0.45
for the stiff state, and constant density p, = 1.145 g/cm?. The material properties used for the core
are representative of PCL, with the Young’s moduli corresponding to the soft and stiff state storage
moduli of the PCL composite that was characterized through DMA as shown in Figure [2.2]

Simulations were conducted using a structured mesh consisting of plane strain eight-node hybrid
biquadratic elements (CPE8H). Only half of the beam was modeled, with a symmetry condition
along z; = 0 and a clamped condition along z; = Sjj/2 as shown in Figure , meaning that the
edge nodes displace uniformly. Additionally, a surface-to-surface contact interaction with a “hard”
contact pressure-overclosure relationship and frictionless behavior was specified between the beam
and an analytical rigid surface. The simulations were conducted in three stages consisting of (1)
deformation and contact formation, (2) soft-to-stiff transition, and (3) retraction.

During the first stage of the simulations, the beam was deformed and brought into contact with an
analytical rigid surface through displacement of the clamped edge. This process involved four sub-
stages including (1) initial flat state, (i1) application of gravity, (iii) compression, and (iv) contact
formation. The complete deformation process is depicted in Figure 2.5B. First, the displacement
components of the clamped edge were fixed and gravity was activated with a gravitational accel-
eration g = 9.807 m/s?. The application of gravity was necessary to introduce an asymmetry in
the beam deflection so that it would buckle in the appropriate direction. Second, the clamped edge
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was displaced inward to induce buckling while establishing the desired parallel jaw separation .S.
Third, with an analytical rigid surface positioned into point contact with the buckled beam, the
clamped edge was displaced downward to form the contact while establishing the desired clamp-
ing height . Subsequently, the normal displacement of the nodes in contact were fixed with a
displacement boundary condition, allowing for the removal of the specified contact interaction.

After achieving the deformed configuration corresponding to the desired values of .S and H, the
material properties of the core were changed from Fq and vgf to Egige and vgie. Meanwhile, the
reference configuration of the core elements was set equal to the current/deformed configuration
to effectively remove the existing strain.

For the final stage of the simulations, the clamped edge was displaced upward by some small
0 and the corresponding load-displacement curve was used to determine the compliance of the
system. This was done both prior to and after stiffening the core, in order to evaluate results for
state = soft as well as state = stiff, respectively. For an elastic layer adhered to a rigid substrate,
the normal adhesion force capacity scales with the reciprocal square root of the system compliance

[47], expressed as:

F, L 2.1)

Ve
This allows for an estimate of the ratio of stiff to soft pull-off forces for a set of S and H values
through an assessment of the change in system compliance.

2.3 Results and Discussion

2.3.1 Pull-off Testing

Results from pull-off testing are shown in Figures [2.6] and For convenience, we consider
results from tests with a flat substrate separately from those with a cylindrical substrate.

Beginning with the flat substrate results shown in Figure it is evident that pull-off force in-
creases when the contact pad is in its stiff state, rather than its soft state, prior to retraction. The
increase in pull-off force as a result of this stiffness change was ~ 2-6x, depending on gripper
geometry. This finding is consistent with the results of other studies that explored stiffness modu-
lation for tunable adhesion [28, 136].

We also see that the pull-off forces corresponding to soft state tests are approximately constant
regardless of gripper geometry. This result can be explained by the fact that the deformed shape
corresponding to some combination of S and H values prior to retraction is not maintained during
retraction without a stiffening of the core to “lock in” the shape. Instead, as the Instron crosshead
is retracted, the non-adhered regions of the contact pad straighten and the pad gradually peels
from the substrate. Still, the clamping distance S will affect the peeling angle and, thus, the peel
strength. However, this did not result in any significant change in pull-off force.

On the other hand, gripper geometry had a significant influence on pull-off force during stiff state
tests. In the stiff state, the deformed shape prior to retraction is locked in. Furthermore, unlike in
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Figure 2.6: Pull-off test results for the flat substrate: (a) Superimposed loading cycles from consecutive trials with
parameters state = stiff, S = 46 mm, H = 17.5mm. (b) Superimposed loading cycles from consecutive trials with
parameters state = soft, S = 46 mm, H = 17.5mm. (c) Representative photograph, S = 37mm, H = 15mm. (d)
Averaged results for tests with condition state = stiff. (e) Averaged results for tests with condition state = soft. (f)
Ratio of pull-off force between stiff and soft conditions.
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Figure 2.7: Pull-off test results for the cylindrical substrate: (a) Superimposed loading cycles from consecutive trials
with parameters state = stiff, S = 51 mm, H = —18 mm. (b) Superimposed loading cycles from consecutive trials
with parameters state = soft, S = 51 mm, H = —18 mm. (c¢) Representative photograph, S = 51 mm, H = —5 mm.
(d) Averaged results, S held constant at 51 mm.
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the soft state, the contact area between the gripper and the substrate just prior to pull-off is virtually
the same as the original contact area. Without peeling, the pull-off force is governed by the normal
adhesion strength, which is influenced by load sharing on the interface. In general, stiffer materials
allow for improved load sharing and, thus, adhesion enhancement. Similarly, the gripper geometry
can affect the stress distribution on the interface, which can result in changes in pull-off force. The
results show that as S is held constant and H increases, pull-off force tends to decrease, and that
as H is held constant and .S increases, pull-off force tends to decrease. However, these results are
based on a limited amount of data, and more testing will be required in order to arrive at a definitive
conclusion regarding the impact of gripper geometry on pull-off force.

When analyzing results from tests with the cylindrical substrate in Figure it is evident that the
trend of increased pull-off force for stiff versus soft state tests still holds. As with the flat substrate,
we see that as S is held constant and H increases, the pull-off force decreases. The magnitudes of
the pull-off force are also similar to what was observed with the flat substrate.

One possible source of uncertainty from the pull-off testing is that the contact pad was prone to
experiencing small amounts of plastic deformation during testing. We believe this was due to the
fact that the flexible heater did not cover the entire area of the composite’s surface (see Figure[2.3p).
Consequently, the edges of the composite (not covered by the heater) were not always raised to the
same temperature as the rest of the composite, which prevented them from fully softening and
caused them to retain a small amount of curvature as the contact pad was continuously stretched
(flattened) and compressed (curved) over the course of many loading cycles.

