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Abstract

Novel Approaches to Soft Robot Actuation and Sensing; A Bioinspired Soft-rigid

Hybrid Finger with Variable Stiffness Modules

by

Keng-Yu Lin

Soft robots are a new field in robotics that shows an increasing potential to
dramatically expand the capabilities of robots. We have analyzed the advantages and
disadvantages of traditional rigid robots and soft robots, as well as the timing and
occasions for their application. The characteristics of these two types of robots are
completely different. However, in real human life, we are faced with a situation that
falls between the characteristics of these two types of robots. Sometimes we need to
grasp fragile objects, sometimes we need to lift heavy objects, and sometimes we need
to press buttons or electrical switches and other daily actions. We need to think more
formally about whether soft robots can perform these tasks and what critical areas are
still lacking that need to be addressed. Thus, their underlying subsystems (actuation,
sensing, control) and their role in robotics must be reconsidered. We first rethink
sensing, in which traditional rigid robot sensing is very intuitive, using as many sensors
as their degrees of freedom to describe the state of the robot. However, for soft robots,

sensing becomes very difficult. Secondly, we rethink actuation; soft actuators are great

XVi



for applying a distributed force on fragile objects. But the backdrivability that gives

them the advantage also limits their ability to generate high forces.

In this dissertation, we rethought the soft systems and proposed the fundamental
novel types of soft sensor and actuator necessary to develop the field of soft robotics
from interesting concepts to useful devices. We demonstrate a network of fiber-based
displacement sensors to measure robot state (bend, twist, elongation) and two
microfluidic pressure sensors to measure overall and local pressures. The fiber-based
sensors are fundamentally designed to be used in groups and leverage the concepts
from beam theory and mechanics of materials to infer system state from a strategically
located system of sensors. Intended to be built into a soft robot at the system level, a
properly configured array of these deformation and pressure sensors can give state

awareness far beyond that of individual sensors.

We present a bioinspired soft finger with a soft-rigid hybrid structure that can
have multiple curves and force direction controllability to provide force in a specific
direction. The soft and rigid states of multiple independent locking modules can be
controlled independently by connecting them into a chain-like system. We have
performed a modeling analysis of this controlled soft-rigid module, which provides an
adaptable and scalable design framework for future bioinspired robotic fingers. We
propose a new soft-rigid hybrid structure design and a method of interaction between
pneumatic and tendon-driven actuators. The two actuation methods can increase the
finger’s flexibility, allowing it to grasp objects of various shapes, sizes, and weights

quickly and stably while providing sufficient force in specific directions. We have also

XVil



added a nail mechanism to the tip of the finger, which helps the finger grip flat or small

objects.

Lastly, we studied the possible power source of soft robots and found that if we
look at the energy density alone, chemical reactions can provide a higher energy source
than those energy sources with rigid components such as lithium batteries, compressed
air, liquid carbon dioxide, etc. However, the challenge of chemical reactions is to
control the fluid efficiently. We develop a normally open passive microfluidic valve
with reduced-order control for a micro-combustion chamber. This passive microfluidic
valve can be installed on a micro-combustion chamber and is responsible for all fluid
control, including intake and exhaust. This novel passive microfluidic valve may also

be used in other applications, such as sensors for soft robotics.
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Chapter 1

Introduction

1.1 Motivation

Traditional rigid robots have been very successful in performing highly
accurate and repeatable tasks and are made of rigid materials or metal parts with
linkages and joints. In highly structured environments, traditional rigid robots have
been widely used in industry for many years, such as assembly lines in manufacturing,
due to their high load capacity, programmable operating tasks, and high precision
motion control. However, they are not very good at handling uncertainty in contact in
unstructured environments [1], [2]. In recent years, however, there has been increasing
concern about the safety of human-robot collaboration. Such rigid robots in factories
are often designed to move quickly and apply high torque, which can be dangerous
when in close contact with people or other fragile objects. As production demands
continue to increase and new products are being replaced at an accelerated rate, so do
the requirements for robotic versatility. One of the common problems is that
manufacturers need more robotic arms and more human resources to work in the same

open space to increase efficiency. In this case, traditional rigid robots can pose a safety



hazard to humans in open work environments due to their lack of compliance with the

environment.

Inspired by the soft flexible manipulation often found in nature [3], [4], soft
robots are designed to use flexible joints or composed of soft materials in order to
reduce the complexity required for the system to interact safely with humans [2]. The
emerging field of soft robotics involves devices made of compliant (low Young’s
Modulus) materials, often characterized by an ability to adapt to the surrounding
environment like a living organism [5]. In the last decade, the soft robotics field study
has significantly grown and become a new robotic family member [6]. This emerging
field has involved research far beyond traditional robotics. Researcher has involved
fields as diverse as material science [7], biology [8], mechanical and electrical
engineering [9], [10], and even chemistry [11]. The manufacturing process of soft
robotics can be made by mold casting [9]-[12], multi-material 3D printing [13], [14],
injection molding, soft lithography [15], [16], or multiple fabrication techniques to
embed multi-composite materials [17], [18]. Most of the driving methods for soft
robotics are fluid-driven, pneumatic [9], [10], [12], [16], [18], and hydraulic [19] to
inflate the soft robot chambers. However, many other actuation techniques have been
explored including cables in tension [20], [21] or compression [22], shape memory
alloy [23], shape memory polymers (SMPs) [24], dielectric elastomer [25], [26], and
piezoelectric polymer films [27]. Soft robots offer almost infinite degrees of freedom,
allowing them to perform simplified tasks; for example, soft grippers can fit irregularly

shaped objects and reduce the risk of injury caused by conventional rigid robots. Soft
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robots may provide alternative solutions for more applications that interact directly
with humans. Soft robots also have the advantage of low cost and reduced
manufacturing complexity due to their simple structure and the small number of

components.

Despite the many advantages of the soft robot's flexibility, the completely low
stiffness of the soft structure has its drawbacks. Due to their flexibility, soft robot
components have fewer motion constraints that are challenging to sense and model [2],
[28]. Their motion becomes even more unpredictable when it is in contact with objects
in the operating environment. Because soft robots offer almost infinite degrees of
freedom, the number of current sensors required to understand the state of a soft robot
greatly exceeds the number required to determine the pose of a traditional rigid linkage
robot [29]. It can also be found in the biological field that completely soft animals are
mostly small in size, while large animals usually have a rigid skeleton to support their
weight [2]. Large soft mollusks, such as squid, and other large soft animals without
skeletons, such as jellyfish, generally live in water; other soft animals are generally
smaller and live underground, such as earthworms, and cannot survive without the
medium that supports their bodies. It is evident that it is necessary to study soft robots

with variable stiffness capability and adaptability to natural environments.

Therefore, we believe that an ideal soft robot should have the following
structural characteristics: it should be able to show a high degree of flexibility during
movement, demonstrate variability stiffness when performing a specific task, and use

an efficient sensing system to know its state or posture.
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In our vision, we believe soft robotics will act as a bridge between humans and
traditional robots. When soft robot technology walks into our home, it helps us do our
work in a more efficient way without any safety concerns. To achieve this, we focus
on the end-effector, the component most commonly used for contact with the
environment and any direct interaction with humans. Here, we propose a low-cost soft-
rigid hybrid structure bioinspired finger that can achieve fast response, energy
efficiency, multi-segment stiffness control, and high stiffness ratio control. This hybrid
structure finger also allows the controlled transitions that will enable the finger to
exhibit both soft and rigid robotic finger behaviors. Furthermore, we develop a new
sensing system for soft robots to reduce the number of interfaces required between soft

robot and controller.

1.2 Theoretical Framework

Soft robotics is a new field in robotics that shows an increasing potential to
dramatically expand the capabilities of the field. In the previous section, we briefly
discussed the advantages and disadvantages of traditional rigid robots and soft robots,
as well as the timing and occasions for their application. Based on fundamentally
different operating principles and built materials with vastly different mechanical
properties, traditional and soft robots excel in fundamentally different types of tasks.
Traditional robots provide high forces and precise positioning in structured
environments. Soft robots provide distributed forces and an ability to conform as

necessary in unstructured environments and in handling fragile objects. In real human



life, we are faced with a situation that falls between the characteristics of these two
types of robots. Sometimes we need to grasp fragile objects, sometimes we need to lift
heavy objects, and sometimes we need to press buttons or electrical switches and other
daily actions. We need to think more formally about whether soft robots can perform
these tasks and what critical areas are still lacking that need to be addressed. Thus, their
underlying subsystems (actuation, sensing, control) and their role in robotics must be

reconsidered.

We first rethink sensing. Traditional rigid robot sensing is very intuitive, using
as many sensors as their degrees of freedom (DOF) to describe the pose of the robot.
However, for soft robots, sensing becomes much more difficult. We first have to
overcome the problem of how the sensor itself is installed on the robot and then how
many sensors are required to provide enough information to the controller to complete
the control computation. We know that the more completely we can know the state of
the robot, the more accurately we can control it. Therefore, for a soft robot with infinite
DOF, it must have enough sensors to ensure good control. In a conventional robot, less
than 10 sensors may be needed to determine pose and interaction, but in a soft robot,
more than 100 sensors may easily be needed. For current soft sensors, it is difficult to
increase the number of sensors without adding additional components. So we need to
solve the problem of how to reduce the burden of the rapid growth of multiple soft
sensors used. Once we solve this problem, the control of soft robots can be easier and

more accurate.



Secondly, we rethink actuation; soft actuators are great for applying a
distributed force on fragile objects. Readily deforming when encountering external
force, compliant soft actuators conform to the shape of an object they are grasping,
distributing force across large surfaces, and minimizing local contact forces. This
compliance makes soft robots well suited for interaction with delicate or even living
specimens. But the backdrivability that gives soft actuators their primary advantage
also limits their use. If one attempts to operate a plastic spray bottle (the type that often
contains household cleaners), the gripper will back drive out of the way and guarantee
no damage to the bottle. But this compliance will also prevent the actuator from
pressing the trigger and operating it as desired. So we need to develop a structure that
enables soft robotic fingers to exhibit softness and rigidity as appropriate for the

application.

In the work presented here, we rethought the soft systems and proposed the
fundamental novel types of soft sensor and actuator to develop the necessary for the

soft robots field from interesting concepts to useful devices.

1.3 Thesis Contributions

The research presented in this thesis is based on the underlying theoretical
framework of rethinking the fundamental principles behind soft robots. This resulted
in novel sensors and dividing actuation into fundamental sub-categories. Based on that
conceptual re-thinking, the work presented in this thesis is illustrated via physical

demonstrations, which are applied in nature and pursue three main contributions. The



main problem of the study is centered around how to achieve a combination of high
stiffness ratio control, fast response, energy efficiency, and multi-segment stiffness
control to emulate a human finger and the ways to improve soft robotic sensor systems.
We aim to develop new frameworks that apply multiple existing actuation methods for
the bioinspired soft finger to perform like a human and develop a novel soft sensing
system to improve accuracy and reduce the computation and data acquisition load. The

contributions of the research are the following:

1. A novel soft sensing system can provide higher accuracy and expand the number of

sensors without increasing the electronic and computational hardware infrastructure.

2. We propose a new soft-rigid hybrid structure design and rethink how to achieve
multi-segment stiffness control to emulate a human finger. This hybrid structure
combines the benefits of soft robotic and rigid fingers with the ability to provide force

in a specific direction.

3. We create a normally open passive microfluidic valve with reduced-order control for
a micro-combustion chamber that can be used in future soft robotics applications. In
forwarding flow, the valve achieves a flow rate of 1 cc/s at a pressure of 1 psi. It can

also be blocked at 1.5 psi in reverse flow and can withstand reverse pressure of 30 psi.

The sensors are primarily intended to be used in groups. A properly configured
array of these deformation and pressure sensors, intended to be designed into a soft
robot at the system level, can provide state awareness far beyond that of individual

sensors. Often, sensors are designed individually. With only a few sensors required for



state (pose plus contact/interaction forces) estimation, these individual sensors have
proven sufficient in many traditional robot applications. The resistance or capacitance
of most soft robot sensors (and many sensors in general) varies in response to a change
in a physical parameter such as length, bend angle, or contact pressure. Before the
resulting signal is sent to a computer, each sensor requires wiring, electronic circuitry,
and a dedicated input to a data acquisition system. Five sensors necessitate a fivefold
increase in infrastructure. With our presented method, a digital camera is used to record
the movement of markers on fiber sensors and colored liquid in microfluidic channels.
As a result, dozens of markers and fluid channels can be monitored almost as easily as

one.

We present, as well, a novel robotic gripping system using pneumatic, cable,
and locking techniques (separately and in concert) to achieve novel modes of actuation.
We present a new soft-rigid hybrid structure design as well as a method for separate
pneumatic and tendon-driven actuators to interact. The newly developed segmented
controllable soft-rigid module combines the benefits of a soft robotic finger with the
ability to provide force in a specific direction. We conducted a modeling analysis of
this controlled soft-rigid module, which provides a flexible and scalable design
framework for bioinspired robotic fingers. We compare the mechanical model of a
single locking module to the overall kinematic analysis, as well as the combination of
each locking module used with the actuator. This includes pure soft mode, soft-rigid
hybrid mode, and rigid mode to validate our model using experimental data. In the

grasping performance test, we demonstrated that this soft-rigid hybrid structure of the

8



soft finger could provide a maximum gripping force of 125N with a single finger when
all locking modules were locked. In the experiment, we used paper cups and sponges
to demonstrate how the finger can quickly adapt to the shape of the gripping object,
adjust the gripping arc, and deliver force in a specific direction. We believe that the
method of soft-rigid hybrid structural design interacting with multiple actuators
provides a scalable and adaptable design framework for future bioinspired fingers,
based on the kinematic analysis and experimental results. We focused on a bioinspired

soft finger with in-plane motion in this study and established different grasping modes.

Finally, we present a new passive microfluidic valve that can be installed on a
micro-combustion chamber and is responsible for intake and exhaust fluid regulation
tasks. This novel mode of passive actuation allows for controlling combustion reactions
at a small (e.g., millimeter) scale. The valve achieves a flow rate of 1 cc/s at a one psi

input pressure in forwarding flow and can also be blocked at 1.5 psi in reverse flow.

1.4 Thesis Outline

The structure of this thesis is organized as follows.

Chapter 2 reviews and summarizes the state of available literature and focuses on the

soft robotic actuator, soft robotic sensor, and variable stiffness structure.

Chapter 3 demonstrates a network of fiber-based displacement sensors to measure
robot state (bend, twist, elongation) and two microfluidic pressure sensors to measure

overall and local pressures. The fiber-based sensors are fundamentally designed to be



used in groups and leverage the concepts from beam theory and mechanics of materials
to infer system state from a strategically located system of sensors. Intended to be built
into a soft robot at the system level, a properly configured array of these deformation

and pressure sensors can give state awareness far beyond that of individual sensors.

Chapter 4 presents a bioinspired soft finger with a soft-rigid hybrid structure that can
have multiple curves and force direction controllability to provide force in a specific
direction. The soft and rigid states of multiple locking modules can be controlled
independently by connecting them into a chain-like system. We have performed a
modeling analysis of this controlled soft-rigid module, which provides an adaptable
and scalable design framework for future bioinspired robotic fingers. We propose a
new soft-rigid hybrid structure design and a method of interaction between two
pneumatic and tendon-driven actuators. The two actuation methods can increase the
finger’s flexibility, allowing it to grasp objects of various shapes, sizes, and weights
quickly and stably while providing sufficient force in specific directions. We have also
added a nail mechanism to the tip of the finger, which helps the finger grip flat or small

objects.

Chapter 5 develops a normally open passive microfluidic valve with reduced-order
control for a micro-combustion chamber. This passive microfluidic valve can be
installed on a micro-combustion chamber and is responsible for all fluid control,
including intake and exhaust. This novel passive microfluidic valve may also be used

in other applications in the future, such as sensors for soft robotics.
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Chapter 6 concludes all the results and the dissertation with a summary of discussion

and directions for future research.
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Chapter 2

Background and Literature Review

In this chapter, we identify and describe some previous research work on topics
relevant to this thesis. We focus on results related to manipulators and finger-like
actuators. This includes a comparison of the current status of different soft robot
actuation technologies, soft sensor technologies used with soft actuators, and the

structural design of variable steels.

2.1 Soft Robot Drive Method

Fluidic actuation

A fluid actuator means that the power source of the soft gripper is fluid, also
known as fluidic elastomer actuators (FEASs) [2], [16], [18], [30]-[34]. The most
common fluids in nature are liquid and gas, and the design of the soft gripper mainly
uses gas as the power source because, compared with liquid, gas has better circulation,
lighter weight, and better safety. At the same time, the pneumatic drive has the
advantages of rapid response, easy access to the driving medium, and simple operation.
Pneumatic actuation is gradually becoming the mainstream driving power source of the
soft gripper. The principle of pneumatics is to change the air pressure inside the drive

mechanism; due to the elasticity of the actuator, the change in air pressure deforms the

12



actuator, causing bending and extension. Most pneumatic soft actuators operate on
positive pressure. However, a small number of devices have been designed to actuate
based on negative air pressure (pressures between ambient and vacuum) [35].
Compared with negative pressure-driven, the positive pressure-driven is easier to
control. This type of drive is commonly used in wearable devices [36]-[38] and

pneumatic artificial muscle, also known as McKibben actuators [39], [40].

Tendon-driven actuation

Tendon-driven actuator (TDA) refers to a flexible-inextensible element (rope,
fiber, cable, chain) called a tendon, which is attached to a mechanism to cause
displacement via tension. The tendon may bend with the mechanism or not, and may
be guided by structural elements in the assembly or simply in tension. Generally, the
tensile strength of the rope (in the length direction) is large, but it is easy to bend in the
radial direction and has high flexibility, which is very suitable for the characteristics of
the soft robot. Therefore, embedding or fitting the rope inside the soft robot will not
affect the performance of the soft robot itself. Generally, there is a special track or guide
slot inside the soft robot for the placement and movement of the rope. There are several
fixed points inside the special track and guide slot for the fixation of the rope to prevent
the rope from deviating from the established track during the movement, such as the
Bowden cable. Under the action of an external motor or other power sources, the rope
contracts and pulls the soft substrate of the soft robot through the special track and
guide groove, thus enabling the soft robot to bend or twist and grasp the object [21],

[41]-[44].
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Shape-memory alloy actuation

Shape-memory alloys (SMA) are a special class of materials whose internal
structure switches between two forms. Under normal conditions, shape memory alloys
are susceptible to deformation, similar to the soft substrate of a soft robot. However,
under the action of an elevated temperature, shape memory alloys can return to their
initial state and output torque during the return to the initial state. Generally, the
structure of the soft gripper made of shape memory alloy is simple, and its deformation
process is only affected by the temperature factor, and its performance is relatively

stable [45]-[49].

Electroactive polymer actuation

The main body of electroactive polymer (EAP) actuation is usually a new type
of material that can be deformed under the action of electricity. Generally divided into
lonic and Dielectric varieties, EAP’s either bend (ionic) or contract/expand (dielectric).
Under the action of voltage, lonic EAPs, the mobility and diffusion of ions change the
shape. Due to the limitation of material properties, the driving part of such a soft robot
is generally made into a thin sheet shape and embedded in the inside of the fingers of

the soft gripper [50], [51].

Dielectric elastomer actuation

Dielectric elastomer actuators (DEASs), which belong to the group of (EAP), are
a promising soft actuation technology that achieves desirable biomimetic motion [25],

[26], [52], [53]. DEAs are actuated by electrical voltage and benefit from its advantages
14



such as high energy density, large actuation strains, high electromechanical efficiency,
and fast response. More detailed insights into DEAs applications and soft robotic
systems and challenges associated with creating soft robotics are provided in the

references [54]-[56].

