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Abstract

As technology becomes more integrated into our daily lives, the need for machines that can
safely and comfortably interact with the human body has grown. While the rigidity of traditional
robotic materials, such as metals and plastics, can provide mechanical and electrical stability to
these devices, it can also reduce safety and comfort when placed in contact with soft human
tissue. In recent years, these issues have been addressed by incorporating compliant materials,
like liquids or soft polymers, into wearable or biomedical devices. However, these materials, by
virtue of their softness, cannot support the high loads required for operations like stabilization or
gripping. To address this apparent trade-off between load-bearing stiffness and conformable
softness, several groups have constructed stiffness-tuning devices, capable of alternating between
a high-stiffness state and a low-stiffness state. Although there exist a wide variety of mechanisms
by which we can achieve this switching behavior, thermally activated phase change provides the
highest stiffness ratio between the soft and stiff states. In this work, use low-melting point
conductive thermoplastics to create electrically activated stiffness-switching devices. When a
voltage is applied across this thermoplastic, the resulting electric current causes the polymer to
heat and melt. This phase change corresponds to an effective stiffness change.

In the first study, we introduce a novel stiffness switch layout that employs liquid metal as
compliant electrodes oriented across the face of a conductive thermoplastic. This new layout
results in an 80% decrease in required voltage, a 60% decrease in activation time, and the ability
to switch the stiffness of arbitrary geometries.

In the second study, we examine the effects of the composition of a conductive thermoplastic
composite on its stiffness-switching properties, and use these findings can help guide the design

of stiffness-switching composites for a three soft robotic applications.
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Introduction?

Recent work into soft robotics™?34% and flexible electronics has sought to improve the
biocompatibility and versatility of conventional robots in unstructured environments. Often,
these devices take inspiration from biology, mimicking the elasticity of skin to improve the
impedance matching of human-machine interfaces, or imitating the softness and flexibility of
organisms like the octopus (Figure 1.1) to adapt to real-world environments and thereby create
novel robotic functionalities. Electric materials with compliance comparable to this biological
tissue are particularly important for human-machine interaction(®”, wearable computing!®l,
health monitoring™®' and physically assistive roboticst*>*3l because they are intrinsically safe

and comfortable.

On-Board

Processing

Artificial Muscle
Actuators

Artificial Skin
Sensors

Figure 1.1: Artist’s conception of a fully soft octopus robot, that imagines ways in which
actuation, sensing, and processing could be implemented in an advanced soft robot!l.

! To the reader: if you would like an easier-to-read version of this document that does not have to
comply with ProQuest’s formatting restrictions, please contact me.



As the field of soft robotics gradually moves toward the mainstream of tech, it brings a diverse
palette of materials and material properties to the engineering toolbox™¥. Elasticity itself has
become a critical feature of any device expected to interact with humans or adapt to its
environment, and many groups have worked to recreate conventional electronic systems within
this new soft paradigm[>16171, While many applications that arise from this fresh mindset take
advantage of the comfort and adaptability of soft materials, they can often require the strength
and load-bearing capacity of conventional stiff materials as well[*81°1,

Many biological organisms have faced a similar paradox: How can a soft-bodied octopus find
shelter by squeezing into a tiny crevice, yet still exert enough force to catch fish with its
tentacles? How can our muscles gently stretch without tearing, yet apply large forces to lift a
heavy barbell? How can a sea cucumber with no skeleton navigate its environment, yet protect
itself from predators?

Ultimately, evolution has converged on several different types of biological tissues —
muscular hydrostats?’, skeletal muscle!?!!, and catch connective tissue??, respectively — that
allow these organisms to reversibly change the stiffness of their body parts. Finding inspiration
from these organisms, we can design stiffness-tuning devices that can take advantage of the
beneficial properties of both soft and stiff materials.

These materials may one day enable technologies like conformable grippers capable of
handling heavy loads, powerful industrial robots that work safely alongside humans, soft robots
that navigate and manipulate their environment as quickly and effectively as animals, surgical
tools that minimize the amount of trauma inflicted on the body, prosthetics that mimic and even

improve their human counterparts, and wearable devices that provide a perfect fit to their user.



There have been a wide variety of approaches to address the question of stiffness tuning, each
with its own set of benefits and challenges. These methods will be discussed in detail in the

following section.

1.1 Types of Variable Stiffness Devices

The two fundamental factors when determining the potential applications of a stiffness-switching
material®> are 1) the directionality of the transition (i.e. soft-to-stiff or stiff-to-soft) and 2) the
speed of the transition. The directionality of a stiffness switch determines which rigidity state
(stiff or soft) is its default and which state requires the continuous input of energy. As no work
has demonstrated stability over multiple stiffness states, the passive state should correspond to
the state in which the majority of the lifetime of the device is spent. The speed of the stiffness
transition effectively determines whether the device can be used in dynamic or quasi-static

applications, and therefore refers to the speed of both stiffening and softening for a given device.

The combination of these properties yields four theoretical categories of stiffness-switching

material:

I. Dynamic stiffening requires a material to quickly change from a passive soft state to
an active stiff state and back, allowing for an artificial muscle actuator to

instantaneously apply a force. This feature is analogous to skeletal musclel?!, which

2 We draw the distinction between stiffness-tuning device, those that can tune their
stiffness along a continuum of states, and stiffness-switching device or stiffness switches,
those that can alternate between a high-stiffness state and a low-stiffness state. Although
many stiffness-switching devices in the literature refer to themselves as stiffness tuning
(including one work by this author), we believe this nomenclature to be misleading.
Examples of true artificial stiffness-tuning materials are rare; therefore, the following
discussion will focus on stiffness-switching materials.



makes these devices especially useful in robotic systems that may require load
bearing. In particular, they can be used in domains like soft locomotion, assistive
devices, gripping and manufacturing, and potentially in soft robotic defense. To
achieve this rapid change in state, these devices must be based on quick-responding

media, such as pressure and electricity.

. Quasi-static stiffening requires a material to change from a passive soft state to an

active stiff state and back, without any speed or bandwidth constraints. In biology,
this can be found in the catch connective tissue of sea cucumbers??, which enables
both locomotion and rapid defense response, or in the erectile tissue of mammals.
Because of this slower actuation speed, quasi-static stiffening is best suited for

responding to environmental stimuli.

Dynamic softening requires a material to quickly change from a passive stiff
state to an active soft state and back. In robotic systems, this feature may be
applicable to situations where damping or energy absorbance is desired, for instance,
when improving the safety of potentially harmful interactions between robots and

humans.

IV. Quasi-static softening requires a material to change from a passive stiff state to

an active soft state, without any speed or bandwidth constraints. This feature is
particularly useful in shape adaptation, which may be applicable in wearable devices
or certain robotic manipulation schemes. These devices are typically based on

materials that can create a large change in stiffness, such as phase-change materials.

Another class of stiffness-change materials include those with non-reversible transitions.



Often these materials are responsive to changes in the environment, and can be used to create
smart responses to certain stimuli?®l; however, because their stiffness cannot be fully controlled,

they will not be discussed further in this thesis.

1.1.1 Dynamic Stiffening

In order to achieve high bandwidth, high switching ratio® actuation, dynamic stiffening devices
employ mechanisms that are capable of rapidly transmitting force based on electricity, fluid

pressure, and magnetic field.

Pneumatics and Hydraulics Pneumatics and hydraulics are types of pressure-based stiffness-
tuning devices that are commonly used in soft robotics. Similar to muscular hydrostats found in
the animal kingdom, these actuators control bending in soft continua by changing the pressure in
sealed cavities!®®!. However, when this motion is countered by other actuators working in
opposition (e.g. muscles®l, wire tendons?#226.271  other pressure-based actuators?®?%), it is
possible to achieve a rapid increase in overall stiffness. With these devices, stiffness can be
tuned, rather than simply switched between a high- and a low-stiffness states; however, this
change is typically modest, and achieving it typically requires a pump!*®l. Incompressible fluids,
like oil and water, enable pressure-based stiffness change without the use of a pump03l;
however, these methods are not as versatile as standard pneumatics in terms of layout. Pressure-
based stiffness-tuning devices are often useful when coupled with other actuation schemes to

help control the shape or stiffness of continuum robotic limbs? for use in surgicall?>2¢]

% Switching ratio refers to the ratio between the maximum stiffness and the minimum stiffness
achieved by the device.



prosthetic?!l, or manipulation!?33227 gpplications.