2.3.2 Comparison of FEA and Experimental Results

Using the finite element model described in Section [2.2.4] the gripper’s deformed profile after
contact formation was examined for several combinations of S and H. Generally, the predicted
profiles show good agreement with the experimental profiles, as exemplified by the profiles shown
in Figure 2.8

To estimate the ratio of stiff to soft pull-off forces, the system compliance was determined for sets
of S and H values in both the stiff and soft states. For all combinations of S and H considered, use
of Eq. 2.1 yielded a stiff to soft pull-off force ratio of ~ 12. From a compliance perspective, and
considering the 250 x increase in the Young’s modulus of the core material upon stiffening, the stiff
to soft pull-off force ratio is expected to be in the range of ~ 1/250. This suggests a 16x increase
in pull-off force, which is comparable to the 12x increase predicted by FEA. These ratios are
larger than those given by the experimental data, which shows up to a 6 x increase in pull-off force
from stiffening the core. The difference between the FEA prediction and the experimental results
could be attributed, in part, to misalignment between the gripper and substrate in the experiments
that would reduce the measured pull-off force.
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Figure 2.8: Deformed profiles of the contact pad prior to retraction. Predictions from FEA with logarithmic maximum
principal strain contours are shown in the left column, and experimental results are shown in the right column.
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Figure 2.9: Grasping various objects: (A) Playing card, 1.62g. (B) Silicon wafer, 9.38 g. (C) Small tomato, 25.3 g.
(D) Juice can, 36.6 g.

2.3.3 Pick-and-place Demonstrations

In addition to pull-off testing, the gripper’s efficacy was also evaluated based on pick-and-place
demonstrations conducted with various objects. Objects successfully grasped and released in-
cluded a playing card (1.62 g), a silicon wafer (9.38 g), a small tomato (25.3 g), and a juice can
(36.6 g), shown in Figure[2.9]

In general, we found that this gripper excels at grasping flat, smooth objects, which can be chal-
lenging for grippers that grasp objects via force closure. It was even capable of lifting a small
dinner plate weighing 147 g (1.44 N), corresponding to 78% of the maximum pull-off force mea-
sured during pull-off testing. The gripper is also capable of grasping objects with convex surfaces
of various shapes and sizes, including a tomato and a juice can, as shown in Figure 2.9] Although
this capability is generally limited to objects with simple, rounded surfaces, it serves to demon-
strate the gripper’s versatility. The gripper also showed promise in handling fragile objects - such
as the silicon wafer and the tomato - without causing any damage to them. This capability is a
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result of the gripper’s inherent compliance, and does not require any special control strategies. Af-
ter grasping, each of the objects was released and returned to near its original location by simply
heating the contact pad and allowing the object to drop due to the decreased adhesion force.

Taken as a whole, these pick-and-place demonstrations are a validation of the gripper’s applicabil-
ity towards real-world tasks. Although there are several classes of objects which the gripper cannot
reliably grasp - including those with rough or wet surfaces (which are problematic for many grip-
pers that rely upon dry adhesion) or complex surface geometries - it exhibits an impressive degree
of versatility given its simplicity. Importantly, because of the gripper’s simplicity - specifically the
fact that it requires only a single servo motor for actuation and a 9V power supply to power the
flexible heater - it can be easily integrated with most robotic systems, including the small uArm
robot that was used for these demonstrations.

2.3.4 Limitations

While the gripper developed for this study has demonstrated its ability to successfully grasp and
release various objects, it does have some limitations. First is the gripper’s cycle time. Since
the gripper’s stiffness tuning capability is dependent on a thermally-induced phase change, the
amount of time required to perform a successful grasp is relatively large. Quantitatively, the gripper
requires on average 3.3 minutes to heat from room temperature to Tiee = 50°C and 4.5 minutes
to cool to Tstiff = 35°C (as established in Section , resulting in an overall cycle time of 8.8
minutes to grasp a single object. This issue is common among stiffness tuning technologies that
rely upon thermal activation. However, there are several steps that could be taken in future work to
reduce this cycle time. One solution is to load the contact pad’s silicone matrix with liquid metal in
order to increase its thermal conductivity, as established in [48]. Another solution is to implement
active cooling by running cold fluid through the contact pad while it cools, as demonstrated in
[27, 130, 49]. Additionally, the PCL composite could be replaced with a material with a lower
melting point and higher thermal conductivity.

Another limitation of the current gripper is that it is not always successful in releasing objects after
grasping. In principle, when the gripper is ready to release an object, the contact pad can be heated
to Thee = 50°C and the gripper jaws can be separated, which should result in a decrease in adhesion
strength and subsequent release of the object. However, while this strategy is typically successful,
there are instances in which the decrease in adhesion strength is not sufficient to enable release.
This is especially true for lightweight objects, such as a playing card. One possible solution to this
problem would be to replace the PCL composite with a shape memory polymer, which could be
“programmed” to alter is surface geometry during release, as demonstrated in [21]].

Finally, the gripper’s maximum payload capacity - approximately 1.85 N, as measured during pull-
off testing - is also a potential limitation. The payload capacity of the gripper is governed by
a number of factors, including the circumferential length (perimeter) of the contact interface [43]]
and the stress distribution at the interface. In order to increase the perimeter of the contact interface,
the size of the contact pad would need to be increased, which is not a preferred solution. On the
other hand, some studies have shown that the stress distribution at the interface can be controlled
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using kirigami-based structures [S0], enabling increased adhesion strength. This kirigami-based
approach may be a promising avenue for further investigation.