Chemical reaction driven

In chemical reaction driven, convert other forms of energy directly into
mechanical energy through chemical reactions, thus bypassing the intermediate
electrical energy process. This can greatly improve the efficiency of energy conversion
and also reduce the use of hard components. For example, researchers have 3D printed
combustion-driven soft robots to achieve jumping motion without connecting to
external components, and Wehner et al. proposed the Octobot, which uses microfluidic

technology and the chemical reaction driven [17], [57], [58].

2.2 Soft Robotic Sensor

It is difficult to attach or install conventional sensors to the soft actuator due to
the flexibility, large deformation, and nonlinear characteristics of the soft robotic
structure. The large deformation during operation also affects the accurate output of the
sensor and may cause damage to the soft robotic actuator or the sensor itself. There are
currently some commercial flexible sensors on the market that can withstand relatively
large deformations, such as Flexiforce from Tekscan [59] and Flexpoint's bend sensor

[60]. The modulus of the materials used in these flexible sensors is still larger than the

15



materials used for soft robotics, so it is difficult to apply them directly to soft robotics.

Therefore, researchers started to study soft robotic sensors.

A very popular soft robotic sensor uses a conductive fluid embedded in a soft
actuator or flexible microchannel. When stretched, the geometry of the channel changes,
resulting in a change in electrical resistance. By measuring the change in resistance, the
strain (or amount of stretching) can be calculated. Two examples of this method are a

eutectic of indium gallium alloy (EGaln) [61]-[65] and an ionically conductive gel [18].

Another very useful method is capacitive and inductance sensors that measure
the capacitance or inductance variations caused by geometry changes when the elastic

body is deformed [66], [67].

An optical soft robotic sensor detects a change in the phase or intensity of light
caused by strain or pressure applied to an optical transmission medium. It typically
consists of a light source, a photodetector, and an optical transmission medium tube or
fiber. Optical soft robotic sensors are highly deformable and insensitive to

electromagnetic interference and environmental contaminants [68]-[71].

2.3 Variable Stiffness Structure

Currently, there are two main categories of stiffening methods for soft robots:
phase change materials and jamming structure. The principles of these two methods

are:
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(1) Material phase change: The principle of this change in stiffness is based on the
material properties that constitute the soft robot. The liquid metal is one of the typical
cases of material phase transition, and the stiffness of the soft robot is changed by the
transformation between the solid and liquid state of the material under specific

conditions.

(2) Jamming structure: This method mainly increases the frictional force between the
medium inside the soft robot for variable stiffness through some external conditions,
such as layer jamming, fiber jamming, and granular jamming. These three variable
stiffness methods are based on increasing the internal friction of the structure. These

jamming methods will be further explored in the following section.

In a demonstration of Method (1), Material phase change, researchers
developed a new thermally adjustable composite material, wax-coated polyurethane
foams, to realize the stiffness change [7]. A wax coating composite is applied to the
surface of the actuator. After the wax coating is cooled and hardened, the actuator
exhibits high stiffness with good stability, and no deformation occurs when an external
force is applied to the actuator. When the wax coating is heated and melted, the driver
is deformed under the external force and exhibits very low stiffness. The thermally
tunable composite material achieves the change in stiffness by taking advantage of its
property of being reversible between the glassy and liquid state at different ambient
temperatures. When thermally tunable composites are heated, they undergo a glass
transition, and their modulus of elasticity decreases sharply, thus achieving a change in

the stiffness of the material.
17



There is also a variable stiffness structure that utilizes shape memory polymer
materials (SMP) [72]. The actuator is inflated and pressurized to achieve bending
deformation, and the stiffness of the actuator is changed by heating and cooling of the
shape memory polymer layer. While the use of thermally activated shape memory
polymer materials allows for reversible changes in stiffness, the response is slow, and

the reversal process has to wait for the shape memory polymer to cool completely.

The liquid metal stiffening method generally uses the low melting point metal's
own properties to achieve the stiffening effect [73]. The low melting point alloy is
embedded inside the soft robot, firstly, the low melting point alloy is transformed into
the liquid state by external heating, and then the low melting point alloy is cooled when
the deformation of the soft robot reaches the specified shape, then the low melting point
alloy is transformed into the solid-state so that the soft robot shows the high stiffness

characteristics of the metal.

2.3.1 Three Types of Jamming

From the sequence of development, we have three types of jamming structures
which are granular jamming, layer jamming, and fiber jamming [74]-[81], [81]-[85].
All of them make up a collection of components that have lower stiffness. To control
the variable stiffness, force is applied to the jamming structure, increasing the contact
force between the jamming elements. The resulting frictional coupling between the

components increases, which causes dramatic changes in mechanical properties. When
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applied to soft robots, the three types of jamming structures have their own

characteristics.

Granular jamming [76]-[78] is composed of a large number of “granules”,
approximating points or zero dimension particles enclosed in an elastomeric membrane.
This is the most deformable system, and it can handle relatively large compression
forces from any direction. Approximating zero dimension points, granules are free to
move in any direction, limited only by interaction with other granules or the elastomeric
membrane. This jamming structure requires more volume when applied with soft

robotics and it is heavier than the other structures.

Layer jamming [74], [82]-[85], and fiber jamming requires less volume and are
relatively more stable than granular jamming. Layer jamming is a kind of variable
stiffness method with good effect and is easy to realize. It is generally composed of
multi-layer sheets structure in the closed space. Under the action of negative pressure,
the multi-layer sheet-like structures in the closed space are squeezed against each other,
resulting in a large static friction force, which is equivalent to forming a thick whole
with a certain length, thereby increasing the stiffness. The structures of layer jamming
and fiber jamming are made of non-fluidic planar sheets or fibers. Under this structure,
it's easier to maintain the shape of the structure when switching mode between non-
jamming and jamming states than granular jamming. Layer jamming is great for

supporting tension force parallel to the jamming layer.
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Fiber jamming [75], [79]-[81] is the latest developed method, and its structure
is the lightest of the three. The structure consists of long and slender elements,
approximating one dimensional elements, able to bend freely but not able to elongate.

Thus this structure exhibits good performance in the tension and compression force.
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Figure 2.1: Type of jamming. (A). Zero dimension “points” Granular jamming, able to
move freely in all directions. When vacuum is applied, points are compressed in X, Y,
and Z, increasing resistance to movement. [76] (B). One dimension “lines” fiber
jamming able to bend about X and Z, but not stretch along their length Y. When vacuum
is applied, fibers are compressed in X and Z, increasing bending stiffness. [75], [81]
(C). Two dimension “planes” layer jamming able to bend about X but not stretch in X
or Z. When vacuum is applied, layers are compressed in Z increasing bend stiffness.
[74], [86] The x and y axes in (C) denote the plane of the layer jamming. The y axis in
(B) denotes the fiber direction in fiber jamming. Below. The ‘+” indicates high stiffness,
the ‘-’ indicates low stiffhess, and the ‘N’ indicates neutral stiffness.
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Chapter 3
Soft Robotic Sensing, Proprioception via Cable

and Microfluidic Transmission

This chapter is based on the paper
» K.-Y. Lin, A. Gamboa-Gonzalez, and M. Wehner, “Soft Robotic Sensing,
Proprioception via Cable and Microfluidic Transmission,” Electronics, vol.

10, no. 24, p. 3166, Dec. 2021

3.1 Introduction

Over the past decade, soft robots have shown an increasing potential to
dramatically expand the capabilities of the field of robotics. Currently, however, most
demonstrations have been limited to precisely that potential. For soft robots to emerge
into human-populated environments and to perform useful real-world tasks, advances
are required in sensors able to quickly provide robust state information, both as
individual sensors and as integrated sensing systems. Soft robots hold the potential for
unprecedented levels of interaction with the surrounding environment, impossible with

traditional rigid-linked robots. This innate ability to yield to the environment and to
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sense and learn from that interaction is one of the biggest potential advantages of soft
robots. By embracing this ability to interact, soft robots can fundamentally change
human-robot interaction and allow safe collaboration in the home and workplace. To
achieve this leap forward in state awareness and embodied intelligence, a rethinking of
soft sensing is necessary.

With this novel approach to robotics and interaction come novel challenges.
The number of sensors needed to understand the state of a soft robot dramatically
exceed the number needed to determine the pose of a traditional rigid-link robot.
Traditional robotic manipulation techniques, including D-H parameters, Quaternions,
and Product of Exponentials, assume rigid links connected by single (often rotational
or prismatic) degrees of freedom [87]. Thus, one could define the entire range of
possible poses of a traditional six-link robot using only six sensors. (Additional sensors
would likely be included, but for other applications such as monitoring temperature and
voltage.) Arguably, defining the pose of a single soft actuator, capable of yielding to
the environment and several modes of self-motion, could require more than six sensors.
Traditional robots typically contact the external world via manipulators (often end-
effectors), with a limited number of small contact points or contact regions, often
modeled using friction cone techniques [88] requiring a single multi-axis strain gauge
or even a single axis pressure sensor. Contact with components other than predefined
manipulators is unusual, and unplanned contact is avoided at all costs. Some of the
main advantages of soft robots are their ability to distribute forces across broad regions

of an actuator and that unplanned interactions are often of minor concern. Thus, where
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a traditional robot may require fewer than 10 sensors to determine pose and interaction,
a soft robot could easily require over a hundred. Several groups have tried machine
vision methods to alleviate the rapidly growing burden of so many sensors, using
cameras and motion capture to directly measure soft robot pose [33], [89], [90]. While
this is effective in some applications, and the work is quite compelling, this technique
is ill-suited to applications with a likelihood of obstructed views (such as reaching into
boxes to retrieve objects in order fulfillment or laparoscopic surgery). Real-time
processing of video to interpret complex 3D motions of an underactuated robot is also
an extremely challenging task.

Many technologies have been presented to achieve myriad sensing modes in
soft robots. Soft sensors (sensors composed of compliant materials, gels, liquids, or a
combination of these housed inside a soft robotics component) have been developed
using conductive grease[63], capacitive liquid [91], resistive ionic gels [32],
waveguides [70], and many demonstrations with liquid metals [68], [92], [93],
primarily focusing on a Eutectic of Gallium and Indium (EGaln) [94]. These many
sensor technologies can measure changes in length [95], bending [18], pressure [96],
even temperature in the distal end of a soft fin-ger [97]. There has been work on mixed-
mode sensing models [91], including Park et al. [62], able to sense pressure and two
modes of stretch, all in one sensor. Other sensing techniques used in soft robotics have
involved bonding traditional bend sensors to a soft actuator [98] and embedded
magnets and hall effect sensors [99]. There has been work in optical methods, including

the SOFTcell project by Bajcsy and Fearing [100], in which tactile response was
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determined through optical analysis of a deformed membrane and video tracking of
markers adhered to or embedded in soft components [33].

While these studies present compelling sensors, further development is
necessary for utilizing a suite of sensors to increase overall state awareness. In both
traditional and soft robotics, many have studied proprioceptive sensor systems, robot
skin, and bioinspired sensing. Discussion of these broad fields can be found in reviews
of various subspecialties [101]-[105]. The value of multi-sensor systems to perceive
different proprioceptive or exteroceptive phenomena is widely appreciated. However,
as the number of sensors is increased, the computation, data acquisition, and signal
processing load drastically increase as well. Each sensor requires electronic circuitry,
wiring to each sensor, and a dedicated channel to a data acquisition system or an analog
to digital converter (ADC), requiring signal processing and computation. A sensor-skin
with a grid of ten-by-ten sensors would be a relatively modest requirement for many
perception applications. Using discrete nodes would require 100 dedicated sensors.
Multiplexing by separating signals into 10 horizontal and 10 vertical sensors reduces
the load to 20 separate sensors (with related disadvantages), which is still a
considerable burden for a single sensor-skin device.

So far, soft sensors have primarily been developed as individual, standalone
units. To scale the system from one to five sensors, one simply fabricates and integrates
five sensors and five sets of required electronics, which interfaced to five ADCs and
sent five signals to a microcontroller. The sensors in this work focus instead on passive

sensors, which present position and pressure data to a digital camera for real-time or
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offline data processing. Digital cameras, able to record multi-megapixel resolution, are
readily available at low cost and are already present on many robot platforms. With our
method, a single camera can record and interpret data from many deformations and
pressure sensors, providing a platform for state perception and embodied intelligence
research. This camera does not record the elastomeric finger itself. Rather, it records
the remotely located display assembly (Figure 3.1A, B), where it tracks the motion of
fiber-based displacement sensors and microfluidic pressure sensors. Recording the
sensor states rather than the elastomeric finger itself presents several advantages.
Firstly, no clear line of sight is needed. During typical robotic tasks, portions of a finger
would often become obstructed when environmental objects or the robot itself come
between the finger and the camera. Additionally, by remotely recording the display
assembly, all aspects of recording (color, contrast, lighting) can be controlled to values
optimum for marker tracking, impossible in real-world robotic applications. Finally, by
tracking only monochromatic markers moving in well-defined horizontal or vertical
paths in a controlled environment (no unanticipated glare/obstructions), extremely
simplified vision algorithms can be used, allowing much faster processing. We present
three techniques in which digital cameras record markers from fiber-based deformation
sensors and microfluidic pressure sensors inside an elastomeric finger-like structure.
We present an elastomeric finger with embedded fiber sensors and two modes of the
microfluidic pressure sensor (Figure 3.1A, B). We present this system’s ability to
quantify elongation along and twist about a longitudinal axis and bending about the

two orthogonal axes perpendicular to the longitudinal axis (Figure 3.1C). We also
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present the technique’s ability to quantify overall pressure via an integrated
microfluidic sensor (Figure 3.1D) and local contact pressure via a surface-mounted
microfluidic sensor (Figure 3.1E). These sensors (specifically designed to be used in
groups) can be designed into soft robotic actuators and leverage the framework
provided from beam theory and classical mechanics of materials to sense the state of
each actuated unit. In addition, we present a Cephalopod chromatophore-inspired
color-cell pressure sensor that detects changes in local pressure through the
deformation of colored liquid cells (Figure 3.1F). Chromatophores have been widely
studied for decades [106]-[108], and in recent years have become the inspiration for
biomimicry and biomimetic work by the soft robotics community [109] using bulk
deformation of a matrix to modulate appearance and spell out a word [110] or
disrupting part of a surface using dielectric elastomers [111]. In this work, however,
we flip the concept, using the color cell as a passive pressure sensor to estimate
externally applied force, not as an active device, mechanically distorted to modulate
appearance.

While the simple sensor designs presented here have value individually, the key
contribution of this work is that the sensors are fundamentally designed to be used in
groups and leverage the concepts from beam theory and mechanics of materials to infer
system state from a strategically located system of sensors. Intended to be built into a
soft robot at the system level, a properly configured array of these deformation and
pressure sensors can give state awareness far beyond that of individual sensors. The

remainder of this paper is organized as follows: Section 3.2 presents the methods used,
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beginning with a conceptual overview and review of beam theory/mechanics of
materials on which these techniques are based, followed by design and fabrication,
visual algorithms, and characterization methods. Section 3.3 presents results, divided
into fiber-based deformation sensors, microfluidic pressure sensors, and color cell
pressure sensors. Section 3.4 presents a discussion on the work and how it relates to
the field. Where relevant, sections are further subdivided into fiber-based deformation
sensor, integrated microfluidic pressure sensor, surface-mount pressure sensor, and

color cell pressure sensor sections.
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Figure 3.1: Soft sensors. (A). Elastomeric finger containing a microfluidic pressure
sensor and nine fiber-based deformation sensors to sense pressure, bending, elongation,
and twist. (B). lllustration of the elastomeric finger with fiber and fluidic sensors routed
through the finger to a display assembly, where sensor positions are read by a digital
camera. (C). Fiber-based deformation sensors, relaxed and bent states. Finger (top) and
fiber states (bottom). (Stills from Video S1.) (D). Integrated microfluidic pressure
sensor, senses overall pressure. (E). Surface-mount pressure sensor senses contact
locally on the finger’s surface. (F). Cephalopod-Chromatophore inspired color cell
pressure sensor. External force causes the cell to change shape from spherical to a disk
shape, changing disk diameter.
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3.2 Method

We present an elastomeric finger containing nine fiber-based displacement
sensors, one integrated microfluidic pressure sensor, and the ability to be configured
with one or more surface-mounted microfluidic pressure sensors. These are all
monitored with a single digital camera. Simultaneous analysis of these sensors allows
us to determine the state of the finger. In the fiber-based deformation sensor method
(Figure 3.1A-C), we embedded a 3 x 3 matrix of fiber-based displacement sensors into
the elastomeric finger. Each displacement sensor is composed of two main parts: fiber
and tube. The fiber is a flexible but inextensible/incompressible nylon fiber. The tube
is a flexible elastomeric void built into the bulk matrix of the finger. Fibers are fixed at
the distal end of the finger and routed through tubes along the length of the finger and
out to a display assembly (Figure 3.1B). A short length (marker) of each fiber inside
the display assembly is painted black. This contrasts with the white background
allowing a digital camera to record the relative motion of the marker. When the
elastomeric finger is distorted (bent, twisted, stretched), each tube changes shape and
is stretched or compressed based on the overall mechanics of the mode of distortion.
The fiber (free to slide along the length of the tube) slides within the display assembly,
where the marker position and motion are recorded by a digital camera. This is similar
to the Bowden cable assembly, which transmits force in many bicycle handbrakes. In
our device, however, the passive sensor is distorted based on external actuation and
used to sense displacement, the reverse of Bowden cables. Multiple cable-based sensors

are embedded along the dorsal, ventral, and medial surfaces of the soft robotic sensor
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(3 x 3 grid at the end of the finger in Figure 3.1A, B). Comparing relative motion
between this grid of sensors allows differentiation between bending, stretching, and
twisting.

From Euler-Bernoulli beam theory and classical mechanics of materials, we
know that beams experience stress and tension/compression throughout their cross-
sections based on the mode of the applied loading (bending, tension/compression, twist,
combined loading) [112]. Here we briefly summarize some primary beam deformation
modes (Figure 3.2A) with more detail on derivation in Appendix A. For a detailed
analysis of beam theory or mechanics of materials, many excellent texts are available

[112]-[115].
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with the first (blue) actuator and two additional (red) actuators. Note, Camera records

display assembly, not soft actuators, for reduced complexity motion capture of many
sensors at once.
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First, exploring simple elongation, we find that deformation is uniform across
the cross-section and proportional to the load applied (Figure 3.2A). Deformation

follows the equation,

_PL
AE

b (3.2)
where § is total displacement, P is applied load, L is total beam length, A is cross-

section area, and E is Young’s Modulus.

In bending, material closer to the center of curvature (smaller bend radius)
experiences compression, material farther from the center of curvature (larger bend
radius) experiences tension, and material along with the neutral axis experiences
neither tension nor compression. Within the linear elastic range, stress from bending

(Figure 3.2A) follows the equation,

My
O, = -7 (3.2)

where g, is tensile or compressive stress, M is applied bending moment, y is the
distance from the neutral surface (positive toward the center of curvature), and I is the
second moment of inertia. The negative sign indicates compression toward the center

of bending. Strain follows the equation,

€Ex = —= (3.3)
where €, is the strain in the beam axis, y is the distance from the neutral surface

(positive toward the center of curvature), and p is the radius of curvature of the bent

beam. The negative indicates shortening toward the center of curvature.
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Shearing stress due to torsion (Figure 3.2A) follows the equation,

T=-—= 3.4
; (3.4)
where T is shear stress, T is applied torque, p is the distance from the axis of rotation,

and J is the polar moment of inertia. The angle of twist follows the equation,

=7 (3.5)

TL

G
where ¢ is the total twist of the beam, L is beam length, J is the polar moment of inertia,
and G is the shear modulus. We can find the change in length of a line (linear initially,
helical after twist) parallel to the axis of the beam, a distance r from the twist axis.