Jamming Materials Although jamming-based devices can achieve a rapid stiffness increase by
changing their internal pressure, the mechanism of stiffness change is distinct from that of
pneumatic stiffness-tuning devices. When a vacuum is applied to a soft cavity filled with
particles33343536:37.38:39.401 g gheets [41:4243444546] - atmospheric pressure compresses these
components together, causing an increase in frictional force that manifests as an increase in the
bulk stiffness of the device. This change in stiffness can be very large and very rapid, but is
dependent on the performance of the pump. Particle jamming has been widely used to create
universal grippers capable of rapidly from changing a low-stiffness state, in which they conform
to an object, to a high-stiffness state, in which they can support the object’s weight®3l. Both
particle and sheet (also known as layer) jamming are also useful in shape-locking* applications,
allowing wearable devices to give support or apply force to a human subject33441441 providing
rapid haptic feedback to soft user interfaces®453" and enhancing the controllability and

stability of soft robotic actuatorst®* often in surgical applications[463°4%,

Electrostatics Electrostatic stiffness switches also achieve a rapid increase in stiffness by
changing the frictional force between thin sheets. Instead of applying a normal force to push
these sheets together through pressure, as jamming-based stiffness tuning devices do, these
devices apply a normal force through electrostatic attraction. When the opposite voltage on two
adjacent sheets is high enough, they become attracted to one another. If a high-friction dielectric

material lies between these electrodes, a high frictional force will arise when they come in

4 shape-locking: the ability of a stiffness-tuning device to freeze a certain configuration by
increasing the stiffness while in a deformed state



contact. These actuators use high voltages (> 200 V) to generate a strong normal force; however,
they devices lightweight and low-power, and generate dramatic changes in stiffness at a high
frequency®"*84 This makes them particularly suitable to high-speed human-centric robotic
applications, including exoskeleton actuation®”!, robotic gripping™”, and wearable haptics*®l. By
stacking multiple dielectric elastomer actuator (DEA) electrodes, electrostatic stiffness switches
can show a dramatic increase in bending stiffness, similar to vacuum-based layer jamming, that

enables applications such as soft robotic grippingf®2l.

1.1.2 Quasi-static Stiffening

Reversible quasi-static stiffness switching is fairly uncommon among stiffness change
modalities. The most common method of achieving this mode of stiffness change is through

shape-memory alloys (SMAS).

Shape-Memory Alloys SMAs are alloys that are capable of achieving a change in stiffness by
reversibly transitioning between solid crystalline phases. Above a certain temperature, these
materials change from martensite to austenite, which is associated with a modest increase in
stiffness and often a deflection. As they cool, they transition back to martensite, and regain their
original stiffness and configuration. Although these materials can undergo a relatively rapid
change in stiffness, they are fundamentally constrained by the speed of heat transfer during their
de-stiffening process. Thus, although they have been popular for soft robot applications®25354,
their use has been limited in highly dynamic systems. Additionally, since these changes in
stiffness are typically coupled with a movement, SMAs used in stiffness-tuning devices are often

arranged in antagonistic architectures with other elements®>%57%81  As a result, they are



infrequently used, but have been implemented in vibration control®® and surgical

robotics®1:58],

1.1.3 Dynamic Softening

Dynamic softening is currently very rare, and can be achieved by modifying a dynamic stiffening
scheme to reverse the passive and active stiffness states. For instance, to achieve a robotic
manipulator that can instantaneously soften when in the proximity of humans, Stilli et al. propose

a highly-pressurized pneumatic robotic link that can abruptly release pressuref®?,

1.1.4 Quasi-static Softening

The most common form of quasi-static softening employs materials that undergo a temperature-
dependent change in mechanical properties at a relatively low temperature, including low-
melting-point alloys (LMPAs) and metals, low-melting-point thermoplastics, and shape-memory

polymers (SMPs). Some chemoresponsive materials also show quasi-static softening.

Chemoresponsive Materials A common type of chemoresponsive stiffness-tuning materials are
polymer nanocomposites that can reversibly decrease their stiffness when exposed to certain
chemicals. The interactions between the nanofiber networks embedded in these polymers change
with the presence of various substances, including deionized water, ionized water, or high pH
fluid, causing a change in the stiffness of the bulk materiall®36465661 Although the switching

ratio of this response is high, the response time is very slow, severely limiting the applicability



of these materials. We also note that it is possible to view many of these materials as quasi-static
stiffening, depending on whether the presence or absence of the activating substances is
considered the “default” state. One alternative method by Ren et al. exploited the soluble
crosslinks of a polyvinyl formal sponge to control the stiffness of a tube with a water vapor

pumpl®2, They incorporated this material into a surgical actuator and a splint.

0 Object weight
Rigid state (25¢C) 26.3 4

Figure 1.2: Overview of thermally activated stiffness-switching technologies, including low-
melting-point alloys (LMPAs): (A) ©2015 IEEE. Reprinted with permission from [67]; (B)
©2018 John Wiley and Sons. Reused with permission from [68]; low-melting-point polymers:
(C) ©2016 IEEE. Reprinted with permission from [69]; (D) ©2017 Mary Ann Libert, Inc. [70];
and shape-memory polymers (SMPs): (E) ©2017 IEEE. Reprinted with permission from [71];
(F) ©2014 IEEE. Reprinted with permission from [72]

Low-Melting-Point Alloys and Metals LMPAs, such as Field’s metal and Wood’s metal, are
alloys that can be melted at relatively low temperatures (<80 °C). Embedded in an elastomer or
gel casing at room temperature, the solid LMPA imparts a high metallic stiffness to the overall
structure. When the system is heated above the melting point of the LMPA, the overall stiffness

becomes dominated by that of the softer elastomer, until the liquid metal cools and resolidifies
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(Figure 1.2 A-B). Because of the high stiffness of these metals and the low stiffness of the
casing, many of these devices have very high switching ratiost”>7488 though the high heat of
fusion can sometimes lead to long activation timest’*™l If the casing is sufficiently elastic, these
devices can also demonstrate a shape-memory effectl’®¢®l In many cases, LMPA-based stiffness
switches are actuated using external heaters; however, since, as metals, these materials are
electrically conductive, a voltage can be applied across a length of an LMPA wire, resulting in
Joule heating. If the applied power is sufficient, this heating can induce melting in the alloy,

yielding an electrically actuated stiffness changel+77:67.78.75.79]

This large and reversible change in stiffness makes these stiffness switches ideal candidates
for strong remoldable devices such as inductors”® or splintsi”® that can conform to irregular
geometries. LMPA-based stiffness switches can also be used in soft robotic systems, creating
customizable configurations by softening LMPA located at critical joints!”>7381  improving
dexterity and stability of catheters through selective stiffness control®®, or strengthening the
load-bearing capacity of grippers without sacrificing flexibility®”7°#2&1 On small scales, low-
melting-point metals can be even used without a casing, for manipulation and adhesion

applications, thanks to the passivating oxide layer that natively coats gallium[©3l,

Low-Melting-Point Polymers Like LMPAs, low-melting-point thermoplastics transition to
polymer melts after being heated to relatively low temperatures (<80 °C). Stiff at low
temperatures, these materials can be embedded in soft elastomer casing, forming a stiffness
switch with high overall stiffness. When the system is heated, the polymer melts, and the rigidity
of the overall structure becomes dominated by that of the soft elastomer, until the polymer cools

and resolidifies (Figure 1.2 C-D). Because polymeric materials are typically less rigid than
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metals, thermoplastic-based stiffness switches often have a lower switching ratio than LMPA-
based switches!*®l. However, when compared with LMPAs, these materials are low-cost, readily
available, and easily printable® or patternable®>2¢871 with a blade or a laser cutter. They are
also lightweight, which is both convenient for wearable devices such as moldable orthotics®4#°]
and also dramatically reduces the energy input required to melt the material, leading to faster
activation and deactivation times. Low-melting-point thermoplastics stiffness-switching has been
employed in soft robotic systems to control robotic joints and ligamentst®70886% and maneuver
endoscopes and catheters!®%l,

Although many of these systems employ external heaters, it is also possible to use conductive
thermoplastic to induce resistive heating directly in the stiffness-switching element[887.70868491]
These designs can simplify the layout of the device and reduce energy requirements by

minimizing the heat transferred to auxiliary components.