2.4 Concluding Remarks

This research focused on the development of a novel soft robotic gripper that relies upon stiffness
and adhesion tuning capabilities enabled by controlling the temperature of a thermoplastic compos-
ite embedded in a soft contact pad. Pull-off tests performed using the gripper showed that stiffness
tuning leads to enhanced adhesion, and provided insight into the effect of gripper geometry and
substrate geometry on adhesion strength. A finite element model was also developed to simulate
the testing procedure, which provided insight into the deformation and adhesion mechanics of the
system. Finally, the gripper was integrated with a 4 DOF robotic arm, and used to successfully
grasp and release objects of various shapes, weights, and sizes.
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Chapter 3

Design Optimization of a Tendon Driven
Foam Hand

3.1 Background

For several decades, roboticists have endeavoured to develop autonomous systems capable of dex-
terous manipulation [6, 8]. Although substantial progress has been made towards the ultimate
goal of achieving human-level dexterity, this still remains an extremely challenging and unsolved
problem. Recently, however, progress in reinforcement learning (RL) for robotics has enabled un-
precedented levels of dexterity from autonomous robot end effectors, culminating in the ability of
an anthropomorphic hand to reorient a cube to any desired configuration [S1]]. This result repre-
sents the current state of the art in autonomous robotic manipulation. However, such a result may
not be easily reproducible, owing to the prodigious amount of effort and resources required.

The difficulty in producing this cutting-edge result [S1]] can largely be attributed to the hardware
being used - the Shadow Dexterous Hand (Shadow Robot Company) - a 24 degree of freedom
(DoF), 20 degree of actuation (DoA) robot hand, costing on the order of tens of thousands of US
dollars. Control of such a complex, high dimensional system is a dauntingly difficult task, and
research is made yet more difficult by the fact that the system is prone to experiencing frequent
breakages throughout testing [51/]. Unfortunately, there few alternative hardware options, since the
Shadow Hand is one of the only commercially available robotic hands which possesses sufficient
dexterous capabilities to accomplish a variety of complex manipulation tasks. Clearly, in order
for other research centers and universities with limited resources to get involved in research on
dexterous manipulation - and in doing so help to advance the state of the art - a low cost, low
complexity dexterous manipulation platform will be critically important.

In fact, several groups have developed dexterous manipulation platforms intended (at least in part)
to address this problem, many of which rely upon the principles of soft robotics [6, 9] in order to
achieve high dexterity while minimizing cost and complexity. Soft robotic manipulators are well-
suited for this problem for several reasons. First, they can be fabricated using rapid prototyping
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techniques, such as 3D printing and laser cutting, and low cost materials, such as plastics and
rubbers, which reduces the overall cost of the robot. Second, soft robots are typically more robust
than rigid robots, since their deformable structures allow them to absorb impacts without being
damaged. Finally, soft robots are able to conform and adapt to their environments due to their
compliance, which reduces the need for precision in control.

Examples of dexterous soft robotic end effectors include the RBO Hand 2 [4], a silicone-based,
pneumatically actuated anthropomorphic hand with 7 DoAs; the Pisa/IIT SoftHand 2 [52], a com-
pliant, tendon-driven anthropomorphic hand with 2 DoAs, relying upon “adaptive synergies” [S3]]
for simplified actuation of many joints; and several tendon-driven hands with flexure joints [S4-
56], developed as a part of the Yale OpenHand Project, all of which have less than 5 fingers and
between 2 and 4 DoAs. However, it is the author’s opinion that none of these end effectors have
demonstrated an ability to accomplish a sufficiently wide range of dexterous in-hand manipulation
tasks. Another notable soft robotic manipulator is the highly biomimetic, compliant, tendon driven
hand developed by Xu and Todorov [S7]. This hand demonstrates high levels of dexterity, but is
still rather complex, with many intricate parts susceptible to breakage, as well as a relatively high
actuation dimensionality (10 DoAs).

The goal of this work is to bridge the gap between dexterity and complexity by developing a
robotic end effector which demonstrates a high level of dexterity while requiring a low number
of actuators, i.e. control inputs, in order to operate. This work will build upon the work of King
et. al [13}, 58, 159], who developed techniques for fabricating and controlling tendon-driven hands
made almost entirely of foam. Various prototypes developed using this foam-based architecture
have demonstrated promising levels of dexterity. Importantly, the potential dexterity of these foam
hands is nearly unlimited, since fabrication techniques allow for the establishment of any desired
morphology, which can be actuated with a theoretically unlimited number of tendons in any desired
configuration. Of course, there are practical limitations on the number of motors that can be used
to drive these tendons, and the dexterous hands developed in [[13} 158} 59] used 10 motors to drive
an equal number of tendons. The contribution of this work will be to optimize the design of these
hands such that the number of required motors can be reduced while maintaining a high level of
dexterity.

Reducing the number of motors used by the hand is important for several reasons. First, this
reduces the actuation dimensionality of the system, which enables simplified control. Second, less
motors means a less expensive system. Finally, a reduction in motors leads to a reduction in the
overall weight and bulk of the hand, which is important for integration with robotic arms. In order
to assess how many motors are acceptable based on these criteria, we can draw comparisons with
the hands developed for the Yale OpenHand Project [54-56], which were designed specifically to
meet the needs of researchers as outlined above, i.e. simplicity, low cost, and ease of integration
with common robotic arms such as the Barrett WAM arm and Rethink Robotics’ Baxter. Since the
most complex hands developed for the OpenHand Project are actuated by 4 servo motors, this will
serve as our benchmark for the maximum number of allowable motors.

The rest of this chapter is structured as follows: in Section [3.2] we first establish a new bench-
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mark for evaluating the dexterity of robot end effectors. We then describe the specific morphology
and tendon routing chosen for our optimized hand design, and introduce the concept of postu-
ral synergies [60]], which can be exploited to reduce actuation dimensionality without significant
losses in dexterity. In Section [3.3] we evaluate the hand’s performance using the previously estab-
lished dexterity benchmark test, comparing results from the fully actuated case to results from the
underactuated case (exploiting synergies), and discuss limitations of the study. Finally, we offer
concluding remarks in Section|3.4

3.2 Methodology

3.2.1 Evaluating Dexterity

Throughout the rest of this chapter, we will define dexterity as “the capability of changing the po-
sition and orientation of the manipulated object from a given reference configuration to a different
one, arbitrarily chosen within the hand workspace” [8]. Specifically, we are interested in in-hand
manipulation (a term used interchangeably with dexterous manipulation throughout this chapter),
which involves controlling the pose of a grasped object using only the hand, without relying on
the arm or body. It is also important to make a distinction between dexterous manipulation and
grasping. Grasping has been extensively studied and characterized by the robotics community,
and involves “an action of a hand on an object consisting in preventing its motions relative to the
hand, possibly in the face of disturbance forces acting on the object itself” [8]. In other words,
grasping is a fundamentally static operation, whereas dexterous manipulation is a fundamentally
dynamic operation. Many robotic end effectors have been developed with the goal of achieving
robust grasps for a wide range of objects, but because the objectives of grasping and dexterous
manipulation are at odds, the design requirements for these end effectors may vary widely from
the design requirements for hands intended for dexterous manipulation.