Initially of length L, the line becomes a helix after the beam twists by an angle ¢, about

its central axis. The helix (former line, now helix) length is found from the formula,

Lpetix = vV L? + (d)r)z (3.6)

where Ly qjix 1S the length of the helix, ¢ is the angle of twist found above, L is the beam
length, and r is the distance from twist axis (see Appendix A for derivation). Thus, we

find the change in length of a fiber parallel to the longitudinal axis as,

AL = Lpeyjx — L (3.7)
Where AL is the change in length. With L and ¢ constant for any given beam and
loading condition, we see that Lj,;;, increases as r increases. Thus, the farther an
element is from the axis of rotation, the more it will increase in length when

experiencing a twist. Thus, fibers in the corners of a square cross-section will
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experience more displacement than fibers at the center of the square faces, and a fiber

at the center of the square face will not elongate at all.

While these formulae hold for beams within the linear elastic region, the
principles (while not necessarily the magnitudes) remain true in the large deformation
regime. See Appendix A for details on the mechanics of materials described here,

further figures on bending modes, and sign conventions [112].

While each fiber sensor gives us local deformation information, the true value
of these devices comes when used in groups. Thus, they must be readily integrated at
scale without undue hardware requirements. Traditional sensors require individual
hardware for each sensor (Figure 3.2B top). These fiber sensors, however, require only
the passive fiber components and a single camera for all fibers (Figure 3.2B bottom).
Then a single signal can be sent to the PC for video processing. Since video data
consists of black markers moving horizontally across a white background, processing
complexity is greatly reduced. For example, we select fiber sensors in the lower right
and upper left corners of the finger (1 and 9 in front-view, Figure 3.2C). When the
finger is bent upwards, 9 will indicate compression, but 1 will indicate tension. In
elongation or twist, both will indicate tension. However, fibers 6 and 4 will indicate
tension equal to 1 and 9 in extension, but less in twist. Expanding this example to the
range of extension, bending, and twist scenarios, we configure a 3 x 3 matrix of fiber
sensors, across the cross-section of the finger (as shown in Figure 3.2C). The
combination of displacements allows us to interpret the deformation mode of the

overall finger. For example, if the top three sensors are in compression, the middle
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three show no deformation, and the bottom three show tension, we can infer that the
finger is being bent upwards. Only primary deformation modes are presented here.
Mixed-mode deformations (combinations such as bend and twist) are a fascinating
option, but will require extensive further development. Sensor responses are
qualitatively similar to theoretical beam bending results, but in large deformation, it is
likely that some deviation from theory will be seen. In mixed mode deformation, it is
likely that an assumption of linearity will no longer be possible (thus excluding
superposition for state assumption). Thus future work using machine learning methods
such as Artificial Neural Networks will be necessary along with the soft robotic
developments described here. We present offline marker tracking and characterization
of these sensors in the deformation modes discussed above, as well as real-time marker

tracking, which we envision as a path toward real-time control of soft robot actuators.

In the integrated microfluidic pressure sensor method (Figure 3.1D), we embed
microfluidic channels into the elastomeric finger to sense the overall pressure exerted
on the finger. This sensor consists of a sensing part and a transmission part, both filled
with colored liquid. The sensing part is compressible and embedded along the length
of the square column-shaped elastomeric finger. The transmission part consists of a
flexible, incompressible tube routed through the display assembly. When force is
applied to the sensing part, the chamber is compressed, reducing the volume of the
sensor part. This forces the incompressible colored liquid out of the sensing part,

through the transmission part, and across a display tube in the display assembly.
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We also present a surface-mount pressure sensor (Figure 3.1E), which can be
bonded (singularly or in batches) to the surface of the finger or any similar elastomeric
device. This pressure sensor can be installed at any location on a multitude of
elastomeric actuators and robotic systems. We present characterization data on one
sensor to demonstrate its utility, not an exhaustive study of possible configuration or
applications. Both microfluidic methods transmit to the same display assembly used to
record fiber position; thus, a single digital camera can capture data from fiber-based
deformation sensors as well as microfluidic pressure sensors. The configuration we
present records 11 sensors (nine fiber, one integrated microfluidic, and one surface
mount microfluidic) captured by one digital camera, as that was sufficient for this proof
of concept. An effort to minimize scale could greatly increase the number of discrete

sensors possible with one camera.

Lastly, we present a color cell pressure sensor inspired by chromatophores in
cephalopods [106]. Rather than mimicking this clever technique, we draw upon it for
our inspiration [116] and flip the application from active modulation for camouflage to
a passive sensor. Spherical cells of colored liquid are embedded in an elastomeric
substrate. When the substrate undergoes external pressure, local deformation causes
the spherical cells to deform and become disk-like. Viewed from an axis normal to the
disk plane, this causes the disks to appear larger than the original spheres. Thus, the

applied force can be determined from the diameter of the disk.
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3.2.1 Design and Fabrication

Fiber-based deformation sensor: (Since the elastomeric finger is fabricated as
one device, the integrated microfluidic pressure sensor will be described in this section)
Similar in concept to many soft robots, we fabricate our square column-shaped soft
sensor (elastomeric finger) using multiple molding steps. The fabrication process is
summarized in Figure 3.3A, with a detailed description in Appendix C. The assembly
is fabricated using three molding steps and a final integration step. Mold 1. We used
three plastic bars (diameter 0.9 mm) to create the center cable chamber and two
microfluidic chambers. The matrix material of the finger is a readily available
elastomer, Ecoflex 00-30 (Smooth-On, Inc. Macungie, PA, USA) in molds printed
from a 3D Printer (Form 3, Formlabs, Somerville, MA, USA). Mold 2. Retaining the
center plastic bar in the mold, we demolded the two other plastic bars. We used the
silicon tube (inner diameter 0.5 mm, outer diameter 1 mm) to connect the microfluidic
chambers on the top holes and extend the bottom holes. Then, we attached the top
carrier to the center plastic bar and aligned it with the other eight plastic bars into the
second mold. The top carrier embedded in the soft sensor provides a surface to fix the
cables. Mold 3. We demolded the soft sensor from the second mold, keeping all the
plastic bars and two silicon tubes inside the sensor, and then aligned them to the base
holder. After alignment, we secured it into the final mold and connected the finger to
the solid base holder once it cures. Integration. We inserted the high-strength fiber

cables (Monofilament nylon thread, diameter 0.5 mm) into the soft sensor chambers,
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fixed them using screws on the top carrier, and injected the colored liquid into the

microfluidic chambers.

Figure 3.3: Fabrication. (A). Elastomeric finger containing fiber-based displacement
sensor and integrated fluid pressure sensors. (A1-A3). An elastomeric finger is
fabricated in three mold steps, containing channels for the nine fiber sensors and an
integrated fluid pressure sensor. Molds are shown in gray. (A4). Finished elastomeric
finger, transparent representation to illustrate internal vasculature. (A5). A finger is
instrumented with fibers and integrated with the display assembly. (B). Surface mount
liquid pressure sensor is molded (B1), bonded to a base layer (B2), then bonded to an
elastomeric finger, and infilled with colored water (B3). (C). Chromatophore cell is
molded into an elastomeric substrate and infilled with colored water (C1), then sealed
with elastomer (C2), yielding a final sensor (C3).

Microfluidic pressure sensor: The design of the integrated microfluidic pressure
sensor is described above, in the Fiber-based pressure sensor section, because it must

be fabricated concurrently into one integrated unit. We present the integrated pressure
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sensor in the finger motif; it can, however, be designed into most actuator systems that
use a matrix of molded elastomer. While this integrated sensor provides useful overall
pressure of the soft finger, we developed a surface-mount microfluidic pressure sensor
to expand sensing capabilities (Figure 3.3B). Similar in form to several existing
surface-mount sensors, our technique uses the displacement of liquid rather than
change in resistance in an ionogel [18], [32], or liquid metal [62]. This surface-mount
pressure sensor is similar in concept to a microfluidic embodiment of the Skinflow
work by Hauser, Rossiter, et al. [117]. This surface mount sensor can be fabricated
from elastomers of various durometers in different thicknesses to modulate sensitivity,
and it can be mounted (singly or in groups) at various locations along with the
elastomeric finger or other actuators. Fluid displacement data can be interpreted in the
same camera frame as the fiber-based actuator described above, thus expanding the

sensing modes possible with this overall vision-based system.

Color cell pressure sensor: The final sensor technology presented here derives
its inspiration from the chromatophores used by many cephalopods and some other
animals to change their color and appearance. Chromatophore cells filled with pigment
appear as small dark dots. To change perceived color, radial muscle fibers stretch the
chromatophore cell from roughly spherical to a wide-thin disk shape of the same
volume. Thus, when viewed from an axis normal to the disk-plane, the appearance
changes from a small, dark dot in a near-transparent matrix to a larger colored disk. An
array of these chromatophores in various colors allows the animal to present a variety

of appearances. While cephalopods use their chromatophore cells to actively modulate
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their appearance, we invert this technique, using passive cells as sensors. Fabricated
into an elastomeric matrix, external pressure causes these spherical cells to deform into
disks in a plane normal to the applied force. When viewed from an axis normal to the

disk plane, the diameter of the disk increases with applied force.

3.2.2 Vision Algorithms

An algorithm was designed to process two different possible image stream
inputs: a real-time camera stream or a previously recorded video. For the real-time
processing, we used a video stream from a Raspberry Pi Camera Module 2, with the
constraint of the camera being aligned such that the painted filaments are
approximately parallel to the horizontal axis. The videos recorded on a separate device
were filmed with the same constraint. To address alignment issues across multiple runs,
boundaries are digitally positioned around each of the channels with the filaments in
the camera frame (current frame for live stream, first frame for recorded videos) before

beginning the algorithm.

The OpenCV Python library for image processing is used to facilitate detection
in each frame. Each frame is first cropped to include only the boundaries and then
converted to be in grayscale to accentuate differences in light and dark colors and to
eliminate possible noise from reflection. Every pixel value within the frame is then
scaled up to further accentuate the difference between the white background and the
black filaments. The Canny edge detector algorithm is then used to determine the edges

of the filaments, and the Hough Lines Probability algorithm returns the start and end
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point pixel coordinates of each line edge. The algorithm then iterates over each detected
line, and the endpoint furthest to the right within each boundary is recorded as a pixel

location in a CSV. Further details are presented in Appendix B.

3.2.3 Sensor Characterization

We evaluated the elastomeric finger containing fiber-based displacement
sensors and fluid-based pressure sensor in each actuation mode individually, with the
understanding that mixed-mode sensing (elongation and twist combined, or bending
along a non-primary axis) will be the goal of future development using the real-time
vision algorithms described in Section 3.2.2. For the fiber-based sensor, separate
characterization fixtures were employed for each mode of evaluation (bending,
elongation, twist) as shown in Figure 3.4A, each mounted to an Instron 5943 tensile
tester (Instron Co., Norwood, MA, USA). The same apparatus was used for bending 1
and bending 2, offset by 90° as illustrated in Figure 3.4A—E. Integrated microfluidic
pressure sensor characterization (Figure 3.4F) and surface mount microfluidic pressure
sensor characterization (Figure 3.4G) were performed on the same fixture, and
chromatophore-inspired sensor characterization (Figure 3.4H, I) was performed on a

separate fixture. Each test was performed four times to monitor repeatability.
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Figure 3.4: Test fixtures. (A—E) fiber-based displacement sensors, (F-1) fluid-based
pressure sensors (A). Fiber sensor configuration. (B). Bend test setup. Elastomeric
finger mounted horizontally, pulled from neutral to deformed (bent) state. (C).
Elongation. Finger mounted vertically, top-end pulled vertically. (D). Fibers in the
display assembly. Left neutral state, right when deformed (shown in bend direction 2).
(E). Finger mounted horizontally, twisted along its axis (shown in two views). (F).
Integrated fluidic pressure sensor undergoing compression. (G). Surface-mount fluidic
pressure sensor undergoing compression. (H). Chromatophore inspired pressure sensor
undergoing compression. (1). Chromatophore sensor deflecting under pressure.

3.3 Results

Data is divided into fiber-based deformation sensors, (estimating soft finger
displacement) and fluid-based pressure sensors (microfluidic and color cells). Fiber-
based sensor characterization investigates displacement of a 3 x 3 grid of fibers as
described in the Methods section. Figure 3.5 presents fiber responses to displacement

in two modes of bending (offset by 90°), extension, and twist (See also Supplementary
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Videos S1 and S2). Finger orientation and resulting fiber locations within the finger are
shown in the illustration to the left of each graph. To achieve two modes of bending,
the finger is rotated inside the mounting fixture 90° between Bending 1 and Bending 2,
yielding a different fiber orientation. Fiber orientation for elongation and twist is also
shown, but because these displacements are along the longitudinal axis, orientation

does not affect results.
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Figure 3.5: Results, fiber sensor marker displacement (pixels). Fiber configuration is
shown in the upper left of each subfigure. Sample images of marker displacements are
shown in the lower left of each subfigure (1 top... 9 bottom). (A). Bending direction 1.
(B). Bending direction 2. (C). Elongation. (D). Twisting. Legend for all graphs, Fiber
1-9 shown in the upper right (near subfigure (C)).

43



3.3.1 Fiber-Based Deformation Sensor

As the elastomeric finger undergoes displacement in the described mode,
material distorts locally, consistent with theory from classical mechanics of materials
(Appendix A). Fibers, attached at the distal end of the elastomeric finger are free to
move inside their respective tubes (described in Section 3.1, Section 3.2), thus they do
not elongate or compress. Rather they move along their tube and back through the
display assembly. Thus, when the finger undergoes Bending direction 1 (Figure 3.5A),
the top portion of the finger undergoes compression, the bottom undergoes tension, and
the midplane sees little tension or compression. With the fiber configuration shown in
Figure 3.5A, Bending 1 should cause the uppermost fibers to move farther into the
display assembly (positive direction). The lower fibers should move out of the display
assembly (negative direction), and fibers in the midplane should move very little at all.
The graph in Figure 3.5A verifies this. Solid lines (fiber 1, 4, 8) are positive, dotted
lines (fibers 2, 6, 9) are negative, and dashed lines (fiber 3, 5, 7) moved little at all. Due
to the test setup (distal end of finger pulled upward and allowed to move laterally),
some tension in the finger caused the midplane to stretch slightly, causing slight

negative values in dashed lines.

When the finger was rotated 90° and Bending direction 2 was investigated
(Figure 3.5B), similar results were seen for fibers based on the new orientation. In this
configuration again, black lines (fibers 7, 8, 9) were those along the top edge of the

finger, where the finger was in compression. These fibers moved into the display
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assembly (positive displacement). Similarly, red lines (fibers 1, 2, 3) were pulled out

of the assembly, green lines (fibers 4, 5, 6) were little affected.

Tests in elongation (Figure 3.5C) were also as expected. As the elastomeric
finger was elongated, all fibers move out of the display assembly, recorded as negative
displacement. Experiments in twist (Figure 3.5D) also showed results consistent with
classical mechanics of materials. Fibers at the corners, farthest radially from the central
axis (fibers 1, 2, 8, 9) exhibited the most deformation, pulling the fibers out of the
display assembly for negative displacement. Fibers along the flat of each surface (fibers
3, 4, 6, 7), closer to the neutral axis, exhibited less deformation, recorded as less-
negative displacement. Finally, fiber 5 at the neutral axis exhibited almost no

displacement at all.

3.3.2 Source of Hysteresis

One may initially be concerned with the hysteresis loop (actuation path does
not overlay with release path, but instead creates a loop in bend angle, elongation, or
twist vs. fiber displacement). If this were due to the internal properties of the fiber
sensors, it would not negate the value of the sensing system, but it should be addressed.
Analyzing still frames from our motion capture videos indicates that the actuation and
release paths of the elastomeric finger do not trace out a similar path. In other words,
the shape of the elastomeric finger is different at a given angle in the actuation (0° —

90°) path than in the release (90° — 0°) path. Thus, it would be expected that the fibers
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sense different finger geometry based on the path. See Supplementary Video S4 for

dynamic illustration overlaying actuation vs. release geometry.

3.3.3 Microfluidic Pressure Sensors

The elastomeric finger is configured with an integrated microfluidic pressure
sensor along its entire length. Consisting of a liquid-filled microfluidic channel, this
sensor is intended to sense the overall pressure state in the elastomeric finger. Thus,
repeatability and range are highly desirable. Maximizing sensitivity (ability to perceive
a light touch) is not required for this sensor. Figure 3.6A shows a very repeatable and
linear response to forces up to eight Newton, with no sign of signal saturation (change
in geometry precludes perception of increased applied load) over four trials. Figure
3.6B shows the sensor response of a surface-mounted pressure sensor over four trials.
Such a sensor would be attached to the surface of the elastomeric finger to sense a
desired (or undesired) contact at a particular location on the finger surface. Thus, for
such a sensor, linearity and maximum force before saturation are not primary concerns.
Rather, for this sensor, the ability to detect contact is of primary interest. While this
sensor is shown to saturate with an applied force below four Newton, saturation is of

little concern once contact is detected.
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Figure 3.6: Results, microfluidic pressure sensors. (A). Integrated microfluidic sensor.
An elastomeric finger is shown under an externally applied load. The graph shows
displacement of fluid in display assembly (red line in inset still from Video S2) vs.
force applied on an elastomeric finger with an embedded sensor. (B). Surface-mount
microfluidic pressure sensor. The graph shows displacement of fluid in display
assembly vs. force applied directly to the surface-mount sensor. (C). Chromatophore
inspired sensor. The graph shows the diameter of a fluid cell (shown as stills from
Video S2) vs. externally applied load.

Finally, Figure 3.6C presents the behavior of the chromatophore-inspired
fluidic pressure sensor. At applied loads, up to eight Newton, the radial expansion of
the liquid cell is relatively repeatable and very linear. The technique has been
demonstrated here using one liquid cell, but the technique could be expanded to any

number of cells at varying depths, colors, and volumes to achieve a multitude of

responses to pressure.

3.4 Discussion

We presented vision-based methods of sensing deformation and pressure in soft

robots, each including only passive components inside the soft robot. First, we
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presented a fiber-based deformation sensor wherein local material displacement in a
soft robot was transmitted to a remote display assembly and tracked by a digital camera.
Next, we presented two fluidic sensors, wherein a pressure in a soft robot displaces
liquid inside a microfluidic channel, which was transmitted back to the aforementioned
display assembly. We presented an integrated microfluidic pressure sensor, by which
the overall pressure state inside the body of a soft robot is tracked. Next, we presented
a surface-mount pressure sensor to track contacts locally on the surface of a soft robot.
Finally, we presented a color-cell pressure sensor. With this sensor, we flip the idea of
a chromatophore (with which cephalopods actively stretch color cells from spheres into
disks to modulate appearance for camouflage and other applications). In our application,
the passive spherical color cell is embedded in an elastomeric matrix. When an external
force is applied to the elastomer, the color cell is compressed in the direction normal to
the force, expanding it radially. We characterized the radial expansion vs. applied force

for one sample configuration.

We presented an elastomeric finger with nine embedded fiber deformation
sensors, one integrated pressure sensor, and one surface-mounted pressure sensor. We
characterized the fiber sensors in two orthogonal directions of bending, twist about the
finger’s primary axis, and extension. All modes of deformation followed the responses
expected from by mechanics of materials and beam theory. The integrated microfluidic
pressure sensor demonstrated a highly repeatable response to externally applied
pressure with no saturation detected at 7N externally applied force. The surface-

mounted pressure sensor (to sense contact locally) sensed much smaller applied forces
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(0.05-0.3 N) but saturated when as little as 2N force was applied. As a contact sensor,
early detection is more useful than high saturation levels. These encouraging results on
a single elastomeric finger will provide a foundation upon which sensorized actuators

will be developed based on actuator designs from our previous work [18], [86].