Shape-Memory Polymers SMPs are typically thermosets with a low glass transition temperature
(<80 °C), and can also be useful in stiffness switches. When heated above their glass transition
temperature, these materials can soften significantly, returning to their rigid state when they are
cooled (Figure 1.2 E-F). Their maximum stiffness generally lies between LMPAs and low-
melting-point thermoplastics, while their minimum stiffness is higher than both, resulting in an
intermediate switching ratiol'°l. The transition temperature for these materials is often very low
(<50 °C), enabling simple switching. Although they are not as remoldable as thermoplastic
polymers, SMPs can undergo bending and mild extension[®2%9474 and can serve as active
hingest®>%91 or work to hold the shape of soft actuators and grippers under

loadl1,98.96,99,72100.97.101] | jke conductive thermoplastics and LMPAs, these materials may be
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heated either externally or directly, using resistive heating to activate conductive SMPs[™,

1.2 Contribution

In this thesis, we continue the development of stiffness-switching materials based on low-
melting-point conductive thermoplastics (cTP), seeking to address the problems with the current
state-of-the-art in quasi-static softening, such as high voltages, low stretchability, and stringent
geometric constraints. We present a novel materials architecture to improve the accessibility and
versatility of stiffness-switching devices, and develop a framework to aid in the formulation of

new stiffness composites for a variety of soft-robotic and wearable applications.

Novel Materials Architecture: We develop a new materials layout that improves performance
and introduces novel functionality to stiffness switches. By incorporating a non-traditional
electrode material (liquid-metal alloys) in a through-thickness orientation, we dramatically
reduce the activation time and voltage, and enable the activation of sheets of an arbitrary

geometry.

Composition Studies: We study the effects of the composition of a cTP-based composite on a
potential stiffness switch. We propose these findings to guide the development of future cTP-

based devices for use in diverse applications.

This thesis is organized into four chapters. In the current chapter (Chapter 1), we provide an
overview of stiffness-switching and describe the different classes of stiffness-switching

applications. We then detail a novel materials architecture (Chapter 2), and describe how the
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behavior of a stiffness-switching device can be controlled by changing its composition (Chapter
3). Finally, we conclude with a discussion of future work and an outlook for stiffness-switching

devices.
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Liquid Metal Electrodes for Low-Voltage Stiffness-

Switching of Conductive Thermoplastics®

2.1 Background

For thousands of years, humans have incorporated rigid components into their clothing and
accessories for protectiont*%?, medical support!*®l, aesthetics'®, and load-bearing!*%!. When the
fit between body and garment is not perfectly calibrated, the mismatch in stiffness between these
materials and human tissues can cause discomfort or injury. Recent attempts to improve this
interface have focused on technologies such as 3D printing to customize the shape of these
garments!'%l: however, these bespoke components cannot adapt to the changes in an individual’s
body that can occur over months or years. Stiffness-switching composites provide a convenient
method for rapidly adapting the fit of rigid garments on-the-go. Although pneumaticst?*,
jamming33442 and dielectric elastomer actuators®® have been used effectively for stiffness
switching or stiffness tuning, stiffness-switching wearables are best served by quasi-static

softening materials(*l.

Thermally activated stiffness switching composites, conversely, are stiff in the passive state,
and can enable reliable, high-switching-ratio stiffness switches that are not confined to specific
geometries and layouts®®%8l. Although attempts to improve the fit of such rigid garments using

heat-activated stiffness switching extend back millennial*®™l, recent work has focused on using

> This work was completed in collaboration with Dr. Sung-Hwan Jang, Professor Yong-
Lae Park, and Professor Carmel Majidi. [
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electrically conductive materials, such as low-melting-point alloys (LMPAS) or low-melting-
point conductive polymers, to achieve electrical actuation, minimizing thermal losses and
auxiliary equipment requirements. Historically, LMPAs have been a common choice for
stiffness-switching elements!®7374771: however, conductive polymers have gained popularity in
recent years thanks to their light weight, low cost, and simple processing methods. Conductive
polymers have previously been employed as resistive strain sensorsi'®l or electrical
interconnects in additive manufacturing!®®, but recent work has revealed their potential as
electrically activated stiffness switches®7%"11 (Table 2.1). Although these devices are exciting
steps toward adaptable wearables, they can be hindered by long activation times, high activation
voltages, and limited scalability and structural versatility. At present, there remains to be an
electrically powered method for reversible stiffness switching that exhibits <5s, <20V actuation
in a size-scalable architecture that allows for integration into a wide variety of systems.

In this chapter, | introduce a stiffness-switching material architecture that changes between a
high-stiffness state and a low-stiffness state in response to moderate electrical voltage achievable
with a standard battery or power supply. Furthermore, | demonstrate its feasibility in both tensile
and flexural applications via an active tendon in an underactuated robotic finger model and a

moldable splint.
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Author (Year) Activation Time Voltage Stiffness Ratio  Material
(s) V)
Rich et al. (z017) 5T (This Wpri\‘) 2-40 5-20 15 cIP
Le et al. (?_017)[85‘] 30 External Heating 55 TP
Buckner et al. (2017)[71] 10 Variable 37 cSMP
Yang et al. (2017) [os] 40  External Heating 10 SMP
Tonazzini et al. (2016)73] 29 External Heating 700 LMPA
Van Meerbeek et al. (2016) [76] Not Reported  External Heating 18 LMPA
Zheng et al. (2015)175] 60-160 4-5 Not Reported LMPA
Shan et al. (2015) [86] 6 100 25 cIP
Balasubramanian et al. (2014)[%®] 2 External Heating 76 SMP
Schubert et al. (2013)[77] 1 Not Reported 27 LMPA
Shan et al. (2013)[74] 130 0.6 go33 LMPA, SMP
McKnight et al. (2010)[93] >60 Not Reported 77 SMP

Table 2.1: Comparison of phase change stiffness-switching technologies. Acronyms: cTP -
conductive thermoplastic, TP - thermoplastic, cSMP - conductive shape memory polymer, SMP
- shape memory polymer, LMPA - low-melting-point-alloy.

2.2 Stiffness Switch Design and Fabrication

The stiffness switch is composed of a conductive thermoplastic (cTP) stiffness-switching
element that is coated on opposite faces by a thin layer of liquid metal alloy, and surrounded by a
silicone elastomer casing (Figure 2.1). Because the cTP is significantly stiffer than the silicone
elastomer, the overall stiffness of the device is high when the cTP is unactivated. When a voltage
is applied to the liquid metal electrodes, current flows through the thickness of the composite,
inducing resistive heating that causes the thermoplastic to melt within several seconds. This
phase change dramatically reduces the effective stiffness of the cTP, causing the overall stiffness
to converge to the lower stiffness of the elastomer casing. When the voltage is removed, the cTP
gradually resolidifies, once again imparting its high stiffness to the device.

By orienting the electrodes across the thickness of the device, the resistance of the cTP circuit
is reduced by several orders of magnitude. This means that the activation voltage can be

dramatically reduced, without affecting the heating rate of the composite. Conversely, very high
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heating rates can be achieved when the voltage is not reduced. Furthermore, because current
flows linearly between the two electrodes, this through-thickness arrangement means the
actuation area is dependent on the shape of the electrodes, contrasting with the straight-line

actuation area formed between two electrodes in a length-wise configuration.

f}iconeCasing C +'\

HCH-CH3CH,-CHE

CH, cPBE
+ structured CB

Electrode —o

EGaln
Electrodes |

I —

Copper Lead

Screw Hole

e cPBE

-

Figure 2.1: Overview of layout and actuation of a stiffness switch based on conductive
polypropylene-based elastomer (cPBE). (A) The switch in the stiff state (left) and the soft state
(right) after being actuated with 5 V, (B) The layout of the switch showing the composition, the
through-thickness arrangement of the eutectic gallium-indium (EGaln) electrodes, and the
interface between the copper and the EGaln, (C) The direction of current moving first along the
highly conductive EGaln electrodes, then through the thickness of an actuated cTP layer.