We can also define the range of dexterity of a hand using a classification proposed by Bullock et. al
[61]], which categorizes in-hand manipulation tasks based on rotations and translations along hand
coordinate axes. They further categorize in-hand manipulations according to whether or not there
is motion at contact - in other words, whether the initial contact points made between the hand
and object remain fixed throughout a given manipulation. In total, this classification establishes 12
distinct categories of in-hand manipulation, corresponding to individual rotations and translations
along each axis in 3D space (e.g. 0y, Ay, 0y...), for cases of either motion at contact (A) or no
motion at contact (NA). It should be noted that the authors could not find a human manipulation
pattern corresponding to 6y, (A), reducing the size of the set of possible in-hand manipulation
categories to 11. Thus, the range of dexterity of a given robotic end effector can be evaluated
based on how many of the 11 possible in-hand manipulation categories established in [61] are
feasible.

Ideally, there would be one or more quantitative metrics which could be used to evaluate an end
effector’s ability to accomplish tasks corresponding to each of these 11 manipulation categories.
These metrics could then be used as parameters in an optimization which would produce a hand
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with maximal dexterity. One prominent example of a quantitative metric for dexterity evaluation
is calculating the area of an end effector’s “reachable configuration manifold” [S6]. However, this
metric is limited to translations in two dimensions, during which there is no motion at contact, and
thus only covers a small subset of all possible in-hand manipulations. As of this writing, no corre-
sponding metrics have been established which can be used to evaluate the remaining categories of
in-hand manipulation. Thus, we must forgo quantitative metrics for dexterity evaluation in favor
of qualitative tests.

Somewhat surprisingly, no qualitative benchmark tests have yet been established within the robotics
literature which can be used to sufficiently evaluate an end effector’s dexterity. One test which
some authors have used to measure dexterity is the Kapandji test [62], which evaluates the ability
of the thumb’s distal phalanx to contact different locations around the hand. However, this test
can only be used to evaluate anthropomorphic hands, and is at best a rough proxy for measuring
a hand’s dexterous capabilities. There are also various hand function tests used within the fields
of physical rehabilitation and prosthetics, such as the Jebsen Taylor Hand Function test [63], the
Purdue Pegboard test [64], and the Box and Blocks test [65]], but these tests are generally limited to
pick-and-place tasks and simple tool usage, which primarily measure grasping ability and whole-
arm dexterity, as opposed to in-hand manipulation capability. Thus, there is a need for a new
benchmark test which can be used to evaluate the full range of dexterous in-hand manipulation
capabilities of a hand.

We propose a benchmark test based on a manipulation classification established by Elliott and
Connolly [66]. This classification consists of 13 distinct in-hand manipulation patterns, derived
from observations of multiple human subjects. We find that this classification is well-suited for
adaptation as a dexterity benchmark test for several reasons. First, and most importantly, across
the 13 manipulation patterns established in [66], each of the in-hand manipulation categories from
[61] is represented at least once. Thus, we can claim that any end effector capable of performing
all of these patterns is accordingly capable of performing the full range of possible in-hand manip-
ulations. Second, across these 13 patterns, all of the primary sub-classes of in-hand manipulation,
namely finger-gaiting, rolling, and sliding [8]], are represented. Finally, this classification includes
detailed descriptions and illustrations of each manipulation pattern, which greatly enhances its
clarity and interpretability.

In order to establish a benchmark test based on these manipulation patterns, it is necessary to define
criteria which dictate whether an attempted pattern has been “passed” or “failed”. These criteria
are based on the descriptions and illustrations from [66], and can be found in Appendix |Al As a
further measure for enabling objective evaluation of these patterns, videos have been recorded of a
human hand performing each pattern according to the established criteria, which can be compared
to videos of a robot hand performing the same patterns. Ultimately, it is up to the subjective
judgement of each observer to determine whether each pattern has been performed successfully,
but we have done our best to establish a standard method for evaluation.
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(b)

Figure 3.1: (a) CAD images of the foam hand prototype. (b) CAD model of the multi-part mold used to fabricate the
foam hand.

3.2.2 Morphology

The first step in establishing a suitable morphology for this foam hand prototype was to limit
the number of fingers to three. This is the theoretical minimum number of fingers required to
perform each of the 13 manipulation patterns from [66], as can be demonstrated by a human
subject. Limiting the number of fingers reduces the number of tendons needed for actuation, which
in turn reduces the number of motors required to drive the tendons.

Next, a three-fingered, bio-inspired morphology was established, based on the thumb, index, and
middle fingers of a human hand in both shape and dimensions, as shown in Figure [3.Th (a dimen-
sioned drawing can be found in Appendix [D)). Figure [3.2]shows a comparison between coordinate
axes of the foam hand prototype and a human hand. The foam hand is fabricated as a single, contin-
uous piece of foam by creating a multi-part mold using a 3D printer, shown in Figure[3.1p. Because
the flexibility of foam-based hands enables an exceptional range of motion, this bio-inspired design
is able to closely imitate many of the postures formed by human hands during in-hand manipula-
tion. This simplifies manual control of the robot, since the necessary postures for any manipulation
pattern can simply be copied from a human example.