While the very simple sensor designs presented here have value individually,
the key contribution of this work is that the sensors are fundamentally designed to be
used in groups. Intended to be designed into a soft robot at the system level, a properly
configured array of these deformation and pressure sensors can give state awareness
far beyond that of individual sensors. Most sensors used in soft robots (and many
sensors in general) vary in resistance or capacitance in response to a change in a
physical parameter such as length, bend angle, or contact pressure. Each sensor requires
wiring, electronic circuitry, and a dedicated input to a data acquisition system before
the resulting signal is sent to a computer. Five sensors require five times the
infrastructure. With our presented method, a digital camera records the movement of
markers on fiber sensors and colored liquid in microfluidic channels. Thus, dozens of
markers and fluid channels can be monitored almost as easily as one. Other camera-
based soft robot state-estimation systems exist, but they primarily record the pose of
the robot directly, thus requiring specific lighting conditions, unobstructed line-of-sight

access to all parts of the robot.

The elastomeric finger we presented used nine fiber sensors to determine its
pose and two fluidic sensors to determine overall and local pressure states. By

configuring fibers in a 3 x 3 matrix, we used the theories put forth in classical
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Mechanics of Materials (See Appendix A) to determine pose during states of bending
in both primary planes, twist about the primary axis, and elongation along the primary
axis. While the presented work was on a finger designed specifically to illustrate
adherence to classical mechanics of materials theory, this state estimation could be
applied to a range of soft actuators and soft robots in general. As stated above, we plan
to use this technique in an actuator design similar to our previous soft finger [18], [86]
with a roughly square cross-section. These fiber and fluidic sensors could be used in
many soft robots with actuators having rectangular, round, or trapezoidal cross-sections,
requiring sensors to be placed at based on beam theory for that cross-section. With their
innate under-actuation and deformability, defining the pose of a soft robot with
reasonable accuracy requires far more sensors than do traditional robots. One can
readily imagine a soft robot requiring nine sensors (3 x 3 matrix) for EACH actuator
to estimate its pose. Thus, a three-fingered gripper would require 27 sensors, a simple
quadruped would require 36, and a more complex robot would require many more. The
circuitry and wiring required for this many discrete electrical sensors would quickly
become burdensome. With our method, passive sensors are all routed back to one
central display assembly and recorded by one digital camera. While we present 11
sensors in the display assembly, this number was chosen as it was the number required
to characterize the soft finger (nine deformation and two pressure sensors). With our
method, any upgrading (to increase sampling frequency or resolution) would be
contained to the camera system, while upgrading dozens of electrical sensors would

also be a sizeable task. With our method, many fibers could be routed back to one
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remote display assembly, where a single digital camera could track the motion of all

markers in a controlled environment, optimally lit for contrast and marker tracking.
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Chapter 4

Bioinspired Soft Finger with Multi-Curvature

Locking Modules

4.1 Introduction

Over the past decade, typical robotic tasks have expanded away from largely
repetitive operations in fixed surroundings and toward tasks in a range of unusual
settings. In addition, in many automated tasks, human-robot interaction will become
the norm [118], [119]. Therefore, existing traditional robots made of rigid components
require more complex controls, and they do not adapt quickly to atypical environments.
Furthermore, due to safety concerns, they are challenging to deploy in circumstances
when human-robot interaction is essential. Alternative robots built of soft compliant

materials are currently being researched as a solution to this challenge.

Soft robotics is constructed of soft materials, having Young's moduli that are
lower than those of human muscles [120]; unlike traditional robot motors, the driving
method of soft robots depends mainly on the materials used. From the way of actuating,
it can be divided into the following categories: air pressure [2], [86], tendon-driven [41],
electromagnetic field [53], chemical reaction [17], thermal reaction [121], [122].
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Among them, the soft robotic grippers are the most studied and are one of the
earliest industrial applications, such as food packaging [123], agricultural product,
confectionery, and bakery industries because their products are soft and fragile.
Traditional mechanical grippers are made of steel linkages consisting of a limited
number of degrees of freedom (DOF), mostly driven by electric motors, with multiple
sets of sensors in each degree of freedom. They also require more control modules and
must know precisely the shape and position of the object in order to avoid damaging it,
so their use is limited to specific types of objects. If various objects need to be

manipulated, it would be very difficult to grasp them with the same rigid gripper.

The soft gripper is different from the traditional mechanical gripper; most of
them are pneumatic driven and have a fast response time [2], [86]. Flexible materials
(low Young’s modulus) are often used for the gripper, which makes them lighter and
cost-effective [86], and it gives it nearly infinite DOF to adapt to the shape of the object
being gripped. It is not necessary to know exactly the shape and position of the object
when gripping it; just keep the gripper close enough to the object to grasp it smoothly.
The soft gripper is relatively easier to control because it does not have a complex sensor
and does not request feedback control to complete the task. Thus, most tasks are
completed open-loop or with external visual control only. Robust closed-loop position

and force control remain challenges in the field of soft robotics [28], [124], [125].

However, due to the inherent compliance of soft grippers, soft robots are unable
to grip heavy objects like conventional grippers [28]. In recent years, researchers have

proposed to solve this problem by changing the stiffness of the gripper (variable
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stiffness) to improve its gripping ability [86], [126]. One of the methods is the jamming
structure, which performs relatively well because of its fast response time and simple
structure. The principle behind this is a structural phenomenon in which a laminar
structure of compliant strips becomes strongly coupled through friction when a pressure
gradient is applied, resulting in a dramatic change in mechanical properties. We can
roughly divide the jamming structure into three types: Grains, Fibers, and Layers [74]-

[76].

Granular jamming [76] is composed of a large number of "granules,"
approximating points or zero dimension particles enclosed in an elastomeric membrane.
This is the most deformable system, and it can handle relatively large compression
forces from any direction. Approximating zero-dimension points, granules are free to
move in any direction, limited only by interaction with other granules or the elastomeric
membrane. This jamming structure requires more volume when applied with soft
robotics, and it is heavier than the other structures. Layer jamming [74] and fiber
jamming requires less volume and are relatively stable than granular jamming. The
structures of layer jamming and fiber jamming are made of non-fluidic planar sheets or
fibers. Under this structure, it's easier to maintain the shape of the structure when
switching mode between non-jamming and jamming states than granular jamming.
Layer jamming is excellent to support tension force parallel to the jamming layer. Fiber
jamming [75] is the latest development method, and its structure is the lightest of the

three. The structure consists of long and slender elements, approximating one-
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dimensional elements, able to bend freely but not able to elongate. Thus this structure

exhibits good performance in the tension and compression force.

The integration of jamming and soft robotic applications has opened up a new
field of hybridization, and we can no longer simply classify it as soft or rigid by
dichotomy. Thus, we introduce the term Hybrid Gripper, which we define as a robotic
gripper combining inherently soft components with components which exhibit high
stiffness some or all of the time. This stiffness can come from inherently stiff materials
such as engineering plastics and metals, or the stiffness can come from jamming, phase
change, or other means of stiffness modulation. Table 4.1 compares the capacities of
various types of soft-rigid hybrid grippers established to date in terms of actuating
method, force direction controllability, multiple curvatures, and gripping force

capabilities.
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Table 4.1 Comparison of soft—rigid hybrid grippers characteristics.

Force Gripping
Hybrid direction Multiple force Operation
Author Actuator  Structure controllability Curvatures capabilities Time
Yang Grains and
Yang[83] Pneumatic Layers Jamming N/A o High Fast
Keng-yu
Lin[86] Pneumatic  Layer Jamming X X High Fast
Wei Shape Memory
Wang[127] Thermal Polymer (SMP) X o Low Slow
Wookeun
Park[128] Pneumatic Rigid Structure X X High Fast
Yufei Low-Melting-
Hao[129] Pneumatic  Point Alloy X X High Fast
Sun
Tao[130] Pneumatic  Self-locking X X High Fast
Zaryab Adjustable Joint
Shahid[126] Thermal Stiffness X o Medium Slow
Raymond
R. Ma[21] Tendon Soft joints X X High Fast
Pneumatic  Chain-shape
This Study & Tendon  Locking Module O O Very High Fast

Here, O indicates Yes, and X indicates No.

Here we first explain the meaning of force direction controllability. We define

that the gripper is said to have force direction controllability if it can actively apply

force in a given direction like a force vector, as shown in Figure 4.1. When we want to

apply force to an object with the finger facing the direction of the blue arrow, we can

set the locking module of the finger to the corresponding state so that the finger can

move in the direction of our task to apply force to the object. In table 4.1, we can see

that most of the soft—rigid hybrid grippers do not have force direction controllability.

This is because most of the hybrid structures are continuously connected and embedded

in the soft gripper [86], [128]-[130]. There is no segmentation between the structures,

so there is no way to achieve segmented control of stiffness. This means that the gripper
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curvature can only rely on the soft actuator's bending movement, making it impossible

to achieve force direction control.

Soft-rigid hybrid fingers
Jammed selectively to only
Actuate about desired joints

ﬂ Cj E Equivalent traditional robot fingers

Figure 4.1: Hlustration of force direction controllability with state corresponding to
locking modules. The Blue arrow indicates the targeted force direction; the red dot
indicates the joint is locked, and the green dot indicates the joint is unlocked and rotated
freely.

Overall, the difference in actuator directly affects the gripping force capabilities
and operation time. The pneumatically driven grippers have the fastest gripping
operation time compared to the tendon and thermal driven. The tendon-driven gripping
force is the highest, and the pneumatic driven is the second and depends on the air
pressure used. At the same time, the design of the hybrid structure will affect the force
direction controllability and multiple curvatures. We define Multiple Curvatures as
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the ability of a robotic finger to bend at multiple locations along its length. Most soft
fingers actuate at multiple locations or continually along their length, but to exhibit
multipler curvatures, our definition requires an ability to control/select the location of
this curving, which basically requires a segmented variable stiffness structure. With the
multiple curvatures feature, it is possible to work with the actuator to achieve the active

application of force in the specified direction.

Three types of force in our soft robots are pneumatic-driven, tendon-driven, and
jamming. The pneumatic actuating force is that converts energy typically in the form
of compressed air into mechanical motion. It can also apply a distributed force, which
IS back drivable in case the force gets too high. This is a common mode of actuation
seen in soft robots, including our previous work [18], [33], [86]. The use of jamming
does not directly apply force from the finger to an external object. Instead, it locks the
finger in place once it is already in the desired configuration, as described in the
jamming section. The benefit of jamming is that once the gripper has cradled the object
and before lifting it, we can lock the fingers in place to securely enclose the object (or
otherwise provide sufficient support) to securely move it. This will be good for lifting
the object that has already been grasped using pneumatic actuation. However, this
would not be suitable for applying a directed load like pulling the trigger of a squirt
bottle. In our design, when the locking modules are locked, they become a stiff member,
but the finger cannot apply a high force using only a pneumatic actuator. And so for
that, we add a tendon-driven actuator, which can apply high force similar to the

Bowden cable in the bicycle, giving our finger greatly increased force capability.
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Although the soft-rigid hybrid structure improves the gripping force, this force
is a relatively static force. Its principle is to make the gripper, after grabbing the object
changes its rigidity to support the weight of the object, or it can passively resist the

external force, so the single hybrid structure still has limitations.

In this paper, we present a bioinspired soft finger with a soft-rigid hybrid
structure that can have a multi-curvature and force direction controllability to provide
force in a specific direction. By connecting multiple independent locking modules into
a chain-like system, their soft and rigid states can be controlled independently. To
enhance its flexibility, we use two actuation methods to drive the finger, which allows
the bioinspired soft finger to grasp objects of various shapes, sizes, and weights quickly
and stably while providing sufficient force in specific directions. In addition, we have
added a nail mechanism on the tip, which allows the finger to assist in gripping flat or

tiny objects.
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Figure 4.2: Overview of the bioinspired finger system.

The main contribution of this work is to propose a new soft-rigid hybrid
structure design and a method of interaction between pneumatic and tendon-driven
actuators. The newly developed segmented controllable soft-rigid module combines
the advantages of a soft robotic finger and a rigid mechanical finger with the ability to
provide force in a specific direction. We have performed a modeling analysis of this
controlled soft-rigid module, which provides an adaptable and scalable design
framework for future bioinspired robotic fingers. This chapter is organized as follows.
Section 4.2 presents the methods used, beginning with a conceptual overview and

discussing locking mechanism design and force analysis followed by actuators, finger
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kinematic analysis, multiple grasp modes, and fabrication. Section 4.3 presents results,
divided into pneumatic actuator expanding test, fingertip force test, locking tendon
force test, finger bending test, grasping capability and performance, durability test, and
tensile tests of SLA 3D-printed material. Section 4.4 presents a discussion on the work

and how it relates to the field, concluding remarks, and suggests the future steps.

4.2 Method

We present a bioinspired soft finger with a soft-rigid hybrid structure, which
consists of a locking mechanism system at the bottom and a pneumatic actuator at the
top, and use five connecting belts to attach them together (Figure 4.3A). In order to
achieve the same fast and powerful movements as human fingers, two types of
actuators are used: pneumatic actuator and tendon-driven actuator (Figure 4.3B). A
tendon-driven actuator cable is embedded in the locking mechanism. A pneumatic
actuator enables fast actuation of the bioinspired soft finger, and it is highly compliant,
offers an infinite degree of freedom (DOF), and at low cost. At the same time, the

tendon-driven actuator can provide higher payload capability.
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(A) Pneumatic actuator

Connecting belts

Finger base pedestal

Locking mechanism

Nail mechanism

(B)

Pneumatic actuator inlet

Tendon-driven actuator

Figure 4.3: Bioinspired soft finger with a soft-rigid hybrid structure. (A). The overall
components. (B). Two types of actuators are used for the finger (the yellow frame
indicates a pneumatic actuator, and the red line indicates a tendon-driven cable). (C).
Bioinspired soft finger with total 7 sets of Bowden cable assemblies, including 5 sets
for locking modules, one for nail mechanism, and one is tendon-driven cable.

The chain-like locking mechanism is composed of five independently
controllable locking modules and a nail mechanism connected to a fingertip (Figure
4.3A). Here we use 6 Bowden cable assemblies (similar in concept to the mechanism
used to transmit force in many bicycle handbrakes) to control the lock and unlock of
the 5 sets of locking modules and the extension of the nail mechanism. We use the

servo motors (TowerPro MG996R) connected to the Bowden cables to provide tension

force. In the locking mechanism, each rotating joint can be freely rotated with the
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locking modules in the unlocked position, just like a watch strap can be freely bent with
different curvatures. Upon engaging any one of the five locking mechanisms, each
rotation joint is restricted to rotate with the locking modules in the locked position, and
the locking mechanism is turned into a rigid body so that external forces can be
supported by it. Thus, provided that the locking modules do not slip, the support force
of the finger can be determined by the material properties of the locking modules. The

finger parameters and index are shown in Figure 4.4 and Table 4.2.
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Bfinger

VVfinger
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Lfinger

LMs LM, LM LM, LM,

H finger

Figure 4.4: The finger parameters and index.
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Table 4.2 Parameters of the finger

Parameters Values Unit
Finger net weight - 68.8 gram
Finger width Wringer 24 mm
Finger length Ltinger 154 mm
Finger base pedestal width Bfinger 46 mm
Finger height Hfinger 36 mm
Fingertip angle 0, 45 degree
Connecting belt width - 3 mm
Pneumatic actuator length - 99.9 mm
Pneumatic actuator segment length Lo 11.4 mm
Pneumatic actuator segment length loi-a 17 mm
Pneumatic actuator segment length lys 5.5 mm
Maximum nail elongation high h¢ 8.05 mm
Locking mechanism segment length Iy 8.9 mm
Locking mechanism segment length li_q 10 mm
Locking mechanism segment length lig 22.5 mm
Rotation joint Q; - -
(i = 1~10)
Bending angle on the it" joint 0; - degree
(i = 1~10)

Fingertip endpoint (rigid part) Qtip - -
Total bending angle of end-effector nail mechanism Oona - degree
The it" locking module LM; - -

4.2.1 Locking Mechanism Design

The mechanical structure of the chain shape locking mechanism system was
made by stereolithography (SLA) 3D-printer (Form 3, Formlabs, Somerville, MA) and
composed of five locking modules, as shown in Figure 4.5A. Each locking module is
composed of one rotation DOF, one Bowden cable (black line), and three rigid parts
(one chain core and two side-crown). First, the chain core is a rigid part, which consists
of two hollow parallel axes on two ends of the base; and two pairs of coaxial cone gears
on two sides of the base. The other rigid part is the side-crown, consisting of two hollow

parallel axes with the same distance as the core’s axes. One side of the side-crown has
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a pair of coaxial cone gears that can tightly mesh with the core’s cone gears. This cone

design can increase the contact area of the gear and the smoothness of meshing.

Figure 4.5: (A) Chain shape locking mechanism system. (B) One locking module, blue
indicates two side-crown, red indicates as chain core, black arrow indicates the Bowden
cable and the tendon force. There is space above each locking module for the Bowden
cables to move freely between the locking modules and the pneumatic actuator (C)
Side-crown with different views. There are two contact points on its upper half for the
connecting belt (D) Chain core with different views. There is space in the middle for
the tendon-driven cable to be embedded.

Also, inside the side-crown is an elastomeric band (yellow, 5 mm, 3/16-inch
Orthodontic Elastic Rubber Band) perpendicular crossing the axes that provide a force
to separate the core and the side-crown shown in Figure 4.6. A screw (green) passes
through the side-crown and secures the core in Figure 4.7. It can adjust the gap between
the core and the side-crown and allows the two parts can rotate freely. A locking
module consisted of two side-crowns (blue) and one chain core (red), as shown in
Figure 4.5A. Bowden cable can apply a tendon force to squeeze two side-crowns, and
the cone gears can tightly mesh to jam the axis. This also allows the chain cores in the

front and back locking modules to be linked together.



Figure 4.6: The yellow line indicates the elastomeric band perpendicular crossing the
axes that provide a force to separate the core and the side-crown.

L

Figure 4.7: A locking module cross-section view. The red part indicates the chain core;
the green part indicated the screws pass through the side-crown and secure to the chain
core. The yellow line indicates the rubber band that provides the force to separate the
chain core and the side-crown. The blue parts indicates the side-crowns, which have
one DOF along the axis.

Multiple locking modules can be assembled to form a chain-shape locking
mechanism system. Each module can provide two DOF in an in-plane bending
direction, and it can approach relatively soft by connecting the multiple locking
modules. Different from other robotic fingers, each joint can only control one bending
angle; we designed each locking module to control both the front and rear bend angles.
The advantage of this design is that for each module, the bending angle can be larger,
and more easily control the fingers to apply force in a specific direction. For example,
when the 1st locking module is locked, it means that joints Q, and Q, are locked so

that the bending angle 6, and 6, is fixed. By analogy, when the it* locking module is
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locked, joints Q,; and Q,;_, are locked, bending angle 8,; and 6,;_ are fixed, shown

in Figure 4.8.

Figure 4.8: Illustration of when the first locking module is locked, the joints Q, and Q,
will be locked so that the bending angle 6, and 6, is fixed as shown in red color. By
analogy, when the i** locking module is locked, joints Q,; and Q,;_; are locked,
bending angle 6,; and 6,;_, are fixed.