For this study, we use a conductive polypropylene-based thermoplastic elastomer (cPBE),
composed of a copolymer of polypropylene and polyethylene, filled with a percolating

dispersion of structured carbon black (weight-composition: 51/9/40%). The stiffness tuning
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elements were formed by compressing pellets of this polymer (THEMIX Plastics Inc.) to a

thickness of 1.1 mm using a hydraulic heat press (Model C 3912, Carver) at a temperature of 160

°C, and cutting the resulting sheets into 5 cm x 1 c¢cm using a 30 W CO: laser(VLS 3.50,

Universal Laser Systems). Copper strips were embedded into the surface of these strips using the

heat press at 160 °C to provide a stable mechanical connection to the voltage source. Eutectic

gallium indium (EGaln, Rotometals) was deposited on both faces of the strips using a spray gun

(40 psi, with argon gas as a carrier), coating the copper strips, but avoiding the portions of the

strip that would form the mechanical interface with the testing set-up. The strips were

symmetrically embedded in a 3 mm casing of silicone rubber (E = 0.4 + 0.03 MPa; Ecoflex 00-

30, Smooth-On): a lower layer of silicone was cured in a mold printed from a 3D printer (Objet

24, Stratsys), the EGaln-painted cTP was aligned
with the embedding layer, and a secondary mold
was screwed onto the base mold to allow another
layer of silicone to be poured over top. All
samples were degassed and cured in an oven at
80 °C.

In order to activate the cTPs, alligator clips
were attached to the copper leads, and a voltage
was applied using a DC power supply (Model
Digi 360, Electro Industries). An IR camera (C2,
FLIR) was used to ensure the composite heated
its surface,

equally across allowing us to

determine when the external temperature of the

Figure 2.2: Through-thickness stiffness
switch undergoing activation: (A) IR
photograph taken from 10 cm (B) visible
light photograph, taken simultaneously.
There is even heating across the
composite.
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switch had reached 75 °C (Figure 2.2). When the IR camera read a temperature of 75 °C, the
actual temperature of the stiffness-switching element was likely higher than the measured value,
because the silicone rubber acted as a thermal insulator. Since any temperature above 72.9 °C
was sufficient for melting, we could ensure the cPBE was in the activated state. All
measurements in the activated state were made at 75 °C as measured by the IR camera, while
measurements in the unactivated state were made at room temperature. Unless otherwise

specified, all activation voltages were 5 V.

2.3 Thermal Characterization and Modeling

To determine the activation mechanism and energy requirements for cPBE actuation, differential
scanning calorimetry (DSC) was performed on an 8.8 mg sample (DSC Q20, TA Instruments).
Temperature was cycled between -80 -C and 150 °C, at a rate of 10 -C min—1 for four cycles.
The dynamic mechanical behavior® of cPBE was evaluated using the tension mode on a dynamic
mechanical analyzer (Model 2980, TA Instruments). The samples were prepared with a
dimension of 15.0 mm x 5.0 mm x 0.5 mm. The storage modulus was determined by straining
the sample at a frequency of 1.0 Hz and amplitude of 50 um. The temperature was increased
from —40 °C to 80 °C at a rate of 3 °C min—1.

The cPBE composite shows a glass transition below —60 °C, a melting peak at 72.9 °C £ 0.07
°C, and a crystallization peak at 59.8 °C + 0.07 °C (Figure). This suggests that electrically
induced cPBE softening is caused by a solid-liquid phase transition rather than a glass transition
or Vicat softening, as previously claimed for a cPBE composition [86]. Such results are

consistent with measurements obtained using dynamical mechanical analysis (DMA), which is

6 DMA tests were performed by Dr. Sung-Hwan Jang (Plymouth University).
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shown in the inset of Figure 2.3. As expected, we observe a significant drop in storage modulus

and a peak in damping factor as the temperature exceeds 75 °C. Above this temperature, the
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Figure 2.3: Differential scanning calorimetry plot of cTP between -80 °C and 150 °C. This plot
shows the second heating cycle with the exothermic direction oriented upward. The first cycle
shows some abnormalities due to thermal stresses, but in cycles 2-4, the behavior converges. The
peak at 72.9 °C indicates the melting temperature (Tm), while the peak at 60 °C represents the
crystallization temperature (Tc). The kink between -80 °C and -50 °C represents the glass
transition temperature; however, this value cannot be determined without examining the heat
flow at lower temperatures. The inset shows DMA data, which corroborate the softening
temperature found in the DSC data.

storage modulus is approximately one order of magnitude smaller than that measured at room
temperature. Although the addition of fillers such as carbon black may slightly change the

thermal properties of the host matrix material, the values found in the DSC and DMA
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measurements resemble those of the unfilled propylene-ethylene copolymer™%. We note that the
DSC plot shows a melting peak offset 13 °C higher than crystallization peak, revealing some
thermal hysteresis in the material. The lower crystallization temperature indicates a potential

delay in the restiffening response when integrated in the device.

Based on the thermal properties of the cPBE gathered from the DSC tests and fundamental
heat transfer equations, we next sought to determine the required energy input to achieve
activation, when the composite is incorporated in a stiffness-switching device. We assume that
under applied voltage, the cTP functions as an ideal Joule heater, transforming electrical energy
to heat in order to reach the activation temperature, Ta. The effect of this heating can be seen in
the infrared photograph in Figure 2.2. This process can be described using conservation of
energy:

Ereq = Est + Eo (2.1)

where Ereq is the required energy input, Est is the energy stored within the switch, and E, is the
energy released. To find the Ereq required to induce phase change, we examine the components
of the right side of the equation.

The stored energy, Est, is composed of the change in enthalpy of the cTP required to induce
melting from room temperature (AHa) and the heat stored in the surrounding silicone matrix
(AHsit). Because heat is dissipated from the surface of the switch by convection and radiation
(conduction is neglected, since the switch is attached to the test set-up at the unactivated screw
holes), the energy released, Eo, can be expressed as the sum of the heat lost to convection

(AHconv) and the heat lost to radiation (AHrag). Thus, we see

Ereq = AHa + AHsii + AHconv + AHrad (2-2)
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We can find AHa by integrating the area beneath the melting peak of the DSC plot (located in
the lower half of the heating loop in Figure 2.3) and dividing by the heating/cooling rate (10 K
min~1) and the mass of the sample (8.8 mg). This yields a heat of 112.8 J g~*. Given a cPBE
mass of 0.72 g in each stiffness switch, we find AH, = 81.2 J.

AHsii can be expressed by the equation

AHsit = pVCp (Tt — Tw) (2.3)
where p is the density of the silicone (1064 kg m), V is the volume (3 mm x 50 mm x 13 mm =
1.95 x 10°% m?), C, is its specific heat capacity (1050 J kg™t K1), Ts is the max temperature
when activation occurs (75 °C), and T is the starting (i.e. ambient) temperature (25 °C). Using
these figures, we find, AHsi = 108.9 J.

We note that the magnitude of the losses due to convection and radiation is highly dependent
on both activation time and surface temperature, which means that the applied voltage can have a
significant impact on the amount of energy dissipated. We select 5 V as an example and solve for
AHconv and AHrag.

The heat lost to convection is given by
AHeon = [;® qdt = [ hA(T; — T.)dt (2.4)
where ta is the activation time, given by the point where the stiffness drops by 90% of its total
drop, q is the heat transfer rate, h is the convective heat transfer coefficient (~ 15.5 Wm™2 K1),
A is the convective area of the switch (2 x 50 mm x 13 mm = 1300 mm?), Ts is the surface
temperature of the switch as a function of time, and T. is the ambient temperature (25 °C). With
h and A constant, we can calculate fot“ (Ts — T.o)dt by taking the area between the measured

temperature and the ambient temperature on the temperature-time plot created from the IR

camera measurements (Figure 2.4). Since the camera measures surface temperature, the
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temperature on this plot is an accurate measure of Ts. From the integral’s value of 3220 K s, we

f|nd AHcon\/ = 649 J.