Importantly, each of the fingers of the foam hand is initially curled away from the palm when the
hand is in its rest pose, i.e. when no external forces are acting on the hand. The purpose of this
design choice is to eliminate the need for extensor tendons running along the backsides of each
finger. With this design, the hand relies upon the elasticity of the foam for the extension of each
finger. In order to avoid buckling due to excessive deformation during flexion, slits are introduced
along the fronts of each finger.
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Figure 3.2: Coordinate axes for a human hand (left) and the foam hand prototype (right).
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Figure 3.3: Diagram illustrating how a foam finger can be actuated with four tendons in a way that allows it to bend
in any direction.

3.2.3 Tendon Routing

In order for this foam hand prototype to achieve maximal dexterity, it is advantageous for its fingers
to be able to bend in any direction. This can be achieved by running four equally spaced tendons
along the length of each finger, as shown in Figure [3.3] For the specific morphology established
in Section [3.2.2] only three tendons are required in order to achieve this functionality, due to the
intrinsic curvature of each finger.

Two important modifications were made to this basic tendon routing scheme based on the results
of early testing with the hand. First, it was determined that the tendons running along the outsides
of the index and middle fingers (the radial tendon on the index finger and the ulnar tendon on the
middle finger) were generally not needed for any of the 13 manipulation patterns from [66]], and
thus could be eliminated without any significant loss in dexterity.

Additionally, testing revealed that the positions of the hand’s fingertips could not be sufficiently
controlled with this default tendon routing scheme. This result can be explained through analysis
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Figure 3.4: Diagram illustrating fingertip workspaces. The workspace is the area between dotted lines. (left) Finger
actuated by individual tendons running along its length. (right) Finger actuated by multiple tendons (proximal and
distal) running along its length.
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Figure 3.5: Tendon routing diagram for the final foam hand prototype.

of Figure [3.4] With only one tendon running along the length of each finger (in each direction), the
workspace of the fingertips is constrained to a one-dimensional arc. Thus a second tendon must be
added along the length of each finger, such that one tendon controls the finger’s proximal section,
and the other tendon controls the finger’s distal section. In this manner, a multi-jointed behavior is
established, which enables a fingertip workspace with a non-zero volume.

After accounting for both of these insights, the resulting hand prototype was actuated by 10 tendons
- three for the middle and index fingers, and four for the thumb. A tendon routing diagram is
shown in Figure[3.5] This is the the final prototype which was used for the experiments discussed
in Section [3.3] For more details on the fabrication process, including the application of the fabric
“glove” through which the tendons are routed and the design of the motor bank which drives the
tendons, see [13]].
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3.2.4 Postural Synergies

Because the prototype described in the preceding sections is actuated by 10 tendons, it requires 10
motors for full actuation. In order to reduce the number of motors to less than 5, as dictated in
Section [3.1] it is necessary to drive multiple tendons with individual motors. In principle, this can
be achieved with limited loss in dexterous capability through the application of postural synergies
[60].

Postural synergies can be thought of as manipulation primitives which consist - in the case of hu-
man hands - of the coordinated movement of multiple joints in order to achieve a specific set of
postures. In humans, postural synergies arise both from physical coupling of tendons and mus-
cles and from neuro-muscular patterns [60, |67]. Synergies can be empirically “discovered” by
analyzing data from human subjects using principal component analysis (PCA), as demonstrated
in a seminal paper by Santello et al. [60]. The findings of [60] were that the first two principal
components, i.e. synergies, resulting from this analysis accounted for more than 80% of the total
variation across all data, which led the authors to believe that this dimensionality reduction could
be applied without a significant loss in functionality.

Since the work Santello et. al [60], postural synergies have been applied with some success to
numerous robotic hands, including but not limited to [52, 53} 67-H70]. However, in most of these
cases, the goal was to enable robust grasping ability, rather than dexterous manipulation. An
exception is the Pisa/IIT Softhand 2 [52], which employs multiple “adaptive” synergies [53] for
dexterous manipulation. However, the dataset from which these synergies are derived comes from
[60]], which consists entirely of data from grasping tasks, rather than dexterous manipulation tasks.
As a result, the dexterous capabilities of this hand are questionable.

We propose to derive synergies from data collected by performing the 13 manipulation patterns
from [66]]. These patterns are performed by guiding the fully actuated foam hand prototype through
manually programmed keyframes. The keyframes correspond to 10-dimensional hand posture vec-
tors (Equation [3.T)), which consist of linear displacement values for each of the hand’s 10 tendons.
Each of the manipulation patterns required between 3 and 5 keyframes for completion (including
an initial keyframe for each pattern corresponding to the hand’s rest pose). The input data matrix
(Equation for the principal component analysis consists of 45 total keyframes, or data points.
It should be noted that only 33 of these data points are distinct, since the rest pose is repeated 13
times throughout the dataset.

Po=dy - dj - dM}T 3.1)
pI-
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The procedure for PCA is described briefly here; for a more thorough description, see [[71]. First,
the input data is centered by subtracting the data’s centroid (Equation [3.3), which corresponds to
the average displacement values for each of the hand’s tendons across all input data. Next, the
covariance matrix (Equation [3.5) of the centered data is calculated. The eigenvectors (Equation
[3.6) of the covariance matrix represent the principal components (PCs) of the data, and the cor-
responding eigenvalues represent the percentage of the overall variance of the data explained by
each principal component. The principal components are then ordered according to the size of their
eigenvalues. Principal component vectors are analogous to vector bases - they are all linearly inde-
pendent of and orthogonal to each other, and can be combined in order to span multi-dimensional
spaces. As a result, we can state that if the first PC accounts for P, percentage of the variance in
the data, and the second PC accounts for P percentage of the variance, then the combination of
the first two PCs accounts for P, + P, percentage of the variance, and so on.