4.2.2 Locking Mechanism Force Analysis

This section analyzes what forces and magnitudes of forces are present on the
locking module and when they occur. We also calculate the torque and the
corresponding force required for the locking module to withstand the external force.
As shown in Figure 4.9, in soft mode(unlocked), there are two forces in the locking
module: Screw support force and elastomeric band force. This allows the locking
module to maintain a certain gap and allows the chain core and side-crown to rotate
freely. In rigid mode(locked), because of the tension provided by the Bowden cable,
the locking module makes the two side-crown engage with the chain core. The servo

motor (MG996R) we use connected to the Bowden cable can provide a maximum
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torque of 11 kg*cm (at 6 V). When an external force is applied to the locking module,
a bending moment is generated, creating torque on the rotating joints. We can use the

method of analyzing bevel gear to calculate the lateral force on the locking module.

(A) (B)

<= Elastomeric band force m m
<= Screw support force H Kﬁ / w
«= Tendon force H K % ’W %

4= Lateral force from gears

Figure 4.9: Force diagram in the locking module. (A) Rigid mode or lock mode. (B).
Soft mode or unlock mode.

Figure 4.10: Force analysis diagram of the locking module-chain core.
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Table 4.3 Parameters of the locking module

Parameters Values  Unit
Torque on the rotating joint T4 - N*mm
Teeth number N 20 -
Pitch circle diameter d, 55 mm
Inner circle diameter din 4 mm
Outer circle diameter dout 7 mm
Overall force f - N
Total tangential force ft - N
Tangential force on each tooth fin - N
Pressure angle p 20 Degree
Pitch angle Y 45 Degree
Yellow hypotenuse fn - -
Radial force fr - N
Axial force fa - N
Moment arm Tarm - mm

As shown in Figure 4.10 and Table 4.3, we can know our chain core design
parameters. When analyzing the contact force, we can regard torque z, as tangential
components of the force. While this force is in reality is the pressure distributed across
the face of the gear tooth, we represent it here as a point load at the pitch circle (d,)
which is the average between the inner circle (d;,) and the outer circle (d,,;). The
overall force f would be perpendicular to the surface of the teeth, which is the angle
between the tangential component in the blue arrow (f;) and the overall force in the
black arrow (f) would be that of the pressure angle (¢,). The tangential component

would be:

fe = f * cos (¢p) (4.1)

Now, this vector also has two other components, which are the radial and the axial

components. And both will be given by that pitch angle (1). The radial component,
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which the force going into the center of the gear will be the adjacent side of the triangle
with (y) in it using a yellow hypotenuse. The axial component that is parallel to the

axis of the gear will be the opposite side of that same triangle.

fr = fn*cos (¥) (4.2)
fa = fn*sin () (4.3)

The yellow hypotenuse is the length from the beginning of the f; vector to the

beginning of the f vector, which can be calculated with the pressure angle.

fr = f *sin(¢p) (4.4)

The radial and axial components can be written by substituting f and then f;,.

fr = [ *sin (¢p,) * cos () (4.5)
__ fersin (¢p)*cos ()

ﬂ o cos (¢p) (4'6)

fa = [ *sin (¢p) * sin () 4.7
__ Jersin (¢p)=sin (¥)

fa - cos (¢p) (48)

Simplifying the trigonometric functions, we can find the three expressions for each one

of the components.

fe =1 (4.9

fr = fo * tan (¢y) * cos () (4.10)
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fa = fe * tan (¢p) * sin (Y) (4.11)

And now we have the expressions for the components of the chain core gear forces in

terms of the pressure angle ¢, and the pitch angle 1. The torque 7, can be written as:

Tq = ft * Tarm (4-12)

fo = ij xtan (¢pp,) * sin () (4.13)

Ta

At the same time, we can know that the force on each tooth is
fin =2 (4.14)

From the above analysis, we can estimate how much tendon force support is required
for the torque generated by the external force acting on the locking module. We can

also know the maximum shear force that the teeth on the locking module can withstand.

4.2.3 Pneumatic Actuator and Tendon-driven Actuator
Pneumatic Actuator

To achieve fast actuation and be highly compliant, we have chosen a pneumatic
actuator as one of the finger drive methods. The pneumatic actuator itself can be
roughly classified according to its motion path: contracting actuators, expanding
actuators, twisting actuators, and bending actuators. All these actuators rely on the same
basic physical principle: Pascal's principle. When we design the actuator, we can make

different positions of the inflatable cavity produce different morphological changes
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under the same pressure or restrict the movement of the inflatable cavity in a specific
direction to achieve different motion paths. The common methods are using multiple
materials and asymmetric geometries. A more comprehensive overview of pneumatic

actuators can be found in chapter 2 and the literature [131]-[134].

In the design of the pneumatic actuator in this article, we use fiber-reinforced
expanding actuators. The locking mechanism system is a rigid, non-extendable
structure that extends from the finger base pedestal to the nail mechanism at the tip of
the finger, and the nail mechanism is bonded to the front of the pneumatic actuator. As
a whole, it restricts the elongation movement of the finger. After trying various
pneumatic actuator designs, we found that the expanding actuators were the most
suitable for finger movement in this study. At the same time, the design of fiber-
reinforced can keep the walls of the cavity relatively thin, lightweight, and smooth.
This is helpful for predicting motion models and finite element analysis [131]. As
shown in Figure 4.11, we designed the cavity with a semicircular cross-section, which
allows enough space under the pneumatic actuator for the Bowden cable sets. The
semicircular shape also allows the plane under the pneumatic actuator to have stable
contact with the locking mechanism system. We design 5 connecting belts to connect
the locking mechanism system with the pneumatic actuator. The 5 connecting belts are
connected to the top of the 5 locking modules respectively, and the pneumatic actuator

is divided into 6 segments [,,_< in Figure 4.4.
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Fiber

Space for Bowden cables

Figure 4.11: (A) The pneumatic actuator semicircular cavity view. (B) The cross-
section view of the assembly finger shows the space under the pneumatic actuator for
the Bowden cable sets.

Once the pneumatic actuator starts to inflate, the walls of the cavity will first
come into contact with the connecting belts. This allows each section of the pneumatic
actuator to provide a forward extension movement depending on whether the locking
module is locked or unlocked. For example: When only the 3rd locking module is
unlocked, only the pneumatic actuators of the two segments [,, and [,; will have
extension movement. This design allows the extension control of different segments in

the same pneumatic actuator under the same pressure. Make the pneumatic actuator

and the locking mechanism system consistent in motion control.

Tendon-driven Actuator

To compensate for the lack of grasping force of the pneumatic actuator, we
added a tendon-driven actuator to our finger. The tendon-driven cable is attached to the
nail mechanism through a small hole in the middle of each chain core from the tip of
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the finger all the way to the finger base pedestal. After the finger has used the pneumatic
actuator, if additional force is needed, the tendon-driven cable can provide additional
torque on the rotary axis, allowing the finger to deliver more force. The servo we use
(MG996R) is connected to the tendon-driven cable and can provide up to 11kg*cm

torque.

One thing to note here is that the tendon-driven actuator must be used after the
pneumatic actuator has been activated. If the tendon were to be activated while the
finger is straight (pneumatic actuator not engaged), the moment arm between the cable
and the center of rotation (axis of rotation of the locking mechanism) is too small to
generate bending moment. It will also cause misalignment between the pneumatic

actuator and the structure of the connecting belt.

4.2.4 Kinematic Analysis

The locking mechanism system consists of 5 rigid modules connected by
intermediate rotation joints, including side-crowns and chain cores of equal length.
When all the locking modules are unlocked, the locking mechanism system has 10 DOF.
The kinematic model of a 10 DOF locking mechanism system in a 2D Cartesian space
is shown in Figure 4.12. Using forward kinematics to derive the end-effector is the
typical way of deriving the end-effector position of a rigid robotic manipulator.
Therefore, here we use a systematic approach based on the Denavit-Hartenberg (D-H)

convention to derive the forward kinematic equations for the end-effector nail
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mechanism position of the locking mechanism. The following four transformation

parameters are known as Denavit-Hartenberg parameters [135]:

e 0, angle about previous z;_; from old x;_; to new x;
e q; is the length of the link about the common normal
e ; angle about common normal, from old z;_, to new z;

e d; offset along with previous z;_; to the common normal

Where i represents the number of links, through concatenation of these individual

transformations, the equivalent homogeneous transformation is:

6, a5, i, d;) (4.15)
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Figure 4.12: Kinematic model of 10 DOF locking mechanism system in a 2D
Cartesian space.

Table 4.4 D-H Parameters for the locking mechanism system

Link i Hi a; Qa; di
1 o, | L, | 0 | 0
2 9, | I, | 0 0
3 0, | 1, | 0 0
4 9, | 1, | 0 | 0
5 0 | 1. | 0 0
6 6. | L. | 0 0
7 9. | L, | 0 | 0
8 9, | 1, | 0 | 0
9 9 | 1, | O 0
10 | 6 | Lo | 0 | O
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In the coming equations, we make the following notation:
¢; = cos(8;) , ¢ijk... = cos(8; + 0; + Oy + )
si = sin(8,) , sijx... = sin(0; + 6; + O + )

Substituting the parametric details from the D-H table in Table 4.4 into equation (4.15)

provides the 4x4 transformation matrix of the individual joints, which can be expanded

as.
C@i —Sgi —SBi a;_q
. sO.ca;_ cO:.ca;_ —Ssa;_ —sa;_qd;
l_1iT= i -1 i -1 -1 —1%1 (416)
sBica;_; cOica;_4 ca;_4 ca;_1d;
0 0 0 1

Then the position and orientation of the end-effector in the inertial frame are given by:

n

o[

i=1

Ryxs P
o — 3%X3 3x1
o7 = [T T4 (4.17)

Where matrix R, 3 expresses the orientation, and matrix Ps, is the position vector of
the last frame. The coordinate position of the nail mechanism end-effector (x, y) is
given as the function of the joint angles 6; (i = 1~10) and can be determined by
having the product of the transformation matrices of the individual links, and it follows

the equation
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(4.18)

According to equations (4.16) and (4.17), it is obtained the homogeneous

transformation matrix ;37 , which is used to derive the end-effector position with

respect to the global reference frame, and it is the Jacobian matrix that follows the

equation

16T =T - 3T 5T - 3T - 5T - gT - T - §T - 5T - 13T

C12345678910  —S12345678910 0 Py

18T = 5123456789 10 C123456789 10 0 v
| O 0 1 B
l 0 0 0 1 J

P, = l10C123456789 10 + loC123456780 T lgC12345678 + 17C1234567

+lgC123a56 1 5C12345+14Cr234+3C 23 + 1015 + 110g

P, = 1108123456789 10 t l9S123456789 + lgS12345678 + 1751234567

+16S123456 1 5512345481234+ 35123 + 181, + 115
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As a result, when all the locking modules are unlocked, the end-effector nail

mechanism position and orientation can be determined using the equations below.

x = ligcos(X12, 6,) + lgcos(Xi-, 6;) + lgcos(EE, 0;) + I, cos(X7_, 6) +
le cos(TE_; 0;) + ls cos(X7_ 6;) + Ly cos(Ti, 6;) +
+ 13 cos(X7_1 6;) + 1, cos(8; + 0,) + 1, cos(6;)

(4.24)

y = llO Sin(zilgl 91) + lg Sin(Z?zl 91) + l8 Sin(2?=1 9,_) + l7 Sin(ZZzl 01) +
lgsin(Xi-; 0,) + s Sin(Z?=1 91’) + Ly sin(Xi, 6;) + 13 sin(X7, 6;) +
I, sin(6; + 8,) + 1, sin(6;)

(4.25)

10
Oena = Z 0,
i=1

(4.26)

4.2.5 Fingers in Multiple Grasp Modes

Our proposed hybrid bioinspired finger consists of 5 independently controllable
locking modules, one nail mechanism, and two types of actuators. By implementing
adjustable stiffness locking modules, a finger can perform different gripping modes

depending on the stiffness of the locking modules. In this section, we can broadly
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classify the gripping modes into three modes according to the use of locking modules:
(1) Pure soft mode, when all locking modules are unlocked all the time. (2) Soft-rigid
hybrid modes, when the locking modules need to be locked or unlocked during finger
use. (3) Rigid mode, in which the specific locking modules are kept locked all the time

during finger use.

Among them, (2) Soft-rigid hybrid mode, according to the order of actuators
and locking modules activation, can be subdivided into three capture modes: (A)
Adaptive power mode. (B) Pre-shaped mode. (C) Hybrid loop mode. We will explain

the movement of each mode in detail below.

4.2.5.1 Pure Soft Mode

In this mode, we keep each locking module in the locking mechanism system
in a soft position (unlocked), and each module can rotate freely. Used together with the
pneumatic actuator, it can quickly grip irregularly shaped and fragile objects. During
the procedure, when the locking module touches the object, it will adjust its clamping
curvature according to the shape of the object with its own compliance characteristics.

This is shown in Table 4.5.
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Table 4.5 Pure soft mode grasping procedure

Grasping procedure

Joint state 1
Unlocked
® Locked

Pure soft mode

Module
locked

Pneumatic Off

Active

Tendon Off

Off

4.2.5.2 Soft-rigid Hybrid Modes

A. Adaptive Power Mode

The user first keeps each locking module in the unlocked state and then inflates
the pneumatic actuator to grasp the object. At this time, the finger can quickly adapt to
the shape of the object and adjust the curvature of grasping. So far, this is the same
action as pure soft mode. Then the one (or more) locking modules that need to provide

additional force in a specific direction remain in the unlocked state, allowing that

module to rotate freely.

The rest of the locking modules are turned into the locked state, making the
fingers become two (or more) rigid link motion models. At this time, the rigid links are
the same shape as the object. When using the tendon-driven actuator (to provide

additional torque) on the locking modules, which remain in the unlocked state to
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provide extra torque. This allows the rigid linkage to output force in a specific direction.

This is shown in Table 4.6.

Table 4.6 Adaptive power mode grasping procedure

Grasping procedure
Joint state 1
%) Unlocked
3
€ | ® Locked
b
2
o
o
()
= :
g
-&; Module - - #1,2,3,4 #1,2,3,4
locked
Pneumatic Off Active Active Active
Tendon Off Off Off Active

B. Pre-shaped Mode

The user pre-locks specific locking modules to keep the finger in the interval
with a straight rigid link, and then drives the finger to grasp the object by the pneumatic
actuator. This allows us to know the bending trajectory of the finger in advance so that
we can accurately control the gripping distance and then be more precise in gripping
small objects, such as credit cards and tiny screws. If more power is needed, a tendon-

driven actuator can be added and used simultaneously. This is shown in Table 4.7.
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Table 4.7 Pre-shaped mode grasping procedure

Grasping procedure
Joint state
Unlocked e .q 7 o i-.

3 ; A . A
© | ® Locked ®
E OCKe » )¢
8 .'i, JO .
Ccos- .o 0. L) ...
P -
E Module #1,2,4,5 #1,2,4,5 #1,2,4,5

locked

Pneumatic Off Off Active Active

Tendon Off Off Off Active

C. Hybrid Loop Mode

In this mode, the locking modules and the pneumatic actuator are used
interchangeably. The user can adjust the sequence of the two actions to meet the target
requirements. Basically, it can be regarded as a mix of adaptive power mode and pre-

shaped mode.
4.2.5.3 Rigid Mode

The word rigid is used here to refer to the specific locking modules that remain
locked all the time. This mode will be discussed in more detail in section 4.2.6, but we

list it here to give the article a complete structure.

4.2.6 Programmability Setting

In the previous subsections, we discussed how the fingers are used to control
the locking modules to accomplish complex grasping tasks independently. Although

many combinations of fingers can be used, they also require multiple servo motors to
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work together. This finger is modular in design; it has a potential mode called pre-

program mode or rigid mode in the previous subsection (illustrated in Table 4.8).

This mode allows the locking modules to predetermine their respective states:
locked or unlocked. In the case of locked, the locking angle of the two modules is also
predetermined. When the state is decided, it cannot be switched arbitrarily during the
operation. In other words, the bending trajectory of the finger has been predetermined.
Because the locking modules do not need to change their state, we can remove the
Bowden cables that control them. This reduces the DOF of the fingers but also reduces

the complexity of the control, which we also call pre-program mode here.

Table 4.8 Pre-program mode grasping procedure

Grasping procedure

Joint state 1 2 3
® Unlocked ,‘ S 0, i-_ 7 & S
_é ® Locked Yy "! 9. .0, ,'. %
= A A \ ¢ A s )¢ A ; J
E (] ) ° - ) ()
(&) ® * ° . 0 °
o () . . . ° .
3 [
a | Module #1,2,4,5 #1,2,4,5 #1,2,4,5

locked

Pneumatic Off Active Active

Tendon Off Off Active
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4.2.7 Design & Fabrication

Al A2

W

A3 A4

<G

‘ o (s

Figure 4.13: Pneumatic actuator fabrication process. The assembly is fabricated using
three molding steps, and molds are shown in gray. (A) Mold A, the pneumatic actuator
fingertip fabrication process, (A1-A4). (B) Mold B, the inner layer of the pneumatic
actuator for winding reinforced fibers. (C) Mold C, finished pneumatic actuator
fabrication.

Pneumatic Actuator

Similar in concept to many soft robots, we fabricate our fiber-reinforced
pneumatic actuator using multiple molding steps. The fabrication process is
summarized in Figure 4.13. We fabricate the assembly using three molding steps. The
actuator mold is designed in Solidworks, and 3D printed using a Form 3 SLA printer
(Formlabs, Somerville, MA, USA). The mold is assembled and held together firmly

with screws.
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Mold A:

We fill elastomer Dragon Skin 10 (Smooth-On, Inc. Macungie, PA, USA) into
the mold (Figure 4.13A1) and degas it in a vacuum chamber for 5 minutes. We insert
the top mold into the bottom mold and squeeze the elastomer so that it fills the entire

mold (Figure 4.13A2). We cure the elastomer in an oven at 60 °C for 40 minutes.

Mold B:

We fill elastomer Dragon Skin 10 into the mold, and insert the center rod into
the mold to create the core of the actuator. The rod slots into a half-round indentation
at two mold ends (Figure 4.13B2). We degas the assembly in a vacuum chamber for 10
minutes and refill the elastomer if necessary. We cure the elastomer in an oven at 60
°C for 40 minutes. We remove the external mold but retain the center rod with
elastomer (Figure 4.13B4). We wind the fibers spirally on the outside of the center rod,

and at both ends of the actuator, and we knot them (Figure 4.13B5).

Mold C:

We demolded the mold A and inserted the part into the center rod from mold B
(Figure 4.13C1). We put the assembled part into mold C and fill with elastomer Dragon
skin 10. We degas in a vacuum chamber for 10 minutes and refill the elastomer if

necessary. We cure the elastomer in an oven at 60 °C for 40 minutes.
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Finger Assembly and Integration

The rigid components, including locking modules, nail mechanism, and finger
base pedestal, are designed in Solidworks, and 3D printed using Clean V4 resin with
Stereolithography (SLA) 3D printing technology Form 3 (Formlabs, Somerville, MA,
USA). In order to understand whether the mechanical properties of SLA 3D printing
will vary depending on the printing angle, we have verified the printing angle and
mechanical properties of SLA in the next section. The connecting belts are made of

plastic sheets with a thickness of 0.1mm, made by laser cut.