Finally, we calculate the heat lost to radiation, given by

AHrad = fot“ qdt = fota eoTsdt (2.5)
where ¢ is the emissivity (~0.95), and o is the Stefan-Boltzmann constant (5.67 x 108 Wm=2K™).
As before, with ¢, o, and A constant, we can calculate the integral fot“ Ts*dt from the IR camera
plot (Figure 2.4). This value is 8.20 x 10 K*s, from which we find AHrag = 57.4 J.

Plugging these values back into our energy balance equation, we find the energy required to

activate a cTP element:

Ereq=81.2J+108.9J+649J)+57.4J)=288.1J (2.6)
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Figure 2.4: Plot of stress relaxation, current, and temperature over time as voltage is
applied to a prestrained stiffness switch. Ta is indicated when stress has declined 90% from
the total drop. Current declines slightly over time, indicating increased resistance.
Temperature increases after several seconds, indicating that there is some delay beween
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The value of each of these enthalpies and the total energy required is shown in Table 2.2.
We can then calculate, E;, the expression for electrical energy input, given by the integral of

the power input - or the integral of the current input multiplied by the scalar voltage (Figure 2.4),

yielding

Ei= [ Pdt=[{° Vidt= [{*Zdt 7)

where V is the applied voltage, | is the current through the cTP, and R is the resistance of the
cTP. The right side of Equation 2.7 represents the scaling law that shows that for a prescribed
energy input, Ei, minimizing the cTP resistance R can permit low-voltage activation, achievable

with a 9 V battery. For these calcylations, V is held constant (5 V), but I changes as a function of
time because the resistance of the cTP changes as it heats up. fot“ Idt can be calculated from the

current-time plot in Figure 2.4, yielding 75.7 A s, from which we calculate Ei = 409.4 J. These

input energies are shown in Table 2.2.

We would expect these input energies to match the required heat for each voltage; however,

Voltage Energy Released Energy Input
AH, AHg; AHeny AHpgg El'eq E

V) J) J) () ) ) )

5 82.3 83.4 64.9 57.4 288.1 409.4
10 82.3 83.4 6.8 7.4  180.0 215.2
15 82.3 83.4 2.1 3.0 170.8 218.1
20 82.3 83.4 0.8 1.5 168.0 208.6

Table 2.2: The various enthalpic energies required for activation at several voltages on four
sample devices. Greater heat (AHwtar) IS required at lower voltages because there are greater
losses to convection (AHconv) and radiation (AHrag). As a result, more electrical energy (Ei) is

required; however, this increase is not perfectly predicted by the increased heat, as a result of
various losses not considered in this analysis.
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we see that the see that this input is somewhat underpredicted by these equations.

Nevertheless, these equations serve as a useful way to estimate energy consumptions for

various voltages and conditions. This under-prediction arises from several possible sources:

1. There is more energy stored in the silicone than predicted. As the cTP heats, a
temperature gradient between the cTP and the free surface arises. We only
measure the temperature at the surface, neglecting the heat stored closer to the

cTP element.

2. There is radiation and convection from all six surfaces, though we assume these

phenomena occur only on the sides with the largest area.

3. We ignore the added heat sinks from the EGaln electrodes and copper leads.

4. Some of the measured power is dissipated through the circuit wires, rather than

through the cTP element.

Finally, we note that there are considerably fewer losses to convection and radiation at higher

voltages, since the activation time is much shorter.

2.4 Stiffness Change Response Experiments

We investigated three components of the stiffness change response: the switching ratio (i.e. the
ratio between the modulus in the stiff state and the modulus in the soft state), activation time, and
the recoverability (i.e. the ability of the stiffness switch to regain its original shape after

deformation). The stiffness switches were loaded on a universal testing machine (Model 5969,
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Instron) using 3D-printed clips. Both the top and bottom clip supported a screw that passed
through the unactivated portion of the Ecoflex and cTPE, so tension could be applied directly to
the cTP. To find the switching ratio, each device was repeatedly loaded between 0 and 2.5%
strain at a rate of 0.5 mm st in both the high- and low-stiffness states. An effective modulus was
calculated for each state by averaging the slope of the loading and unloading stress-strain curves.
These tests revealed two distinct stiffness states: a rigid state with modulus E = 10.4 MPa + 0.5
MPa and a soft state with modulus E = 0.7 MPa £ 0.08 MPa - a switching ratio of 14.9 (Figure

25A).

To determine their recovery behavior, each switch was actuated and deformed to increasingly
larger strains in increments of 10% (Figure 2.5 B). Between each test, a new natural length was
measured, and the test was repeated until failure, as defined by 1) the inability to heat to
activation or 2) the initiation of tearing in the cTP’. These tests reveal that the stress-strain
behavior of the soft-state switches at high strain (40%) is similar to their behavior at low strain
(2.5%) (Figure 2.5 A). Additionally, because of the high viscosity of the melt-state cTP, the
switches exhibit some change in their natural length after high strain. However, after several
minutes, the switches retain only 1 or 2 mm of permanent deformation, thanks to the elastic
restoring force of the silicone casing. These findings indicate that these stiffness switches may be
useful in applications requiring up to 40% of axial deformation.

We also measured the current in the stiffness switch over large strains. Since the electrical
resistance of a through-thickness composite is inversely related to its thickness, a switch

experiences a dramatic drop in resistance as it is deformed, resulting from the thinning in the

’ Although the switch’s activated state corresponds to the melt state of the cTP, excessive strain
can cause tearing in the stiffness-tuning element, known as melt fracture.
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stiffness-switching element caused by the Poisson effect. This can yield a large increase in the
heating rate, which may place the composite at risk for thermal damage. However, as the
temperature rises, the cTP resistance increases, due in part to the thermal expansion of the
polymer, which increases the distance between the carbon black particles, and thus the resistivity
of the compositel!**12l, This added resistance reduces the applied current, and creates a

stabilizing negative feedback loop, that can be seen in the leveling off of the current after a
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Figure 2.5: Actuation response of a cPBE stiffness switch. (A) Stress-strain behavior for the
extension and contraction of a switch in both the stiff and the soft state. (B) The recoverability of
a switch as it is extended to increasingly larger strains. (C) The current as a function of strain for
three samples taken to failure. (D) The decline in applied stress (1) as a function of time during
activation (2). (E) The activation time for switches under various applied voltages, when
activation is considered as 90% of the maximum drop in modulus (green) or 50% of the
maximum drop in modulus (brown). (F) The stress strain behavior of unpatterned and patterned
CTPE tendons, demonstrating the potential for tuning the preactivation stiffness.
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certain strain value (Figure 2.5 C).

The activation time was measured by preloading each switch to 75 kPa and applying a voltage
between 5 V and 20 V, while measuring the decline in stress over time (Figure 2.5 D). This
decline manifests as a negative sigmoid curve, approaching an asymptote as the composite
becomes fully melted and the switch relaxes. Thus, we define the activation time, ta as the time at
which the switch modulus has decreased 90% of its total drop. Both the activation time and the
maximum temperature are highly dependent on the voltage applied across the composite, since
the energy input to the system rises with the square of the voltage (Equation 2.7). At 5 V, the
stiffness switch becomes soft in approximately 40 s, while at 20 V, it takes less than 2 s (Figure
2.5E).

Finally, we demonstrate that the maximum stiffness of the device can be tuned via patterning.
The cTP composite was cut using a UV laser cutter (ProtoLaser U3; LPKF), and the stress-strain

response was measured®,

2.5 Demonstrations

The abilities of these cTP-based stiffness switches are demonstrated with two illustrative use
cases. In the first demonstration, we demonstrate an articulated finger model that can achieve
two bending modes from a single string-based actuator, by employing a cTP-based active tendon
at the proximal joint and a passive silicone rubber tendon at the distal joint (Figure 2.6 A). When
the tendon is unactivated, the stiffness at the cTP-based tendon is an order of magnitude higher

than that at the pure silicone tendon, allowing bending at the distal joint while preventing

8 Tensile tests were performed by Dr. Sung-Hwan Jang (Plymouth University).
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bending at the proximal joint. When the tendon is activated, the stiffness at the proximal tendon
becomes similar to that of the pure silicone tendon, resulting in bending at both joints when
tension is applied to the string. Because the stiffness of the soft-state cTP-based tendon is still

higher than that of the pure silicone tendon, bending occurs at the distal joint first.