C:[jl Jj JM} (3.3)
D.,=D-C (3.4)
DID,
S = S (3.5)
T
Ei=leg -+ ¢ -+ ey (3.6)

The centered data (Equation [3.4) can then be projected onto the principal component vectors
(Equation and reconstructed in principal component coordinate space (Equation [3.8) in order
to yield low-dimensional approximations. The original data can be fully reconstructed by combin-
ing the low-dimensional reconstructions corresponding to every principal component (Equation
[3.9). We follow this procedure in order to reconstruct keyframes from the original dataset using
various combinations of PCs. The reconstructed keyframes are then used to perform each manip-
ulation pattern with the fully actuated hand. This is a software-based implementation of synergies
(as in [70]), since the number of control inputs is reduced while the number of actuators remains
the same. The results from this software testing can then be used to guide the mechanical imple-
mentation of synergies, where each principal component is controlled using a single motor.

Zj - DCEJ‘ (37)
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Mechanical Implementation of Postural Synergies

In the literature, there are two primary methods for the mechanical implementation of synergies in
tendon-driven hands. The first method is to use differential pulley mechanisms [72-74] in order
to transmit the output of a single motor to multiple tendons. Differential pulley mechanisms have
two primary benefits. First, their implementation is relatively simple and straightforward. Second,
they allow for adaptive grasping. In adaptive grasping, when the movement of one finger is halted
by contact with an obstruction, i.e. the object being grasped, the other finger or fingers which are
coupled to the obstructed finger are able to continue moving, allowing the hand posture to adapt to
the shape of the object. Differential pulley mechanisms have been used in several robotic hands to
implement “adaptive synergies” in a principled fashion [52,53]].

The other method for mechanical implementation of synergies in tendon-driven hands is to use
“pulley trains” [67-69]], which consist of motor-driven axles with multiple pulleys fixed along
their length. In this implementation, one pulley train is used to represent each synergy/principal
component. For an individual pulley train, the diameters of its pulleys are proportional to the
magnitudes of each element in the corresponding PC vector. For vector elements with negative
magnitudes, the tendons must be wrapped around the pulleys in the opposite direction. To enable
the principal components to be combined with each other, the outputs from each pulley train must
be coupled. For a more detailed description of the mechanical implementation of synergies via
pulley trains, see [67].

The implementation of pulley trains is much less straightforward than differential pulley mech-
anisms, and has several other distinct drawbacks. The first drawback is that pulley trains do not
inherently enable adaptive grasping. In order to enable adaptive grasping, compliant elements, such
as springs, must be introduced into the transmission path [68]. The second drawback is that there
is no established method for implementing more than two PCs using pulley trains. Despite these
drawbacks, we choose to implement synergies using pulley trains rather than differential pulley
mechanisms because differential pulley mechanisms have limited representation power. Specifi-
cally, in differential pulley mechanisms coupled tendons must always move in the same direction
(either all shortening or all lengthening). This is a critical flaw, since it greatly limits the ability of
a hand to perform a wide range of dexterous manipulations.
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Figure 3.6: Comparisons between human and robot postures: RocklII (top) and Palmar Slide (bottom).

3.3 Results and Discussion

3.3.1 Fully Actuated Hand

The fully actuated foam hand prototype described in Section [3.2] was able to successfully complete
8 of the 13 manipulation patterns from [66]], based on the criteria established in Appendix [Al The
successfully completed manipulation patterns included Pinch, Dynamic Tripod, Twiddle, Rock,
Rock II, Radial Roll, Index Roll, and Linear Step. Photo sequences of each manipulation pattern
are shown in Appendix

With regard to the manipulation patterns which the hand was unable to perform - Squeeze, Full
Roll, Rotary Step, Interdigital Step, and Palmar Slide - there were several factors which contributed
towards these failures. The first of these limiting factors was the control strategy used, i.e. manually
programmed keyframes. While this control strategy is straightforward to implement, it is limited by
the intuition of the programmer, and has no theoretical groundings which drive it towards success.
Especially for more complicated, multi-step manipulation patterns such as Rotary Step and Digital
Step, it is possible that a more sophisticed control strategy, e.g. one derived via reinforcement
learning, could produce successful results where manually programmed keyframes failed.

Another limiting factor was the morphology and tendon routing of the hand. While the prototype
used was generally able to closely imitate the postures of a human hand for each manipulation
pattern, there were some instances in which the hand failed to imitate its human counterpart due
to constraints in its morphology. This was especially evident with the Palmar Slide pattern, as is
shown in Figure [3.6] Additionally, it is possible that an additional finger or additional tendons,
i.e. the tendons running along the outsides of the index and middle fingers which were removed
after preliminary testing, may have helped the hand to accomplish some of the more complicated
patterns such as Rotary Step or Digital Step.
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The final limiting factor was the low stiffness and correspondingly poor force transmission capabil-
ity of the hand. This is one of the primary drawbacks of a hand made entirely from soft materials,
and was the main factor in the hand’s inability to complete the Squeeze pattern. The task associated
with this pattern involved compressing the plunger of a syringe. When attempting this task, the
foam hand’s fingers would consistently buckle before they could apply enough force to displace
the plunger.

3.3.2 Software Synergies

Results from testing using software synergies varied depending on the amount of data used as in-
put for the principal component analysis. Two cases were considered: one in which all of the data
collected using the fully actuated hand was used, and another where only data from the success-
fully completed manipulation patterns was used. The results are summarized in Tables [3.1] and
[3.2] These results indicate that the hand was able to complete more patterns using less principal
components when only the subset of data corresponding to successfully completed manipulations
was used to produce software synergies. This result is not surprising, as we would expect the PCA
to yield a better fit to the successful manipulations when only the successful manipulations are
used as input. There is a trade-off to consider here: when only a subset of the data is considered,
the hand’s ability to perform manipulations from this subset is high, but the range of manipulations
which the hand can potentially perform is limited. In other words, we risk overfitting to the subset
of successful manipulations. However, in our case the most important consideration was how many
manipulation patterns could reliably be performed by the hand using only two PCs, since that is the
apparent limit on the number of PCs which can be mechanically implemented using pulley trains.
Accordingly, we limit the rest of our discussion to the software synergies which were produced by
only considering the successful subset of manipulation patterns.