When all the above parts are ready, we assemble the finger. We begin by
bonding the outer shell of the nail mechanism to the pneumatic actuator, with Ecoflex
00-30 (Smooth-On, Inc. Macungie, PA, USA) as the bonding adhesive. The pneumatic
actuator and nail mechanism are bonded as shown in Figure 4.15. First, we cut the
fabric (monofilament polyester screen, 43 threads per inch) into the same shape as the
side of the nail mechanism and lay it on the surface. Second, we use a dropper to apply
some liquid SLA Clean V4 resin to the edge of the nail mechanism and the fabric,
allowing the liquid SLA resin to penetrate into the fabric. After exposing with UV light
to cure the SLA resin, we use this method to stick the fabric and the nail mechanism
together. We repeat the above action and let the fabric on both sides of the nail
mechanism stick to the surface. We can see from the cross-section (Figure 4.14E) a
cavity between the fabric and the nail mechanism. Third, we glue the upper part of the

outer shell of the nail mechanism together with the pneumatic actuator. We fill the front
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half of the pneumatic actuator with Ecoflex 00-30, and put the outer shell of the nail
mechanism in, then cure it in an oven at 60° C for 25 minutes. We rotate the pneumatic
actuator one-quarter turn and flip the sidewall of the fingertip. We use the dropper to
fill the cavity on the side of the nail mechanism with Ecoflex 00-30, and cure the
assembly at 60° C for 25 minutes. We repeat the above process to fabricate the other
side of the pneumatic actuator, and we glue both sides of the nail mechanism with the
pneumatic actuator. Fourth, we install a metal rod linear slide so that the nail can slide
back and forth in the nail mechanism. Finally, we install an elastic rubber band (5 mm,
3/16-inch Orthodontic Elastic Rubber Band) to allow the nail to retract automatically.
At this point, we have completed the assembly of the nail mechanism and the pneumatic

actuator.
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Rigid SLA 3DP part
Fabric

Uncured SLA resin
Cured SLA resin
Uncured elastomer
Cured elastomer
Rubber band

Metal rod

Figure 4.14: Pneumatic actuator and nail mechanism bonding process. (A-E) the
bonding process of the fabric to nail mechanism by SLA resin. (F-J) The bonding
process of the nail mechanism and pneumatic actuator. (K) Install a metal rod, elastic
rubber band, and the nail into the nail mechanism.

Next, we complete the assembly that integrates the whole finger shown in
Figure 4.15. First, we install the elastic rubber bands (5 mm, 3/16-inch Orthodontic
Elastic Rubber Band) into each side-crown, using M2 screws to connect the chain cores
and side-crowns. When connecting, adjust the tightness of the screws to make a proper
distance between the two. Then connect the assembled locking mechanism to the finger
base pedestal using M2 screws. Then start installing the five Bowden cable assemblies,
an inner nylon cable (Monofilament nylon thread, diameter 0.5 mm) relative to a PTFE
hollow outer tubing that control the locking modules. Next, fix the tendon-driven cable

on the nail mechanism, and install the Bowden cable assembly that controls the nail.
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Then we connect the nail mechanism to the locking mechanism and install the tendon-
driven cable into the chain cores after the connection is completed. After that, we
installed the pneumatic actuator inlet on the finger base pedestal with a zip tie. In order
to protect the pneumatic actuator, we wrap Teflon tape around the surface of the contact
area so that the zip tie does not directly touch the pneumatic actuator. The last step is
to install the connecting belts on the side-crown top and combine the pneumatic

actuator with the locking mechanism.

Figure 4.15: Bioinspired soft finger assembly process step diagram.
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4.3 Results

4.3.1 Fiber-reinforced Pneumatic Actuator Expanding Test

Fiber-reinforced pneumatic actuator expanding test is shown in Figure 4.16.
The pressure was increased approximately by 0.3 kPa (0.05 Psi) per 0.1 seconds, and
experimental data for the relationship between input pressure and output elongation
were presented. The extension exerted increased with increasing input pressure. An
approximately linear relationship was observed, which can be deduced from the
hyperelastic model method provided in this paper [131]. The elongation generated
reached 75 mm at 25 kPa (3.7 Psi). We can use this approximately linear relationship
to predict the surrounding range (< 35 kPa, < 5.1 Psi) pressure-elongation data. More
testing has been done to offer a more comprehensive characterization of the soft hybrid

finger design and an investigation into the sensitivity of each geometric parameter.
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Elongation (mm)

Input Pressure (PSI)

Figure 4.16: Fiber-reinforced pneumatic actuator expanding test and results: (A) Test
setup of the actuator in the elongation experiment. (B) Test result for pressure and
elongation configuration with the linear trendline.

4.3.2 Fingertip Force Test

In this test, we tested the relationship between the two types of actuators,
pneumatic and tendon-driven, for fingertip force output. In the first experiment, we
tested the relationship between the input pressure of the pneumatic actuator alone and
the output force at the fingertip shown in Figure 4.17. From the experiment plot, the
actuator force increases as the input pressure increases, and an approximately linear

relationship is observed. The Instron 5943 tensile tester (Instron Co., Norwood, MA,
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USA) is the measurement equipment we use for the experiment. The maximum force
and actuation pressure tested were 1.7 N for the pneumatic actuator at 35.5 kPa (5.13
PSI). From the results, the efficiency of our pneumatic actuator and force output was

relatively high (Mosadegh et al. [136]: pneumatic actuator 1.4 N at 10.4 Psi).

A) ®) |

1.6
1.4
~12
2 o
5 0.
= 0.6
04
0.2
0

0 1 2 3 4 5 6
Input pressure (PSI)

Figure 4.17: Fingertip force test and results: (A) Test setup of the finger on the Instron
with all the locking modules in the unlocked state. (B) The pneumatic actuator input
pressure and fingertip force output relationship plot.

In the second experiment, we wanted to determine the difference in force output
at the fingertips when the two actuators are activated simultaneously versus pneumatic
inflation only. We first inflated the pneumatic actuator to 35 Kpa (5.1 Psi) and
maintained it throughout the experiment. We then activated the tendon-driven actuator
at time 17 seconds and used the maximum tension force (107 N at 6 V) to pull the
tendon-driven cable shown in Figure 4.18. From the experiment plot, the maximum
fingertip force is 4.13 N, when both the pneumatic actuator and tendon-driven actuator

are activated at the same time. Compared with the maximum fingertip force of 1.7 N
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when only the pneumatic actuator is used, the fingertip force can be increased by 143%.
This also proves that the tendon-driven actuator can provide higher payload capability

as we mentioned in the previous section.

Pneumatic actuator only | Pneumatic and tendon-driven actuators

w - o

Force (N)

o

\1

0 5 10 15 1 20 25 30 35
Time (s)

Figure 4.18: Fingertip force experiment results with two actuators. The finger is setup
on the Instron with all the locking modules in the unlocked state and the red line
indicates the tendon-driven cable. The pneumatic actuator inflated to 35 kPa (5.1 Psi)
and maintained it all time during the experiment, then activated the tendon-driven
actuator at time 17s.
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4.3.3 Locking Mechanism Force Test

This section tests the relationship between the tension required for a single
locking module and the bending moment caused by an external force. Figure 4.19
shows the setup of this experiment; we use Instron as the external force and install a
locking module horizontally on the test platform. A Bowden cable is connected to a
force gauge to apply a constant tensional force to the locking module for testing. Figure
4.20 shows that when the locking tensional force is 500g, the locking gear on Q; can
withstand a maximum torque of 28N*20mm = 560Nmm. When the locking tensional
force increases to 700g, the locking gear on Q, can withstand a maximum torque of
41IN*20mm = 820 Nmm. However, when the locking tensional force increases to
1000g, the locking module's chain core will break because the torque exceeds the
strength of the material that can be loaded. Compared with the equation derived in the
previous section, we have concluded from the experimental data that the locking
tensional force required at the same bending moment is smaller than the theoretical
value. This is due to the increased friction between the surfaces of the mating gears,

making it more difficult to separate the gear when it has meshed together.
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Figure 4.19: Locking mechanism force test setup. One locking module is set up
horizontally on the test platform; the red line indicates the Instron force, and the black
line indicates locking tensional force by Bowden cable.
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Figure 4.20: Locking mechanism force test and results of the Instron force and locking
tensional force relationship.
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4.3.4 Multi Curvature Bending Test

In this section, we measured the difference between the multi-curvature
bending by different locking module combinations under the same pressure.
Experiments were performed by repeatedly applying 0 to 35 kPa (5.1 Psi) air to the
finger. A camera was used to follow each joint for motion tracking. The finger was
controlled by five independently controllable locking modules to control 10 rotation
joints so that a total of 225=32 different control combinations were generated (0 to 31).
In order to express each combination systematically, we use the decimal system to
convert the binary system to represent the state of the locking modules. The first digit
of the binary system represents the state of the first locking module (LM, ) to the fifth
digit of the binary system represents the state of the fifth locking module (LM5;). Here
we use the number O for unlocked and the number 1 for locked, where the combination
of index 31 (decimal) = 11111 (binary) means all locking modules are locked, so we

do not discuss it here.

The upper left corner of each figure shows the locking module setting status
and index of the finger; the green dots represent unlocked, and the red dots represent
locked. The lower-left corner of the figure shows the actual bending trajectory of the
finger, and the right side of the figure shows the bending angle of each joint in relation
to the input pressure. We use the same color line to represent the control by the same
locking module, the dotted line represents the odd angle, and the solid line represents

the even angle.
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Figure 4.21: Multi curvature bending test results with 0-30 index mode.

4.3.5 Grasping Capability

First, to evaluate the general grasping ability of the fingers, we tested them with
a variety of objects. In Figure 4.22, we can see that we tested the grasping ability on a
dozen of different objects. The grasping of some of these objects can also be seen in
Figure 4.24. During the experiments, each object was placed at a known location and
then attempted to be grasped by the fingers mounted on the Sawyer robot as shown in
Figure 4.23. In this set of experiments, our goal is to focus on the grasping ability of
fingers, so we arbitrarily implement different grasping strategies for different objects.
Some objects were grasped by whole finger envelopes, while others were grasped by
top grasping, pinching with two or three fingers. Other objects such as flat objects or
smaller objects such as student id card, coins, and nuts. We use the nail mechanism at

the front of the fingers to help grip, as shown in Figure 4.25. The experimental results
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show that the finger can grasp objects of various sizes and shapes in pure soft mode

due to its soft compliance; it easily adapts to different shapes and sizes.

Figure 4.23: Three fingers mounted on the Sawyer robot in different views.
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Figure 4.24: Various objects grasped by the fingers. (A) Packaging tape, (B) Spray
cleaner, (C) Paper cup, (D) Screwdriver.
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20mm

Figure 4.25: Finger in the pre-shaped mode for gripping flat objects and smaller objects.
(A) Nut, (B) coin, (C) fork, (D) student id card.

We also tested the gripping ability of the finger in the soft-rigid hybrid mode.
Figure 4.25 shows that we used the pre-shaped mode with the nail mechanism on the
front of the finger to allow the finger to grip flat objects or smaller objects. The pre-

shaped mode allows us to know the bending trajectory of the finger in advance so that
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we can better control the gripping distance and then be more precise in small gripping
objects. Figure 4.26 shows the use of the pre-shaped mode to grip the sponge and then
apply the additional tendon-driven actuator to it for more force to the sponge to bend

it.

Figure 4.26: The use of the pre-shaped mode to grip the sponge and then apply the
additional tendon-driven actuator to it for more force to the sponge to bend it.

We used the paper cup to demonstrate finger grasping in adaptive power mode.
During the experiment, the paper cup was placed in a known position and then grasped
by Sawyer robots using two fingers. After gripping the paper cup, the finger could
quickly adapt to the shape of the paper cup and adjust the curvature of the grip. Then
we locked the 2" to 5" locking modules (LM,_s) so that only joints Q,and Q, were
left for the fingers to rotate. Now apply the tendon-driven actuator to provide additional
torque. This allows the fingers to output force in the direction of the center, causing the

paper cup to be squashed, as shown in Figure 4.27.
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Figure 4.27: Finger grasping in adaptive power mode with applying the tendon-driven
actuator to provide additional force to squash paper cup.

4.3.6 Grasping Performance

To further compare the grasping ability of the finger under different actuators,
an experiment was conducted to compare the maximum grasping force of pneumatic
driven only mode and pneumatic & cable-driven mode. First, a cylindrical rod with a
diameter of 20 mm was mounted on the Instron tensile tester, and a finger was fixed on
the plane of the Instron to perform a gripping action on the cylindrical rod. To measure
the gripping force of the finger on the cylindrical rod during the upward movement, the
locking modules of the finger were all in the unlocked state, as shown in Figure 4.28.
Then, the cylindrical rod moves upward without interruption. From grasping the rod to
disengaging it, the vertical displacement of the cylindrical rod is about 43mm, and the
vertical pulling force generated by the finger is shown in Figure 4.28. During the
pulling process, it is worth noting that in the two driving modes, the pulling force
undergoes a smooth increase process until the vertical displacement of the cylindrical
rod exceeds 38mm, and then suddenly drops. The results show that the maximum
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grasping forces of pneumatic driven only and pneumatic & cable-driven are 5.5 N and

10.8 N, respectively, corresponding to a ratio of 1.96 times.
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Figure 4.28: Grasping performance. Gripping force of the finger in pneumatic driven
only mode and pneumatic & cable-driven mode.

Then we conducted the experiment on the maximum grasping force of the
finger when all the locking modules are locked. The same setup as the previous
experiment was used here, where a finger was fixed on the plane of the Instron to make
the finger grasp the cylindrical rod. The difference is that after the finger grasps the
cylindrical rod, all the locking modules are changed from unlocked to locked. Then,
the cylindrical rod is moved upward without interruption to measure the gripping force
generated by the finger. The vertical pulling force generated is shown in Figure 4.29.
During the pulling process, the pulling force experiences a gradual increase process at

the beginning until the vertical displacement of the cylindrical rod exceeds 8mm, and
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then the pulling force rises sharply. Until the vertical displacement of the cylindrical
rod exceeds 16 mm, the chain core in the third locking module (LM;) of the finger is
fractured. The result shows that when all locking modules are locked, the maximum
grasping force is 125 N. This result compares with the previous maximum grasping

force of pneumatic & cable-driven of 10.8N, and the corresponding ratio is 11.57 times.
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Figure 4.29: Grasping performance. Gripping force of the finger with all the locking
modules are locked.

Table 4.9 Compare maximum grasping force in three different modes

Grasping mode Maximum grasping force (N)
Pneumatic only 55
Pneumatic & cable 10.8
Pneumatic & all modules locked 125
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4.3.7 Durability Test

We perform a cycle test to study the durability of the finger in this section. We
set all locking modules to be unlocked and perform 100 cycles of inflation and deflation
on the pneumatic actuator. For the cyclic test, we set the maximum pressure to 35 kPa
(5.1 Psi) and the drive frequency to 0.1 Hz. We used a 30 Hz sampling rate vision
camera to perform motion tracking on the 10th joint and recorded the complete
trajectory (yellow dots in Figure 4.30A). The orange line in Figure 4.30B represents
the average trajectory for the 1% to 5" cycles, and the blue line represents the average
trajectory for the 95" to 100" cycles. After 100 cycles, the 10" joint has a deviation of

0.57 £ 0.22mm in the x-direction and 3.15 £ 0.19mm in the y-direction.

(A)
(B)
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(542.11,307.61)
310
(541.54, 304.46)
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——1-5 cycles average trajectory ——95-100 cycles average trajectory

Figure 4.30: Durability test results. The orange line represents the average trajectory
for the 1% to 5™ cycles, and the blue line represents the average trajectory for the 95%
to 100" cycles. The red marked point represents the reference point of Figure A.
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4.3.8 Tensile Tests of SLA 3D-printed Material

To create our rigid components in this study, we used Stereolithography (SLA)
3D printing technology. The mechanical properties and characterization of SLA 3D-
printed material must be understood. Stereolithography, created in the 1980s and is
now one of the most popular technologies among experts, was the world's first 3D
printing technique [137]. SLA resin 3D printers employ a laser to cure liquid resin into
rigid plastic in photopolymerization. Of all the plastic 3D printing processes, SLA
components feature the best resolution and precision, the most accurate details, and the
finest surface finish selections available on the 3D printer. Still, the fundamental
advantage of SLA is its adaptability. SLA photopolymer resin compositions with a
wide variety of optical, mechanical, and thermal qualities that match those of standard,
engineering, and industrial thermoplastics have been developed by material makers.
Sharp edges, a flawless surface finish, and little visible layer lines characterize SLA
products. Because of the highly detailed prototypes that require tight tolerances and

smooth surfaces, SLA is a fantastic option for our stiff parts in this project.

In this section, we performed tensile tests on Formlabs Clear V4 resin
(Formlabs, Somerville, MA, USA) specimen with an Instron 5943 tensile tester
(Instron Co., Norwood, MA, USA), and we compared the results with the
manufacturer's datasheet. Tensile tests were carried out according to the sample

geometry given in Figure 4.31. Specimens were 3D printed using Clear V4 resin on a
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Formlabs Form 3 SLA 3D printer. The layer thickness was set to 50pm and used

PreForm slicer software with Beta print settings.

To test the hypotheses of isotropy, specimens were printed at different
orientations, with 8, varying in 0°, 45°, and 90°, where S, is defined as the angle
between the specimen's axis and the horizontal direction (x-axis), as illustrated in
Figure 4.32. Two specimens were printed at each orientation in a single print, totaling
six samples. All samples were cleaned in IPA alcohol for 20 minutes before being post-
cured under 405 nm UV light with 1.25 mW/cm? in Form Cure for 60 minutes at 60°C,

the same as our rigid parts process in this project.

Figure 4.31: The geometry of the tensile test’s specimen.
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Figure 4.32. (A) CAD file in PreForm slicer software; (B) SLA 3D printed specimens
after post-cured.

Stress-Strain Diagram and Results

Each test specimen was placed in the Instron tensile tester, with the two ends
scured to the upper and lower grips. The grips were moved apart, elongating the
specimen until failure. During this procedure, the gauge section's elongation is
measured against the applied force. Using the following equation, we can use force

measurement to get the engineering stress o:

P
o= (4.27)

where o is the engineering stress, P is the applied force, and A is the specimen cross-

section area. The elongation measurement can let us get the engineering strain &:

AL L-L
g=—=—2 (4.28)
Lo Lg

120



where AL is the change in gauge length, L, is the initial gauge length, and L is the final
length. Taking ¢ as the abscissa and ¢ as the ordinate, we can obtain the stress-strain
diagram in Figure 4.33. The ultimate tensile strength and the elongation at failure are

calculated for each sample and shown in Figure 4.34.

Stress-Strain Diagram
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Figure 4.33: Stress-strain diagram for the six tested samples grouped by construction
angle in color.
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Ultimate Tensile Strength (MPa)
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Figure 4.34: Mean characteristics for each printed angle with error bars + Std. Dev.

Figure 4.35: The Clean V4 resin tensile specimens; (A) Before testing, (B) after testing.
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Table 4.10 Formlab Clear V4 resin datasheet comparison with our experiment.

Ultimate Tensile Strength (MPa) Elongation at Failure (%)

Formlabs resin
datasheet[138] 65 6

Our experiment data 82.88 10.31

Note: Formlab's data was obtained from parts printed using Form 2, 100 um, Clear
settings, and post-cured with 1.25 mW/cm? of 405 nm LED light for 60 minutes at 60
°C. Our experiment is different by using Form 3 and 50 pum.
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Figure 4.36: Stress-strain diagram for the Formlabs Clear V4 resin mechanical
characteristics comparison.

The results obtained in this tensile test are consistent with the Formlabs
Materials Library reported datasheet [138]. Table 4.10. and Figure 4.36. summarize the
overall data for the material attributes. These are compared to the specifications listed
on the manufacturer's datasheet. The total observed average tensile strength is

somewhat greater than that claimed by Formlabs (82.88 and 65 MPa, respectively),
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although the discrepancy is minor and might be related to differences in the 3D printer
model, the layer thickness, and ambient circumstances. Overall, there is no indication
that the mechanical qualities assessed are connected to the printing angle; therefore,

this work just supports what has already been established in the literature [139], [140].