Activate

Activate

& ra

Mold.and Cool

Figure 2.6: cTP incorporated into a robotic and wearable application. (A) Gripping
configurations with an unactivated tendon (top) and an activated tendon (bottom) (B) A
voltage-activated moldable splint, enabled by a cTPE sheet.

We also demonstrate the versatility of through-thickness cTP-based actuation for wearable
medical applications. Splints have been widely used to treat conditions that require joint
immobilization, such as osteoarthritis or ulnar collateral ligament tears!***l. For decades, these
devices have incorporated thermoplastics to allow patients to conform them to their body, and
reshape them if they experience discomfort!'4l. Applying the heat necessary to soften the
thermoplastic, however, requires bulky or specialized equipment like heat guns or water baths
that make on-the-go adjustments impractical. To provide portable, reversible stiffness tuning we

incorporate a cTP-based stiffness-switching sheet into a moldable stiffness-switching splint
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(Figure 2.6 B). Previous direct heating stiffness-tuning methods!’*#! had activation areas that
were restricted to the shortest linear path between two electrodes, making it difficult to tune the
stiffness of sheets. By orienting the electrodes across the full face of the cTP, we make the entire
surface area the shortest path between the electrodes, allowing us to activate any arbitrary cTP
geometry. When a voltage is applied across the two electrodes, the cTP sheet melts, transitioning
from a stiff, elastic state to a soft, moldable state that is capable of conforming to a patient’s
hand. A silicone wrap helps secure the compliant sheet and ensure its proper configuration. Once
the sheet has been applied to the target area, the voltage is removed and the sheet returns to its
stiff state, functioning as a splint. Although the cTP must surpass 72.9 °C for activation, it is

insulated from the skin with a layer of stretchable nylon fabric.

2.6 Conclusion

In this chapter, we develop a stiffness switch based on a conductive low-melting-point
thermoplastic. The novel through-thickness activation scheme reduces the required activation
time and voltage and enables the stiffness switching of arbitrary geometries. With these devices,
we show a competitive switching ratio, good recoverability, and controllable actuation behavior.
We also investigate the activation mechanism of cPBE through DSC and DMA, and provide a
model relating these thermal properties to the energy required for activation. Finally, we present
two demonstrations, an active robotic tendon and a remoldable splint, based on the stiffness-
switching method developed. Although these applications display the potential for cTP-based
stiffness switching in soft robotics, they also reveal specific weaknesses in the thermoplastic

composite used.
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High Melting Point Though activation times can be reduced to under 2 s by adjusting the
power delivered to the cTP, deactivation times remain dependent on the dissipation of heat.
Because of the high melting point of cPBE, these deactivation times are long, on the order of
minutes. For some applications, such as splints, this may be desirable, but for robotic actuation,
such as the tendon presented in Figure 2.6 A-B, this may pose a problem. Additionally, because
the temperatures attained by devices can be uncomfortable, wearables may require insulation to
protect users.

Low Extensibility We demonstrate elastic strain of >40% in stiffness switches in the soft-
state. Above this strain, however, stiffness-switching elements are likely to experience melt
fracture, causing electrical and mechanical failure. For many robotic applications, including the
stiffness-switching tendon presented in this chapter, this maximum strain value may be
insufficient. Although most tendons incorporated into the finger were able to withstand these
extensions, many of the stiffness-switching elements experienced melt fracture when deformed
in the melt state.

Limited Conductivity Choice In previous work®l, these composites required high activation
voltages as a result of their high resistivity. Reconfiguring the electrodes into a through-thickness
orientation circumvented this problem, while enabling the activation of arbitrary geometries. As
these geometries increase size, however, the cTP resistance decreases as a function of area: R =
pLIA, where p is resistivity, L is conductor length, and A is conductor area. Therefore, for large
devices, the resistance may drop to less than that of the wires delivering current, causing heating
in the wires. Different applications that require different cTP areas, thus, may require different
CTP resistivities.

In short, the requirements of a stiffness-switching device vary significantly with the desired



32

application. Figure 2.7 shows the which properties may be desirable for specific use cases, while

Table 3 shows a more specific use case for of each property. In order to improve the relevance

and functionality of cTP-based stiffness-switching devices, we seek to control these factors by

examining the cTP composition in detail in Chapter 3.
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Figure 2.7: Required mechanical, rheological, and electrical properties for general stiffness-
switching modes. A) Two electrode layouts: through-thickness, which requires a high composite
resistivity, lengthwise, which requires a low composite resistivity. B) Three classes of
application: healing, tensile, and flexural modes, which require a different mix of properties to
achieve maximum performance.



33

‘uolnedljdde Buijesy 1o ‘jeanxa|) ‘sjIsusl
© 0] pPalojle] 32IA3p € JO JOIARYS( [[eJaA0 3y} U0 811Ssodwod 419 e Jo saladoid snotseA Jo s1oaye ayl :8'z ainbi-

paJisap aJe sawn fi

a|gelieg ajgaide a|geley,  -UARIISAd JO0YS adaym suone _n_na._ a0
padisap aJe sawy
a|geliep a|geles ajqeres  Buwaysad bunj aseym suoneayddy | yBiy
padisap aJe
-+ s|aaa| aameJaadway ajes Jo sajbuaua
a|0eLIE) a|ELIE a|qelieg UD[BAIRIE MO| AJ8ym suojeqyddy | mO7
ys1J B 51 58Jnje.Jadway
- aiquie yfiy jo asneaan uoien]ae
a|gelep ajgeide a|genep, |eauapiane asaym sumeanddy | YBIH
g|aAa) ajus
0] JUAJIN3 S| AJAIANPUDD MO pa.Jisap s|
‘aJUBANpUDT ASEAIDU) SJa18WelEd UOIEALIE MO|S aJauym suoijea)dde
lpawoal asung uopeniay ssau ‘padisap s alieyoa yBiy pue juad
-}ay| -ybinoJgy | o) ajqe.isag 8|0BLIEN ETEIALRY a|qeLIEp, -Ina mo| 8 A4as sunedddy | Mm07
safiejoa
JBMO| JO) SMO||E AJAIIINPUOD  UDIJRAIJIE J0) MO 0] JUELIND JUBITYNS paaisap
Jayfiny “aouelanpund aonpa. sJal8 smo||8 A31a3anpuoa ausodwos yhiy S| UD|JBAILIE 1SE4 3J31M SUD3ED
-weaed giajaweab asug uonemay  °saaey apsodwog uaamyag agepaajul je -l|dde :paaisap s) 8beyoa mo| pue
asmpbua 4oy ajgeraisag sana30 asue)sisad ybiy aouig Wnioaw EISENEEY a|qelep, jualuna yBiy & asaym suoneaddy | yBiy
aanssadd 8184 UIEJ]S MO| B 0] pundsa.L.on A1BdJ LIBJ1S YBIy B O] punds PAJISBP 1 MO[)
+ |EWIuIW Japun WwaoyaJ 0} ausodwos jo ABL Y2y "LIBJ3S ||BWS Ajgane|ad -84403 ABW yIJiym uiedls Jueaybis  Jo mop s1 sisadaisAy ajgemo) e Yy
saa[Ey Om] smaj|e a1ed sop 4By y HOlH pjai4 suoiyaajjap Bujpuag abie] Mol P|al4 suD1aajap |exe ||ewg WnioIw 8] 2)eJ UIBNE auaym suopemddy | M07
paJdIgap | 0aaJa ZUnNEXe|a-880.18
- g|geLiap EIEIALE Y a|qeles  Mo|s Jo Guidwep aasym suoneaddy _._m__._
= JE|IWIE 80 pinoys A3el2
a|qellep a|qelE a|qelep 1DS PUE JJIE S48 SUOiEDddy | MO7
jualedde
81E]S JJ1I5 Ul A0BYS S] UIEJUIBL pajenjuande Ajpead aJe ssaupys vl sabueya AypiBia vy aBueya
+ 0} 8|08 ‘a)je}s Jos U) passasdwod 80 1SN Y31ym "UIBI3S ||Bws Ajaage ad afae| yajym Joy ‘uieays jueayiubis aliue| Ag pajenjuaase ag jsnw
ag o] yBnous 3408 aq Ajun 120 Mol p|atk suanaayap Guipuan abJde] oy P|814 SUDIDA|AP |BIXE ||BWS WNI0IW UIE}S ||EWE aJaym sunneddy | YBIH
= a|qEJISAP S| UIBJLS U[ELIED
8|geliE) a|qelde, a|geley, 1B 8JMae.) aJaym suoneaddy | M0
Ipeo|
+ UleJ]s @)1SU81  |BJNXE|} Ul LIBJIS 8)1SUa) [|Bws AjaAIlE|ad Buipeo) apsuay ur wedis ueayubis
Aue aousjaadxa 1ou sao INYAT1IMYI P14 suoioayap Buipusg sBue] WNioam plaIA SUDIDB|EEP |8 1XE [|BWS HOH Yoy