A scree plot resulting from the principal component analysis is shown in Figure According
to this plot, nearly 90% of the variance in the data is accounted for by the first two principal
components. However, it should be noted that 6 principal components - accounting for 98.2% of
the total variance in the data - are required in order to sufficiently reconstruct all of the successful
manipulation patterns. To some extent, this result calls into question the usefulness of PCA as a
dimensionality reduction method for this particular application (dexterous manipulation), since we
would hope that all of the data could be sufficiently approximated with considerably less than 98%
of the variance in the data accounted for.

A plot of the data reconstructed in PC coordinate space using just the first two PCs is shown in
Figure [3.8p. It is readily apparent from this plot that the data can be grouped into two clusters.
The cluster in the lower right quadrant of the plot corresponds to manipulation patterns which rely
only on the thumb and index finger, whereas the cluster in the upper right quadrant corresponds to
manipulations which require all three fingers. Although we do not take advantage of this clustering
here, one potentially useful strategy could be to reduce the dataset to only a single cluster, thus
obtaining a better fit for that particular cluster. Of course, this strategy comes with the disadvantage
of no longer being able to perform the manipulation patterns from the excluded cluster. In some
sense, this is what we are doing by omitting the failed manipulation patterns from our dataset (see
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Table 3.1: Number of principal components re-
quired to complete each manipulation pattern.
The “Subset” column applies to principal com-
ponents which were derived using only data
from manipulations which were successfully
completed by the fully actuated hand. The “All
Column” refers to principal components which
were derived using the full dataset.

# of PCs
Subset | All

Pinch
Tripod
Squeeze
Twiddle
Rock
RocklI
Radial Roll
Index Roll
Full Roll
Rotary Step
Interdigital Step
Linear Step
Palmar Slide
Average

91

2.88 | 4.25

Table 3.2: Number manipulations successfully
completed versus number of principal compo-
nents applied. The “Subset” column applies to
principal components which were derived us-
ing only data from manipulations which were
successfully completed by the fully actuated
hand. The “All Column” refers to principal
components which were derived using the full
dataset.

Successful

Manipulations

Subset All
0

# of PCs
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Figure 3.7: Scree plot for principal component analysis using only data from successfully completed manipulation
patterns as input.
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Appendix [C).

It is also clear from Figure that the rest pose is well separated from both clusters. Additionally,
it should be noted that the rest pose has an outsized influence on the directions of the principal
component vectors, since it is repeated eight times in the data. This may seem like an undesirable
effect, but it is actually advantageous for our synergies to be able form a very precise reconstruction
of the rest pose. This is because, when implementing the synergies in hardware, the rest pose serves
as a kind of calibration point, since this is the pose in which the initial positions of each pulley train
must be set, such that there is no tension in the tendons, but also very little slack. Therefore, if the
reconstruction of the rest pose is inaccurate, this will negatively affect the reconstructions of every
other pose.

The hand postures corresponding to the minimum and maximum values of each of the first two
PCs are shown in Figure [3.8b. Based on these postures, it seems that each of the first two PCs
follow a fairly sensible pattern, and it is not difficult to imagine how they might be used to re-
construct the postures which make up the manipulation patterns in the data. On the other hand,
postures from the higher order PCs (shown in Figure[3.9) are much more difficult to make sense of.
Nonetheless, they are necessary to properly reconstruct all of the data, and this is part of the power
of principal component analysis: the ability to extract useful synergies which could not otherwise
be established based solely on human intuition.

Based on the results from testing with software synergies, we can confidently predict that a me-
chanical implementation of the first two PCs via pulley trains should enable the hand to achieve 5
of the 13 manipulation patterns from [66], namely Pinch, Dynamic Tripod, Rockll, Radial Roll,
and Index Roll. Although we cannont claim that this implementation would enable a “high level”
of dexterity, it should serve as a promising waypoint for further investigation.

3.3.3 Limitations

One of the major limitations of this study is the fact that, during testing, the initial contacts be-
tween the foam hand and the object being manipulated were always manually adjusted in order
to maximize the probability of successfully completing a given pattern. Although this is standard
practice for studies involving dexterous manipulation, it may give the impression that the robot is
more capable than it actually is. For any ‘real world’ application, a robot would be required to first
grasp an object, then (likely) adjust its grasp in order to establish suitable contacts before being
able to perform any dexterous manipulation. Having to enable these capabilities greatly increases
the difficulty of the dexterous manipulation problem.

Another limitation is that testing of software synergies was limited to only the reconstructed
keyframes from the fully actuated tests. In order to properly evaluate each software synergy, they
should ideally be exhaustively tested until the full range of postures which they can achieve has
been explored. In future studies, this could be accomplished via reinforcement learning.

Finally, the hand prototype itself is substantially limited by its lack of stiffness, as discussed in
Section[3.3.11
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Figure 3.8: (a) Two-dimensional reconstruction of manipulation patterns. (b) Hand postures corresponding to mini-
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Figure 3.9: Hand postures corresponding to minimum and maximum values of higher order principal components.

3.4 Concluding Remarks

This study involved optimizing the design of a tendon driven foam hand in order to enable a
high level of dexterity while requiring a low number (< 5) of motors for actuation. In order to
evaluate the dexterity of the hand, a new benchmark test was established based on a manipulation
classification from Elliot and Connolly [66]. The optimized hand design consisted of a novel
morphology and tendon routing intended to allow for maximal dexterity while using as few tendons
as possible. This hand was used - while fully actuated - to perform the established benchmark test,
and demonstrated promising levels of dexterity, successfully completing 8 of the 13 manipulation
patterns. A principal component analysis was then conducted in order to extract synergies from
the data generated during benchmark testing. These synergies were tested in software, and based
on the results we concluded that a mechanical implementation would enable the hand to complete
5 of the 13 manipulations from the benchmark test while using only two motors.
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Chapter 4

Conclusions and Future Work

This work involved the development of two robotic end effectors, with both designs grounded in
the principles of soft robotics. The goal for each end effector was to enable versatile manipulation
capabilities while maintaining a simple mechanical design.