4.4 Discussion and Conclusion

This work proposes a soft-rigid hybrid structure design method for the
interactive use of pneumatic and tendon-driven actuators and analyzes and implements
a bioinspired soft finger prototype. The newly developed segmented controllable
locked and unlocked module combines the advantages of the soft robotic gripper and
the rigid robotic gripper. The bioinspired soft finger contains a locking mechanism
underneath. The locking mechanism is composed of 5 independently controllable
(locked or unlocked) locking modules in series; each module can provide 2 DOF on
bending, so the finger has a total of 10 DOF. The finger can have a multi-curvature
gripping mode, which can adapt to the shape of the gripping object. With the pneumatic
actuator on top, it can achieve fast actuation and complete the task without complicated
sensor and feedback control. These advantages are the same as the soft robotic gripper.
We use SLA 3D printing to make rigid locking modules, and a tendon-driven cable is
embedded in the locking mechanism to provide more force. When rigid locking
modules are locked, it can increase the grasp force of fingers, which has a similar
performance to the traditional rigid gripper. By independently controlling the locking

modules (locked or unlocked) status and the use of two actuators, it can provide force
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in specific directions. In addition, we added a nail mechanism to the front of the finger,
and from the results of the experiment, we can see that this mechanism allows the
bioinspired soft finger to provide additional assistance when gripping flat or tiny

objects.

We analyze the mechanical model of a single locking module to the overall
kinematic analysis and also analyze the combination of each locking module used with
the actuator. This includes pure soft mode, soft-rigid hybrid mode, and rigid mode to
validate our model from experimental data. In the grasping performance test, we
verified that this soft-rigid hybrid structure of the bioinspired soft finger could provide
a maximum gripping force of 125N with a single finger when all locking modules are
locked. We used paper cups and sponges in the experiment to demonstrate that the
finger can quickly adapt to the shape of the gripping object, adjust the gripping arc, and

deliver force in a specific direction.

From the kinematic analysis to the experimental results, we believe that the
method of soft-rigid hybrid structural design interacting with multiple actuators
provides a scalable and adaptable design framework for future bioinspired fingers. In
this study, we focused on a bioinspired soft finger with in-plane motion and established
different grasping modes. In the future, we can generalize the same concept and design
to 3D motion and control manipulators and add embedded sensors and appropriate

controls for more applications.
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Chapter 5

A Normally Open Passive Microfluidic Valve

5.1 Introduction

Microfluidic systems have attracted much interest over the past two decades.
Microfluidic chips play an increasingly important role in biology, chemistry, medicine,
and other fields due to their small size [141]-[144], strong functions, high efficiency,
easy integration, and low price. In the past decade, with the rapid development of the
soft robotics field, microfluidic systems have also started to be used in the soft robotics
field because of their own characteristics [16], [17], [96], [145]-[147]. Microfluidic
chips use Micro-electromechanical systems (MEMS) technology[148] to fabricate
various microfluidic functional devices, such as micro-pumps, micro-valves, micro-
fluidic channels, micro-actuator, etc., on glass, Polydimethylsiloxane (PDMS),
Polymethyl methacrylate (PMMA), etc., to control micro-fluidic motion to achieve
certain biochemical analysis functions. Some actions that must be performed in the
laboratory can now be done on a microfluidic chip, such as sampling, reaction,
separation, etc. Even the detector can be integrated into the microfluidic chip, so it is
called "lab-on-a-chip™ [149], [150]. The core of microfluidic technology is to drive and

control the fluid in the microfluidic channel of the chip so as to complete various liquid
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flow operations required for biological and chemical reactions and analyses. Therefore,
the driving and control technology of microfluidic chips is the premise and foundation
of microfluidic technology, and microvalve control is an important control method of

microfluidic technology.

The microfluidic valve includes passive control and active control. An active
control valve requires the control of microfluidics under the action of some form of
external driving energy such as: pneumatic [151], [152], electrostatic field [153],
piezoelectricity [154], magnetism [155], phase change [156], heat [157], etc. The above
valve control equipment, except for pneumatic membrane valves and other driving
devices, are located on the top of the microfluidic chip, which affects the further
integration of the microfluidic chip. The pneumatic membrane valve is small in size,
and the control and drive system is located outside the chip, so it has been widely used
in the academic field of microfluidic systems since it was proposed. A passive control
valve does not require external energy input for microfluidic control. It relies on the
fluid's own kinetic energy to open and close, such as the cantilever type [158], [159],
membrane type [160]-[162] microvalve, etc. The valves are designed with special flow
channels to achieve passive control using material properties of the mechanical

structure, which has the advantage of easy fabrication and a simple structure.

In recent years researchers have started to use these microfluidic valves to build
three-dimensional microfluidic chips with multiple logic Boolean functions [151],
[163], [164]. Due to the small size and the use of soft materials, it can be integrated

into soft robotic devices and allow computation and control in these devices without
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the need for hard valves or electronics [17]. This is a good solution to the limitation
that most soft robotic devices are still driven by hard valves and electronic control
devices. Further, it lays the foundation for completely soft autonomous robots and
automatic control strategies. Thus, the power source of the soft robot can no longer be
limited to rigid components energy sources such as lithium batteries, compressed air,
liquid carbon dioxide, etc. The researchers found that if we look at the energy density
alone, chemical reactions can provide a higher energy density source than those energy

sources with rigid components, as shown in Table 5.1.

Table 5.1 Comparison of rigid components and chemical reaction energy densities

Fuel Energy Density
Rigid LiPo Battery 360-875 J/g
components LiPo Battery and compressor 30-100 J/g
Liquid CO2 220J/g
Compressed air 300 Bar 474 Jlg
Chemical H202 pure 2.8 kg
reactions H202 50% wt. 1.4 kd/g
Butane 49 kJ/g
Butane + Oxygen 17.8 kilg
Methane 55.5 kd/g
Methane + Oxygen 18.5 kd/g

Note: Data are from Wehner, M., et al. Soft Robotics 2014[165]

Researchers have begun to explore micro-soft internal combustion chambers so
that these high-energy-density fuels can be used in soft robots [57], [58], [166], [167].
However, current micro-soft internal combustion chambers need to be connected to
external controls to open and close active valves at predetermined times for the intake
and exhaust. These auxiliary systems are much larger and heavier than the micro-

combustion chamber itself, which minimizes their energy conversion efficiency.
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Therefore, it is necessary to develop a small, time-programmable micro-valve to

replace the external control of intake and exhaust.

In this study, partially inspired by previous soft robot combustion research [168]
and it’s lack of local controllability, we develop a normally open passive microfluidic
valve with reduced-order control for a micro-combustion chamber. This passive
microfluidic valve can be installed on a micro-combustion chamber and is responsible
for all fluid control, including intake and exhaust. In order to be controlled using a
single microfluidic valve, it must meet two criteria: (1) close at high combustion
pressures and (2) allow exhaust and intake at low pressures. This passive microfluidic
valve has passive components that modulate the flow of liquids and gasses through
channels. This valve includes a plurality of channels, a membrane, and openings
configured to allow or block flow in one or both directions based on flow properties,
such as flow rate and pressure state within the system. In addition, the valve is
configured to either allow or block flow in the reverse direction. This novel mode of

actuation allows for controlling combustion reactions at a small (e.g., millimeter) scale.

The main contribution of this chapter is the proposal of a new passive
microfluidic valve with reduced-order control of intake and exhaust. Our microfluidic
valve achieves a flow rate of 1 cc/s at a 1 psi input pressure in forwarding flow. It can
also be blocked at 1.5 psi in reverse flow and can withstand 30 psi of reverse pressure.
Section 2 presents the methods used, beginning with valve design and starting with the
passive microfluidic valve three states and combustion chamber pressure hypothesis

followed by fabrication, and experiment setup. Section 3 presents results, divided into
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pressure test for state switched, pressure test for changing the chamber heights, flow
rate test, and flow rate improvement test. Section 4 presents a discussion on the work

and how it relates to the field, concluding remarks, and suggesting the future steps.

5.2 Method

5.2.1 Design

— Inlet
o) () <t Outlet

T—* Upper chamber

Upper layer

Interconnected channel

Lower chamber

C-shaped island

Figure 5.1: Schematic of the passive microfluidic valve design.

Based on the compliance of the PDMS, this passive micro-valve is constructed

by combining two PDMS layers and a reciprocating thin PMDS membrane. Regarding
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the structure of the passive micro-valve, as shown in Figure 5.1. It is mainly composed

of three structural layers from top to bottom: Upper layer, Membrane, and Lower layer.
Upper layer:

The Upper layer includes one inlet, one outlet, an upper chamber, and an
interconnected channel that connects the upper and lower chambers. The inlet is fluidly
coupled to the upper chamber, which is also interconnected via a channel. But the outlet
is fluidly separated from the upper chamber. The outlet here is a structure that extends
from the lower layer. The inlet is located in the center of the upper chamber, the channel
connecting the upper and lower chambers is located on the left side of the upper
chamber, and the PDMS membrane is below the upper chamber. The design parameters

of the upper layer are: Upper chamber height (H,,), Inlet diameter (¢, ), Valve

diameter (¢,), and Channel width (W).

Membrane:

The PDMS membrane layer separates the upper and lower chambers. The upper
surface of the PDMS membrane layer is bonded to the edge of the upper chamber,
while the lower surface of the membrane is bonded to the inner C-shaped island edge
of the lower chamber. The membrane located in the interconnected channel and outlet
channel is penetrated, allowing the fluid to pass through. When the pressure of the
upper and lower chambers is different, the membrane will be deformed. When the
pressure of the upper chamber is greater than the lower chamber, the membrane will be
pushed downward. On the contrary, when the pressure of the lower chamber is greater
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than the upper chamber, the membrane will be pushed upwards and block the inlet. The

design parameter here is membrane thickness (M).
Lower layer:

The lower layer includes one C-shaped island and two interconnected channels
which connect the upper chamber, and the other one connects to the outlet and extends
to the upper layer. The C-shaped island opening faces the outlet. The diameter of the
C-shaped island is smaller than that of the lower chamber, and there are channels on
both sides of the C-shaped island for the fluid to flow through. When the fluid flows
down from the upper chamber, it will flow through both sides of the C-shaped island.
But When the fluid flows from the outlet to the inlet, the fluid will preferentially flow
into the center of the C-shaped island and push the membrane up and block the inlet.

The design parameters here are: Valve diameter (¢ ), Lower chamber height (H;,.,),

Channel width (1), and Island width (W;).

The above design parameters can be classified into pressure control variable

and flow rate control variable, shown in Figure 5.2.

132



Inlet

| PR,
Upper chamber
* Membrane
Outlet
Lower chamber r
Island
Pressure control variable -
in
¢ in, : Inlet diameter [
¢ , : Valve diameter
M : Membrane thickness Hyp
Hyp : Upper chamber height We -
Hyow : Lower chamber height
Flow rate control variable - Higw W
w; I_]
W, : Channel width :
W; : Island width P

¢ i, : Intake diameter

Figure 5.2: Passive valve design space.
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5.2.2 Passive Microfluidic Valve Three States

The passive microfluidic valve in this study has three states which are neutral

position, always open position, and close position, as shown in Figure 5.3.

(A) Neutral position

| Membrane tension force
Pin = Poue Membrane area
Pout
Bi-directional flow
Pin
Pin > Poyt
» Pout

®Pm

(C) Closed position
M Pm « Pout
=Py

Backward flow

(B) Always Open position

e O

Flow around island
Forward flow

Figure 5.3: Passive microfluidic valve three states.

The first state is the neutral position, as shown in Figure 5.3. When the pressure
difference between the upper chamber and the lower chamber of the microfluidic valve
is less than the tension of the membrane itself, the membrane will not have any contact
with the upper layer or the lower layer. At this moment, the microfluidic valve is bi-
directional, and the direction of fluid flow will depend on The pressure of the inlet or
outlet; whichever side has higher pressure flows from the side with higher pressure to

the side with lower pressure.
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The second state is the always open position. When the pressure in the upper
chamber of the microfluidic valve is greater than in the lower chamber and the pressure
difference between the two is greater than the tension of the membrane itself, the
membrane will be pushed to the lower layer. Because of the C-shaped island structure,

the fluid can flow along both sides of the island and flow out to the outlet.

The third state is the close position. When the pressure of the lower chamber of
the microfluidic valve is greater than the upper chamber, and the pressure difference
between the two is greater than the tension of the membrane itself, the fluid flowing
from the outlet will first flow into the center of the C-shaped island structure. The
membrane will be pushed to the upper layer and block the inlet in the middle. The flow

from the outlet to the inlet is blocked.

One thing to mention here is when the always open position and the close
position are switched to each other, they must first return to the neutral position, as

shown in Figure 5.4.

: : ®
lm Im P in

, — (] «— (!
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(B) Always Open position (A) Neutral position (C) Closed position

Figure 5.4: Passive microfluidic valve state transition diagram.
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5.2.3 Combustion Chamber Pressure Hypothesis

Here we show the hypothesis we make from the four-stroke cylinder pressure.
We start to look at the four-stroke engine because it’s the most common combustion
chamber that we use nowadays. Here we have the cylinder pressure waveforms that

match each stroke, as shown in Figure 5.5.

During the compression stroke, the cylinder pressure increases. When ignition
occurs, the cylinder pressure reaches its highest point. After the piston is pushed down,
the volume increases, the air cools, and the pressure drops. After entering the next
stroke, the exhaust valve is opened. The air has been pushed out of the cylinder, and
the cylinder pressure will remain at 1 atmosphere until the exhaust valve is closed.
During the intake stroke, the intake valve is opened, and there is a negative pressure in

the cylinder, and air will flow into the cylinder.
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Figure 5.5: The four-stroke cylinder pressure waveforms [169], [170]

Here we show our assumptions derived from four-stroke cylinder pressures.
The combustion chamber is made of fleible material, so we assume that the cylinder
pressure is conceptually similar to the four-stroke engine. The difference is that there
is no compression stroke in the micro combustion chamber. Therefore, here we show

the state of the valves at different strokes, as shown in Figure 5.6. When the ignition is
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started, the pressure will reach the highest point, the valve will close, the combustion
chamber will expand, the volume will increase, the air will cool, and the pressure will
drop. When the pressure drops to a certain pressure, the valve will reopen to vent the
air. While combustion is a highly exothermic reaction which causes drastic expansion
of gas, the number of mols remains constant. Thus the exhaust of gas during
combustion leaves fewer mols of gas in the chamber. We anticipate that this will create
a negative pressure in the combustion chamber upon cooling. The valve will then allow

fresh air to flow into the combustion chamber.
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Figure 5.6: The state of the valves at different strokes
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5.2.4 Fabrication

Photoresist SU-8 l iﬂask
S
’ - -

Silicon wafer Deposit photoresist Add mask
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dissolve photoresist
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Peel PDMS off Pour on PDMS,
Cure (90°C)

Figure 5.7: Soft lithography fabrication process.
We use soft lithography technology [171] to make the passive microfluidic

valve, where the molding master was made from the negative SU-8 photoresist (SU-8
3050, Microchem Corp). To begin with, the main fabrication steps for the upper and
lower layers are shown in Figure 5.7. Specifically, the SU-8 3050 negative photoresist
is first spin-coated on the silicon wafer at 1000 rpm for 1 minute to obtain a uniform
thickness of 100 um. Then, the device goes through the steps of soft bake, exposure,

post-exposure bake (PEB), and development [172] to get the SU-8 master mold.

Then a 1:10 weight ratio of curing agent and PDMS prepolymer (Sylgard 184
Silicone Elastomer Kit, Dow Corning) was then mixed and degassed for 10 minutes to
remove any remaining air bubbles. To facilitate later release from the SU-8 mold, the
mold was vaporized with trimethylchlorosilane (TMCS, Puriss, P99% GC, Sigma
Aldrich inc). After that, the PDMS mixture was put into the SU-8 mold and cured for

50 minutes at 90 °C. The resulting PDMS layer with appropriate microfluidic
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characteristics was obtained after peeling it from the mold. Next, holes were punched

for the inlet and outlet of the cured PDMS part using a 0.5 mm diameter biopsy punch.

Meanwhile, the curing agent and PDMS prepolymer were mixed at a ratio of
1:10 and spin-coated on a flat wafer at 2500 rpm, and cured at 60 °C for 3 hours,
resulting in a PDMS thin membrane with a thickness of about 50 ym. The wafer for

spin-coated is also treated with TMCS on its surface.

To bond all the structure layers together, all the PDMS layers and PDMS
membrane were treated with low-power oxygen plasma [173], as displayed in Figure
5.8A. The three structural layers were finally bonded together in the bottom-up
sequence. A packaged three passive microfluidic valves prototype device is shown in

Figure 5.8B.
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Figure 5.8: (A) Bonding process of PDMS to PDMS using low-power oxygen plasma.
(B) A packaged three passive microfluidic valves prototype device
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5.2.5 Experiment Setup

Pressure gauge
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Figure 5.9: Experiment setup (A) is used to test the pressure. (B) is used to test the flow.

We use the setup as shown in Figure 5.9 to test the microfluidic valve where we
use air as the test fluid. Figure 5.9A is used to test the pressure, the gas passes through
the pressure regulator and connects to the test microfluidic valve, and then connects to
the air tube with the needle in the end to the water cup. By observing the bubbles in the
water to measure the required pressure. Just a needle in water showed a 0.16 psi
pressure before flowing bubbles. Figure 5.9B is used to test the flow. We connect the
air tube to the water cup and use a graduated measuring cup to collect the air bubbles

and observe the change in the air bubble volume to measure the flow rate of the
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microfluidic valve. During measurement, the inlet and outlet of the microflow valve
may be connected to the gas pipe in opposite directions, depending on the required flow

direction of the gas.

5.3 Results and Discussion

5.3.1 Pressure Test for State Switched

Table 5.2 Valve parameter for 5.3.1 section and baseline reference

Valve parameter Value $m

Inlet diameter o 0.5 mm

Valve diameter o, 5mm . Huyp
Membrane thickness M 55 um ‘

Upper chamber height H,, | 100 um .

Lower chamber height H;,,, | 100 um “— Hiow “’
Channel width W, 100 um B

Island width w; 100 um ) ¢
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(A)  Neutral position Always Open position Flow direction
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Figure 5.10: Three states transitions and test results.

The parameters of the microfluidic valve used in this experiment can be seen in
Table 5.2. In this experiment, we measured the pressure required for the three states
transition, as shown in Figure 5.10. We adjusted the pressure from 0 psi to 30 psi to
test the microfluidic valve, and the (a), (b), and (c) in the figure are the results of the
three states changes of the microfluidic valve, and the (A), (B), and (C) corresponds to
the same letter state. The solid line is the actual measured data. We have extrapolated

data beyond our measurement limits (dotted line) on the assumption that this always-
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open valve will perform similarly at very low differential pressures (A,< 1.8 kPa) as

it does at higher pressures (1.8kPa < A,< 200kPa).

(a) As the gas flows from the inlet to the outlet, we can see that the microfluidic valve
keeps the gas flowing through, the flow increases and then levels off. We see the first

bubble appear at a pressure of 0.26 psi.

(b) As the gas flows from the outlet to the inlet, we see that the first bubble appears at
a pressure of 0.26 psi. But once the pressure continues to increase to 0.64 psi the
bubbles stop appearing, which means that the membrane is blocking the inlet. We
continued to increase the pressure to 30 psi without finding any bubbles, which means
that the microfluidic valve can withstand at least 30 psi of reverse pressure. We also

call this blocking pressure.

(c) When we adjusted the direction of airflow in experiment (B) to flow from the inlet
to the outlet again, we saw the first air bubble appear at 0.59 psi. This means that the
pressure required to change the close position state to the neutral position state is 0.59

psi, which we can also call the reopen pressure.