Jaylpg

sunied|ddy
fiureay-j|ag 4o} aaueyiodu|

suoiealddy
|Ban¥a|{ Jny aauegloduw]

suoijedal|ddy a|isus) Jo} aguejaodu|

JalaWEJdey




34

3
Tuning the Properties of Stiffness-Switching and

Electrically Healable Composites®

3.1 Background

Thermoplastics are important commodity materials that are used in many diverse industrial and
consumer applications. Mixing these materials with different nanoparticle fillers can yield new
composites with improved mechanical, rheological, thermal, or electrical properties, that are
important to a variety of applications including photovoltaics, strain sensing, supercapacitors,
electromagnetic interference shielding, and water purification!**>1161, Although these composites
are relatively new additions to the field of stiffness-switching, they have been extensively
studied in other fields.

Conductivity of Thermoplastic Nanocomposites There is a well-established body of work
investigating the relationship between the concentration of conductive filler in a polymer
nanocomposite and its conductivity™!’l. Conductivity can be established in these systems when
conductive filler (e.g. carbon nanotubes, carbon black) forms a percolating network, where the
particles are either touching or are close enough to allow for electron tunneling through the
polymerl118119.120.121,122.123] ' The minimum concentration of filler at which conductivity occurs,
known as the electrical percolation threshold, is an important parameter for these systems, and

can be lower than 0.019 vol%[™4. This threshold, along with the filler concentration-

9 This work was completed in collaboration with Vasudevan Nambeesan, Rehan Khan, and Professor Carmel Majidi.
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conductivity relationship varies dramatically with the polymers, fillers, and processing
conditions[*'’l. Often, the conductivity of a composite can be improved by employing high-
aspect ratio fillers like carbon nanotubes, or by manipulating filler dispersion!**>?51, Above the
percolation threshold, a greater filler concentration generally yields higher conductivity
according to the power law relation: ¢ o« (m — m.)B,, where ¢ is the electrical conductivity, m
is the filler mass fraction, m, is the electrical percolation threshold, and S, is the critical
exponent[26],

Rheology of Thermoplastic Nanocomposites Since thermoplastics are generally processed
and shaped in the melt state (e.g. extrusion, injection molding), their rheological properties are
critical to the manufacturability. As a result, there have been a wide variety studies investigating
polymer melts and solutions, and the effects of fillers on their properties, including
viscosity[119:127:123.128,126,129] melt fracturelt30.:131.132,129] rheological percolation
[133,122,123,119,134,127,126,128,112]’ and relaxation time[135'127*132*129].

As with electrical percolation, there exists a filler concentration above which rheological
percolation, or gelation, occurs. This phenomenon arises from the formation of a filler network
within the nanocomposite; however the relationship between this network and that required for
electrical percolation can vary[t?7:123126.119 \When the rheological percolation threshold is below
the electrical percolation threshold, the filler particles can act as entanglements in the polymer
chain when the distance between filler particles is still too great to allow for electron
tunneling™?®1231, When the rheological percolation threshold is above the electrical percolation
threshold (known as a “rigid” rheological percolation, the filler is capable of forming an initial
conductive cluster formed without impeding the mobility of the polymer chains*?®l. The storage

modulus (G°), the inverse loss tangent (G /G "), and the complex viscosity (1) have all been
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suggested as parameters to represent rheological percolation, though a degree of subjectivity is
often involvel19123.136]

Other Properties of Filled Polymer Fillers have also been widely incorporated into polymers
to improve the mechanical, thermal or dielectric propertiest**®l, These materials can increase the
modulus or strength of polymert*¥”11% nanocomposites, and act as a nucleation promotor or
inhibitor to depress or increase the melting and crystallization points of the system[128.138.115.112]

However, despite this extensive literature, no work has yet examined these properties in a
regime relevant to stiffness-switching composites. In this work, we investigate the effects of
filler type, filler concentration, and matrix polymer molecular weight on the critical properties of
the stiffness-switching material. Using these parameters, we develop a composition selection
guide, which we use to construct three different stiffness-switching applications: a highly
extensible stiffness-switching tendon, a large-area moldable sheet, and an electrically healable

mechanical fuse.

3.2 Characterization of cPCL Composites

Sample Preparation Polycaprolactone (PCL) of three different molecular weights (CAPA 6800:
Mw = 88 400 g mol?, CAPA 6500: 55 500 g mol *,CAPA 6250: 28 900 g mol* [1?°}) from
Perstorp AB were used as the matrix material for the stiffness-switching element. PCL was
selected for its low melting point, which decreases the energy required to initiate melting and
increases the safety of the associated device. The filler materials used were carbon black
(acetylene, 100% compressed, Alpha Aesar) and multi-walled carbon nanotubes (Outer
Diameter: 50 nm-80 nm, Length: 10 um-20 pm; Cheap Tubes).

To create sheets of conductive PCL, the pellets of PCL were added to a mixture of toluene
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(anhydrous, 99.8%, Sigma Aldrich) and conductive filler and stirred for at least 3 hours at 50-80
°C on a magnetic stirring plate (Figure 3.1). The total mass of PCL and filler was 10 g, with filler
loading fractions ranging from 0-40% filler by weight. A sufficient volume of toluene was used
to create a uniform dispersion of filler in polymer solution (50 mL—70 mL). The mixture was
poured into a large petri dish (150 mm x 25 mm, DURAN Group) and left overnight for the
solvent to evaporate. The resulting sheets were compressed on a heat press (Model C 3912,
Carver) under 1000 Ibs at 80 °C in an aluminum mold 1.3 mm thick. Once solidified, these
sheets were cut into the desired shape using a 30 W CO- laser cutter (VLS 3.50, Universal Laser

Systems), and cleaned with all-purpose cleaner (Simple Green).

Filler

Step I: Mix Step lI: Pour Step lll: Press

Figure 3.1: Procedure for the preparation of conductive PCL sheets. Step I: PCL pellets are
added to a mixture of carbon filler and toluene, and stirred until the mixture becomes
homogeneous. Step 11: The mixture is poured into a large petri dish and the solvent is allowed to
evaporate. Step I11: The resulting conductive PCL is compressed with a heat press to create a
flat homogeneous sheet.

Thermal Characterization The thermal properties of the cTP composite have a significant
influence on the stiffness and phase-transitioning behavior of the stiffness switch. The melting
temperature (Tm) and crystallization temperature (T¢) of the cTP composite control the stiff-soft

transition points, while the specific heat capacity and the specific latent heat of fusion of the
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composite determine the amount of electrical energy required to soften a given switch. A low
melting point and specific heat improve the activation time (i.e. the time required for the switch
to soften) and lower the energy cost of switching; however, these values must be high enough to
prevent accidental softening in ambient conditions. Similarly, the magnitude of the difference
between the crystallization and melting temperatures corresponds to the deactivation time (i.e.
the time required for the composite to restiffen). Engineers may wish to minimize or maximize
the time for this transition depending on the application.