The first of these end effectors is a stiffness and adhesion tuning soft gripper. In its soft state,
this gripper is highly compliant, and is able to adapt its geometry to objects of varying shapes
and sizes, including flat and convex objects. After establishing contact, the gripper transitions to
its stiff state, improving load sharing at the contact interface and enabling up to 6 increase in
adhesion strength. In this manner, the gripper is able to lift object weighing up to 147 g. In order to
release objects, the gripper returns to its soft state, leading to a corresponding decrease in adhesion
strength.

This gripper serves as a proof-of-concept for the use of LMPPs in versatile, adhesion based grasp-
ing. However, a number of steps must be taken before this gripper can be put to practical use. First,
more pull-off data must be collected and the associated final element model must be improved in
order to better characterize and understand the adhesion mechanics of the gripper. Additionally,
the gripper has several limitations, including a large cycle time, difficulty in releasing lightweight
objects, and a limited load capacity, which should all be addressed in future work.

The second end effector developed for this work is a tendon driven foam hand. The entirely
soft structure of this hand allows the researcher to easily establish any desired morphology or
tendon routing. Accordingly, the design of the hand was optimized in order to enable a high
potential for dexterity, while requiring a minimal number of tendons. Additionally, the concept of
postural synergies was applied in order to reduce the actuation dimensionality of the hand. Testing
with software synergies indicated that the hand could complete 5 distinct dexterous manipulation
tasks while using only 2 motors, where each motor drives a pulley train which corresponds to an
individual synergy.

This foam hand prototype serves primarily as a waypoint for further investigation. The first step
which must be taken in furthering this work is to mechanically implement postural synergies via a
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pulley train mechanism. Testing of this implementation will allow for further insight on its design,
potentially including a method for implementing more than 2 PCs using pulley trains. Addition-
ally, applying reinforcement learning to control of the hand will likely lead to increased levels
of dexterity, and enable more thorough evaluation of different software synergies. Subsequent
work may involve applying stiffness tuning architectures to the hand in order to increase its force
transmission capability, as well as enabling the hand to operate autonomously, which will require
sensorization and planning. It is also likely that the hand design (morphology and tendon routing)
selected for this study is not, in fact, an “optimal” design - therefore, different morphologies and
tendon routings should also be explored.

To conclude, it is difficult to objectively evaluate whether both of the end effectors developed
for this study achieved the stated goal of demonstrating versatile manipulation capabilities while
maintaining a simple mechanical design. However, keeping in mind that the ultimate goal is to
develop practical end effectors which can be used in “real world” applications, it is clear that both
of these end effectors are still in very early stages of development. In fact, most of the main issues
associated with soft robotic end effectors - i.e. lack of durability, repeatability, and precision - were
not even addressed as a part of this work. For example, we do not know to what extent the adhesive
strength of the soft gripper decreases after many uses, or how many cycles can be completed using
the foam hand before it experiences a breakage. Therefore, it is important that as research on
soft robotic end effectors continues, these important and practical (although perhaps not exciting)
considerations are taken into account.
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Appendix A

Criteria for Manipulation Patterns

1. Pinch: Object is held between two fingers. Both fingers are flexed simultaneously in or-
der to translate the object along the ventro-dorsal axis, towards the palm. Fingers are then
simultaneously extended to bring the object back to its starting position.

2. Dynamic Tripod: Object is held between three fingers. All three fingers are simultaneously
flexed and extended, in repetitive motions, in order to translate the object along the ventro-
dorsal axis. Application: writing.

3. Squeeze: Deformable object is held between three or more fingers. All fingers are simul-
taneously flexed towards the object’s centroid in order to compress the object, e.g. when
squeezing a rubber ball or compressing the plunger of a syringe.

4. Twiddle: Object is held between the distal phalanx of one finger (manipulating finger) and
along the side of the proximal phalanx of another finger (stabilizing finger). The manipulat-
ing finger is flexed and extended in order to roll the object along the length of the stabilizing
finger.

5. Rock: Round object is held between three or more fingers. Fingers are used to rotate the
object about ventro-dorsal axis, e.g. when unscrewing the lid of a bottle.

6. Rock II: Elongated object is held in opposed grasp between three fingers. Two of the fingers
are alternately flexed and extended in order to pivot the object about the third finger.

7. Radial Roll: Object is held between the distal phalanx of one finger (stabilizing finger)
and along the side of the proximal phalanx of another finger (manipulating finger). The
manipulating finger is flexed and extended in order to roll the object along the length of the
stabilizing finger. This pattern is essentially the inverse of Twiddle.

8. Index Roll: Object is held between the distal phalanxes of two fingers. One finger is then
repetitively flexed and extended in order to roll the object along the length of the other finger.

9. Full Roll: Object is held between distal phalanxes of two fingers. One finger is then repet-
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10.

11.

12.

13.

itively flexed and extended in order to pivot object about a stationary point on the other
finger.

Rotary Step: Finger-gaiting sequence during which a round object is incrementally rotated
about the ventro-dorsal axis by at least 360 degrees.

Interdigital Step: Finger-gaiting sequence during which an elongated object is incremen-
tally rotated about a pivot point by at least 360 degrees. The rotation occurs about the
ventro-dorsal axis.

Linear Step: Finger-gaiting sequence during which fingers are translated along the length
of an elongated object. Sliding between fingers and object is generally required.

Palmar Slide: Elongated object is held in a palmar grasp. Two fingers, which are initially
flexed with their distal phalanxes in contact with the object, are extended in order to translate
object along the radio-ulnar axis. Application: removing cap from a pen.
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Appendix B

Photo Sequences of Manipulation Patterns

Begins on following page.
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Appendix C

Low Dimensional Reconstructions of Data

Begins on following page.
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Figure C.1: Two-dimensional reconstructions of manipulation patterns for: (top) successful subset, and (bottom) all

Successful Subset

data. Clusters not common to both plots are circled in blue.
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Appendix D

Dimensioned Drawing of Foam Hand
Prototype

R9

Figure D.1: Dimensions in millimeters. The radius of the base of each finger is 11 mm and the radius of the fingertips
is 11 mm. The radius of the mid-line of the index and middle fingers is 50 mm (arc length 79 mm). The radius of the
midline of the thumb is 40 mm (arc length 62 mm).
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