From this experiment, we know that the blocking pressure is 0.64 psi, and the
reopening pressure is 0.59 psi. We use this data as a reference point for the next

experiment.
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5.3.2 Pressure Test for Changing the Chamber Heights

Table 5.3 Valve parameter for 5.3.2 section

Valve parameter Value b

Inlet diameter P 0.5mm

Valve diameter o, 5mm Huyp
Membrane thickness M 55 um el !

Upper chamber height H,, | 50 & 100 pm .

Lower chamber height H;,,, | 100 & 50 pm — Hiow “’
Channel width W, 100 pum B

Island width w; 100 pm ) ¢

Table 5.4 Pressure test for changing the chamber heights results

60 um
100 pym

I 100 pym
60 um

Valve parameter

Blocking pressure | ~0.45 - 0.65 psi ~0.20 - 0.40 psi
Reopen pressure | ~0.20 - 0.40 psi ~0.45 - 0.65 psi

In this experiment, we built a number of devices, varying the chamber height
of the microfluidic valve and kept the rest of the parameters the same as before, as
shown in Table 5.3. We adjusted the upper chamber height of one valve to 100 um and
the lower chamber height to 60 um. The other valve is to reverse the two heights for
comparison, as shown in Table 5.4. We found that the thinner the upper chamber height,
the lower the blocking pressure. But the reopening pressure will be bigger. So we can

say that the blocking pressure is negatively correlated with the reopening pressure.
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5.3.3 Flow Rate Test

Table 5.5 Valve parameter for 5.3.3 section

Valve parameter Value @ in

Inlet diameter P 0.5mm

Valve diameter o, 3-5mm . Hup
Membrane thickness M 55 um ‘

Upper chamber height H,, 100 pm )

Lower chamber height H,,,, 100 pm » Higw e
Channel width W, | 100 - 300 pm :

Island width w; 100 pm ) ¢

W, Channel width
300pm  200pm  100pum

¢ 3mm ¢ ¢
—
L m——
9
(o]
: B
8
<
) v w &
—Z o 4mm .
>
S
< = -l
(s} C C ‘
6 Smm =

Valve combinations

Figure 5.11: Test valves, 9 valves in total.

In this experiment, we built a number of devices, varying the channel width and

valve diameter of the microfluidic valve and kept the rest of the parameters the same
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as before, as shown in Table 5.5. All the test valves are shown in Figure 5.11. There

are 9 valves in total. The experimental results are shown in Figure 5.12.
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Figure 5.12: Flow rate test results
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We have found from this experiment that the highest flow rate can be achieved
with a 300um channel and 0.4mm chamber width. And the channel width has a more

significant effect on the flow rate than the chamber width.

5.3.4 Flow Rate Improving Test

Table 5.6 VValve parameter for 5.3.4 section

Valve parameter Value @ in

Inlet diameter . 0.5 mm

Valve diameter o, 5mm Huyp
Membrane thickness M 55 um el !

Upper chamber height H,,, 100 um .

Lower chamber height H,,,, 100 pm — Hiow “’
Channel width W, 0.6-1.2 mm B

Island width w; 100 pm ) ¢

In this experiment, we adjusted the channel width of the microfluidic valve to
further increase the flow rate. We hope that the lower pressure can be used to achieve
a flow rate of 1 cc/s. The rest of the parameters remain the same as before, as shown in
Table 5.6. The experimental results show that In Figure 5.13. The valve achieves a
lower impedance than the previous valve using wider channel widths. We also

measured the blocking pressure of these three valves at 1.2~1.5 psi.
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Figure 5.13: Flow rate improving test results. The red dotted line indicates the desired
minimum flow rate (goal) of 1 cc/second.

5.4 Conclusion

In this study, we design and produce a lightweight and durable passive
microfluidic valve for use in the micro combustion chamber. This passive microfluidic
valve can be installed on a micro-combustion chamber and is responsible for all fluid
control, including intake and exhaust. And we provide corresponding design space to
passively control the flow and valve pressure. Our microfluidic valve achieves a flow
rate of 1cc/s at 1 psi input pressure in forwarding flow. It can also be blocked at 1.5 psi
in reverse flow and can withstand 30 psi of reverse pressure. Although we did not
actually connect to the micro-combustor for the experiment, the experimental data
above alone can achieve our hypothetical situation. In the future, we can do more

experiments with more design parameters to let us have a clear understanding. This
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novel passive microfluidic valve may also be used in other applications in the future,

such as sensors for soft robotics.
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Chapter 6

Concluding Remarks and Future Work

While the previous chapters contained conclusions each with a specific area of
research?, this chapter provides some overall remarks on the dissertation as well as
directions for future work. As stated in the introduction, we rethought soft systems, and
the goal of this thesis was to propose fundamental novel types of sensors and actuators
to develop the necessary technologies for the soft robots field to move from intriguing
concepts to useful devices. To achieve this goal, we sought to identify and rigorously
investigate new frameworks that employ multiple existing actuation methods for the
bioinspired soft finger to perform like a human, as well as to develop a novel soft
sensing system to improve accuracy while reducing computation and data acquisition

needs.

We first rethought sensing, in which traditional rigid robot sensing is very
intuitive, using as many sensors as their degrees of freedom (DOF), to describe the state
of the robot. But for soft robots sensing becomes much more difficult. We first have to
overcome the problem of how the sensor itself is installed on the robot, and then how
many sensors are required to provide enough information to the controller to complete

the control computation. We know that the more complete we can know the state of the
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robot, the more accurately we can control it. Therefore, for a soft robot with infinite
DOF, it must have enough sensors to ensure good control. In a conventional robot,
fewer than 10 sensors may be needed to determine pose and interaction, but in a soft
robot, more than 100 sensors may easily be desirable. For current soft sensors, it is

difficult to increase the number of sensors without adding additional components.

In chapter 3 we addressed the problem of how to reduce the burden of the rapid
growth of multiple soft sensors used. Our novel soft sensors are primarily intended to
be used in groups. A properly configured array of these deformation and pressure
sensors, intended to be designed into a soft robot at the system level, can provide state
awareness far beyond that of individual sensors. The resistance or capacitance of most
soft robot sensors (and many sensors in general) varies in response to a change in a
physical parameter such as length, bend angle, or contact pressure. Before the resulting
signal is sent to a computer, each sensor requires wiring, electronic circuitry, and a
dedicated input to a data acquisition system. Five sensors necessitate a fivefold increase
in infrastructure. We present 11 sensors in the display assembly; this number was
chosen as it was the number required to characterize the soft finger (nine deformation
and two pressure sensors). With our method, any upgrading (to increase sampling
frequency or resolution) would be contained to the camera system, while upgrading
dozens of electrical sensors would also be a sizeable task. With our method, many
fibers could be routed back to one remote display assembly, where a single digital

camera could track the motion of all markers in a controlled environment, optimally lit
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for contrast and marker tracking. As a result, dozens of markers and fluid channels can

almost as easily be monitored as one.

Secondly, we rethink actuation; soft actuators are great for applying a
distributed force on fragile objects. But the backdrivability that gives them the
advantage also limits their use. When the spray bottle is pressed against the soft gripper,

it will back drive out of the way and fail to successfully actuate the spray bottle trigger.

In chapter 4 we addressed the need to develop a structure that enables soft
robotic fingers to exhibit softness and rigidity at the corresponding application timing.
We propose a new soft-rigid hybrid structure design as well as a method for pneumatic
and tendon-driven two actuators to interact. The newly developed segmented
controllable soft-rigid module combines the benefits of a soft robotic finger with the
ability to provide force in a specific direction. We conducted a modeling analysis of
this controlled soft-rigid module, which provides a flexible and scalable design
framework for bioinspired robotic fingers. In our case, friction worked to our advantage,
providing locking force greater than the theoretical (frictionless) case. Thus, actual
locking force was 2-3x higher than the frictionless model predicted. We compare the
mechanical model of a single locking module to the overall kinematic analysis, as well
as the combination of each locking module used with the actuator. This includes pure
soft mode, soft-rigid hybrid mode, and rigid mode to validate our model using
experimental data. In the grasping performance test, we demonstrated that this soft-
rigid hybrid structure of the soft finger could provide a maximum gripping force of

125N with a single finger when all locking modules were locked. In the experiment,
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we used paper cups and sponges to demonstrate how the finger can quickly adapt to
the shape of the gripping object, adjust the gripping arc, and deliver force in a specific
direction. We believe that the method of soft-rigid hybrid structural design interacting
with multiple actuators provides a scalable and adaptable design framework for future
bioinspired fingers, based on the kinematic analysis and experimental results. We
focused on a bioinspired soft finger with in-plane motion in this study and established

different grasping modes.

Lastly, we have also studied the possible power source of soft robots and found
that if we look at the energy density alone, chemical reactions can provide a higher
energy source than those energy sources with rigid components. However, the
challenge of chemical reactions is to control the fluid efficiently. Therefore, in chapter

5 we have studied the use of microfluidic valves for micro combustion chambers.

In chapter 5 we design and fabricate a lightweight and long-lasting passive
microfluidic valve for use in a micro combustion chamber. This passive microfluidic
valve, which can be installed on a micro-combustion chamber, is in charge of all fluid
control, including intake and exhaust. We also provide a design space for passively
controlling the flow and valve pressure. In forwarding flow, our microfluidic valve
achieves a flow rate of 1cc/s at 1 psi input. It can also be blocked at 1.5 psi in reverse
flow and can withstand reverse pressure of 30 psi. Although we did not connect to the
micro-combustor for the experiment, the experimental data presented above is
sufficient to achieve our hypothetical engine design. In the next step, we can conduct

additional experiments with additional design parameters to gain a better understanding.
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We believe this novel passive microfluidic valve could be used in other applications,

such as sensors for soft robotics.

The ultimate goal would be to have a fully functioning bioinspired soft finger
to perform like a human and it is capable of assisting humans within a more efficient
way without any safety concerns. In the previous chapters, we developed the individual
technologies (sensing and actuation) required to ultimately build the integrated
sensorized stiff-soft finger we envision as an end goal as shown in Figure 6.1. There
are many possible directions for future work that build upon our results, and we now

highlight some of them.

Camera

Fiber-based displacement sensors

Microfluidic pressure sensors

. Display assembly

| Pneumatic Actuator

Bowden Cable control line

5 Locking modules
Nail mechanism
Tendon-driven actuator

Microfluidic chambers

Figure 6.1: Concept of the integrated sensorized stiff-soft finger overview system.

For our newly developed soft sensing system, more sensors can be added in the
future to test the performance of the system, as well as to experiment with mixed-mode
deformations (combinations of bending and twisting). We will also integrate machine

learning algorithms to enhance the accuracy in mixed-mode. The system can be
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extended and integrated into more applications such as virtual and augmented reality,

human-computer interaction systems, and wearable devices.

For the bioinspired soft finger, we hope to continue to reduce the size and
control components to optimize the performance of the finger in the future. We also
hope to extend the same concept and design to 3D motion and control manipulators

and to add embedded sensors and appropriate controls for more applications.

Lastly, we believe the techniques demonstrated in this dissertation have pushed
soft robotics technology forward. Bringing us closer to our vision, we believe soft
robotics will act as a bridge between humans and traditional robots. When soft robot
technology walks into our home, it helps us do our work in a more efficient way without

any safety concerns.
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Appendix A

Chapter 3 Euler-Bernoulli Beam Theory and

Mechanics of Materials, Brief Overview
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Figure Al: Mechanics of materials. (A). Beam in tension. (B). Beam in bending. (C).
Beam in torsion. (D). length of a helix.
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Considering first, a beam in tension (Figure A1.A), on a beam of length L with uniform
cross section, the beam will lengthen proportionately with the load applied. The
equation governing this extension is:

)

PL
T (Al)
Where 6 is total displacement, P is applied load, L is total beam length, A is cross
section area, and E is Young’s Modulus. Notice, in this loading scenario, the extension
depends only on cross section AREA, not the shape of the member. Note, also, Young’s
modulus is a mechanical property of the material. When we look at the stress-strain
curve for many materials, they exhibit a region of linearity (strain is proportional to
applied stress, so relationship is a straight line through the origin) and a nonlinear
region. A sample stress strain curve representative of many engineering materials
(qualitative, no numbers included) is shown in Figure AL.A. The formulae presented
here hold in the linear portion of the stress strain curve, governed by the young’s
modulus. Outside this region, direct quantitative relationships can no loner be applied
with certainty, thus we use these as general rules to demonstrate the phenomena, not
develop quantitative relationships.

When exposed to a bending moment, a beam forms a circular arc as shown in Figure
Al.B. As shown, the center of this circular arc lies above the arc. The portions of the
arc closest to the center of curvature experience compression. The portion farthest from
the center of curvature experience tension. Somewhere between the region of
maximum compression and the region of maximum tension lies a region of neither
tension nor compression. We call this the neutral surface. Stress along the cross section
of a beam in bending follows the relationship

Within the linear elastic range, stress from bending (Fig. A2.B) follows the equation

0, = =22 (A2)
Where o, is tensile or compressive stress, M is applied bending moment, y is distance
from neutral surface (positive toward the center of curvature), and | is second moment
of inertia. The negative sign indicates compression toward the center of bending. Strain
follows the equation

y

€x = _; (A3)
Where €, is strain in the beam axis, y is distance from the neutral surface (positive
toward the center of curvature), and p is radius of curvature of the bent beam. The
negative indicates shortening toward the center of curvature.

Shearing stress due to torsion (Fig. A1.C) follows the equation
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=12 (Ad)
J

Where 7 is shear stress, T is applied torque, p is distance from the axis of rotation, and
J is polar moment of inertia. Angle of twist follows the equation
TL
¢ =7 (A5)
where ¢ is total twist of the beam, L is beam length, J is polar moment of inertia,
and G is shear modulus. We can find the change in length of a line (linear initially,
helical after twist) parallel to the axis of the beam, a distance r from the twist axis. First,
consider the shape of a helix (similar to a screw thread). A helix can be thought of as a
right triangle or ramp wrapped around a cylinder. The height of this triangle is the
length of the cylinder. The width of the triangle is the length of the portion wrapped
about the cylinder. Angle of Twist is ¢ as we calculated in (A5). Therefore, width of
the triangle X is (¢p/2m) X (2nr) = r¢. Thus, the length of the helix is the length of
the hypotenuse of a right triangle of sides L and r¢. Initially of length L, after twisting
an angle ¢, the helix (former line, now helix) has a length found from the formula

Lpetix = vV L? + (Td))z (A6)

Where L;,.;ix IS the length of the helix, ¢ is angle of twist found above, L is beam
length, and r is distance from twist axis. Thus, we find change in length of a fiber
parallel to the longitudinal axis as

AL = Lpepix — L (A7)

Where AL is the change in length. With L and ¢ constant for any given beam and
loading condition, we see that L., increases as r increases. Thus, the farther an
element is from the axis of rotation, the more it will increase in length when
experiencing twist. Thus fibers in the corners of a square cross section will experience
more displacement than fibers at the center of the square faces, and a fiber at the center
of the square face will not elongate at all.
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Appendix B

Chapter 3 Vision Algorithms Detail

A Python script was created to automatically process the videos to extract position data.
The first frame of the recorded video is accessed and then saved using the deepcopy
function to preserve the original state. The frame then goes through a loop where the
user moves lines, displayed with the OpenCV line function, vertically and horizontally
to create the boundary for each cable’s channel, as well as flip the frame along the y
axis if the orientation is not correct. Once the user has completed preprocessing the
frame, the selected boundaries and orientation are recorded. The saved copy of the first
frame is then accessed, and the object tracking algorithm begins. Each pixel of each
frame is initially encoded as three individual bytes representing the intensity of red,
green, and blue hues. A new frame with cropped dimensions around the selected
boundaries is then constructed where the value of each pixel is a single byte value
calculated with the following formula:

1.6 (pixelyeq+pixelgreen+pixelppye)

pixelg,q, = 3 (B1)

The new frame then goes through the Canny algorithm. The Canny algorithm takes the
numerical derivative of pixels in the horizontal and vertical directions and creates a
gradient two-dimensional array [174]. To reduce noise, each index is compared against
its neighbors to check if it is a local maximum. The maximums are set to 1, and all
other indices are suppressed to 0. The binary two-dimensional array then goes through
the Probabilistic Hough Lines Transform algorithm. The Probabilistic Hough Lines
Transform algorithm processes the binary array by converting the position of a
sufficiently sized random subset of the indices (x;, y;) with the value 1 from Cartesian
coordinates to Hough Space lines with the following equation [175]:

p =x;cosf + y;sinf (B2)

The algorithm them iterates over 6 in the range [0, 180] degrees, and for every
intersection between two or more lines (6,, py), the total number of intersections is
recorded. If the number of intersections is larger than a set threshold, then the Hough
Space coordinates are converted to Cartesian coordinate line endpoints with the
equations [175]:

%1, = (cos(8p) * pg) + 1000 * sin(6,)
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y1.2 = (sin(8y) * po) £ 1000 * cos(6,)
(B3)

These equations yield lines that span the entire frame. The algorithm then isolates the
subsection of these lines that correspond to continuous high values from the binary
array. The script then loops through each user-defined boundary and extracts the subset
of fully contained lines. The rightmost end point of each line is recorded in the comma
separated value (csv) file and the next frame is then loaded.
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Appendix C

Chapter 3 Fabrication Detail

The fabrication of an elastomeric finger assembly consists of three molding steps,
several cable routing steps, fastening steps, and final integration/assembly as shown
in Figure A2. First, a mold (Mold 1) is assembled; including three 0.8mm diameter,
semi-rigid cylinder parts (Bars). These bars will contain the central fiber (Fiber 5) and
liquid for the microfluidic pressure sensor. Mold 1 is filled with elastomer (Ecoflex 30)
and cured at 60 °C for at least 40 min (Figure A2.A). The elastomeric construct is
removed from Mold 1, the two bars for the microfluidic pressure sensor are removed,
a short piece of silicone tubing is inserted, connecting the two microfluidic channels,
and an end-cap (shown in green) is secured to the distal end of the elastomer (Figure
A2.B). The construct is installed into another mold (Mold 2) and instrumented with
eight more bars which will contain the other eight fibers (1-4, 6-9). Microfluidic
channels are instrumented with temporary PTFE tubing to prevent elastomer ingress.
Mold 2 is filled with Ecoflex 30 and cured at 60 °C for at least 40 min (Figure A2.C).
The construct is removed from Mold 2, and temporary PTFE tubing is removed. At the
proximal end of the device, the two microfluidic channels are instrumented with
silicone tubing (shown in gray) which are routed through the base cap (shown in pink)
and exit the system. The construct is assembled into a mold (Mold 3), filled with
Ecoflex 30, and cured at 60 °C for at least 40 min (Figure A2.D). Mold 3 is removed,
nylon fibers are routed through each of the nine fiber holes, and the fibers are fastened
with screws to the distal end of the finger (Figure A2.E). Fibers and tubing for the
microfluidic channel are routed through a base holder (shown in pink), and the base
holder is mounted to the finger assembly. Tubing for the microfluidic channel is routed
to the hole available just below Fiber 9 (shown in red). An additional hole is available
above Fiber 1 for a surface-mount microfluidic pressure sensor if one is present (Figure
A2.F). The display assembly is laid out with components of laser-cut acrylic. A small
region of each fiber (~2 cm) is painted black near the entry of the display assembly. All
fibers and the microfluidic pressure sensor are routed through the display assembly.
Display assembly and base holder are fastened to fiber tubes with button head screws
(Figure A2.G).
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Figure A2: Elastomeric finger fabrication process. (A). Mold 1. (B). Connect
vasculature to micro-fluidic pressure sensor. (C). Mold 2. (D). Mold 3. (E). Connect
fibers. (F). Routing cables through base holder. (G). Integrate finger with Display

Assembly.
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