Differential scanning calorimetry (DSC) experiments reveal a melting temperature that is very
consistent (= 60 C) across all molecular weights, fillers, and loading fractions (Figure 3.2A). It
is 13 °C lower than the transition temperature for cPBE, which indicates a potential improvement
in the safety, speed and efficiency of a stiffness switch. The crystallization point for most of the
composites tested is around 44 °C, which is 16 °C lower than the melting temperature, indicating
a significant wait time for restiffening. This asymmetry is typical of polymer systems, including
cPBE, and may be useful for maintaining a device such as a splint in the soft state without
applying power, while it is shaped to the body. At low filler loading fractions, the crystallization
temperature decreases dramatically for the high and intermediate molecular weight conditions,
indicating an even longer stiffening transition. The filler, in this case, seems to function as a
nucleation promoter for longer chain polymers, which may not form crystal structures as
easilyl®®®l. Thus, while minor adjustments to the crystallization temperature may be made by
adjusting the composition, more substantial control over thermal properties should be achieved

by employing alternative base polymers.

Modulus Measurements For applications in active garments and soft robotics, it is important to
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characterize the Young’s modulus of the material in both its soft and stiff states. A high ratio
between these moduli is often desirable to maximize stability in the stiff state and maximize

compliance in the soft state.

1 1000, .
o] T - :__1000
o ] m —~ 100] : E 100]
I e . NN % il - f,
0] ] = 104 T = 10
‘5 501 = =
5 1 o I o == BRI
@© 1] b=y 2
= 404 2 - = =
2 T 3 ’f:,é&w/ P18 o4
£ 30 € 8 01, T E LB
[} 1 S T soft 5 0.014
— ] )
204 0.0 Oo.001]
10 T T T T T T T T 0.001 . ; . . . ! r - 4
0 5 10 |1:5.” 20 2%/ 3035 40 0 5 10 15 20 25 30 35 40 T 0 15 %0 % 30 b &
iller wt % . .
1000 S Filler wt % Filler wt %
Rheological ;" ; ’,r‘ No Melt Fracture
@ 100 Percolation | ! T s 151
_— -
1084 === -
g : 0 /—ﬁ 03 Possible Melt Fracture
[ L z m 1.0
o = 10‘7/ —
o = ©
5 2 £
é 5 10° g 0.54 Certain Melt Fracture
o 90 > n s
x % |4
ool f+—rur—rt 102 004 e
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Filler wt % Filler wt % Filler wt %
Polycaprolactone Matrix PP/PE Matrix
High MW Intermediate MW Low MW
Carbon Black Filler —- - 7

Carbon Nanotube Filler ——

Figure 3.2: Properties of conductive thermoplastic polymers as a function of matrix material,
filler type, and filler loading fraction (wt %). (A) The relationship between melting point T
(upper lines, filled symbols) and crystallization point T (lower lines, open symbols) and filler
loading fraction. (B) The relationship between stiff-state modulus Esi ¢ ¢ (upper lines, filled
symbols) and soft-state modulus Eso  + (lower lines, open symbols) and filler loading fraction. (C)
The relationship between conductivity and filler loading fraction. (D) The relationship between
relaxation time z and filler loading fraction. (E) The relationship between dynamic viscosity p
and filler loading fraction. (F) The relationship between melt-state strain-at-break and filler
loading fraction.

Stiff-state modulus measurements show a modest increase in the stiffness of composites with
higher filler loading fractions (Figure 3.2 B), as is typical for filled polymer systems[*¥l. Soft-

state modulus measurements also show a modest increase in stiffness as loading fraction rises,
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likely due to the increase in the storage modulus, G, seen in the rheology measurements. This is

also reflected in the reduced soft-state stiffness in lower molecular weight composites.

The ratio between the modulus of the stiff state and the soft state, known as the switching ratio,
decreases significantly as filler loading fraction increases. At low loading fractions, the switching
ratio varies from 37-207, representing a dramatic increase over that found in cPBE (max
switching ratio: 24)[ and is competitive with other stiffness switching methods*€l. However,
since there is significant noise associated with the soft-state measurements and thus the
switching ratio, we recommend controlling the switching ratio and modulus bounds through

other methods (e.g. geometrical considerations (Figure 2.5 F) and base polymer selection).

Conductivity Measurements The bulk conductivity defines the resistance of the stiffness-
switching element, which impacts the the voltage, the current, and the time required for
activation. A high conductivity reduces the required voltage and activation time, while increasing
the associated current(®],

At high filler loading fractions, the conductivity for all composite molecular weights
converges to a single value corresponding to the filler material (Figure 3.2 C). In agreement with
previous studies, carbon nanotube-filled composites have significantly higher conductivity than
those filled with carbon black, because their high aspect ratio increases the structure of the
percolating network!*?l, Furthermore, their lower density!**®1 may lead to higher volumetric
loading for the same weight percent, which would cause a denser percolating network.

At lower filler loading fractions, the conductivity of the composites shows a greater
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dependence on polymer molecular weight, where low molecular weight composites have a
higher conductivity. This is likely due to the longer polymer chains disrupting the structure of the
percolating network. For all molecular weight and filler combinations, the conductivity of
carbon-PCL composites is significantly higher than the conductivity of the cPBE at comparable
loading fractions. In fact, the same conductivity can be achieved with filler loading fraction as
low as 15% for carbon-PCL composites.

Since the filler loading fraction has a strong influence on the mechanical and rheological
properties of these composites, decreasing the loading fraction can have a favorable effect on
stiffness-switching behavior, by increasing stiff-state flexibility and decreasing melt-state

viscosity.

Rheological Measurements

The rheological properties of cTP govern the mechanical behavior of the stiffness-switching
element in the soft-state. The viscosity, for instance, can affect both the ease by which a stiffness
switch in the soft state can be deformed and its plasticity, while the relaxation time can serve as a
proxy for measuring the risk of tearing for a stiffness-switching element in the soft state. The
likelihood of tearing, or more specifically melt fracture, becomes significant when the
Weissenberg number, defined as the product of relaxation time z and strain rate € (Wi = 7€)
exceeds a critical valuet*31321, Therefore, low viscosities and relaxation times are desirable for
maximizing the elasticity and softness of the composite in the soft state, while high viscosities
can help maintain the mechanical stability of a device in the soft state, useful for shape-locking

applications.
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We find higher relaxation times for composites
with high molecular weight (Figure 3.2 D),
corresponding to the empirical relationship found
in the literature = ~ M341% where 7 is relaxation

time, and M is molecular weight (Figure 3.3).

There is also an increase in relaxation time
Figure 3.3: Relaxation time as a function
associated with an increase in filler (which is of molecular weight for carbon black-filled
cPCL composites. The dashed lines
common for many polymer-filler systems*®1%°l)  represent the fit provided by the equation
shown. Carbon nanotube-filled composites
that for this work corresponds to a decrease in show similar behavior.
the goodness-of-fit.

For all filler and molecular weight combinations, there is a specific loading fraction above
which we observe a sudden increase in relaxation timel*3311 Apove this loading fraction, the
relaxation time of the melted composite cannot be measured over reasonable timescales and
temperatures. Since relaxation time ¢ corresponds to the point where G’/G” = 1, this critical
point reflects the rheological percolation threshold, above which the material may behave as a
pseudosolid™®127, This jump in relaxation time yields a corresponding jump in the Weissenberg
number, which can be used to indicate the loading fraction above which melt fracture is likely to
occur. When compared with previous work, rheological percolation in these composites occurs at
significantly higher loading than other systems!!?l. Furthermore, these composites are, to our
knowledge, the only stiffness-switching conductive polymers below rheological percolation.

Unlike relaxation time, viscosity does not increase beyond the limits of the rheometer at the

rheological percolation threshold, allowing us to measure the melt-state behavior of high-

loading-fraction composites (Figure 3.2 E). The viscosities increase quickly as filler is initially
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added to the PCL composites, and approach an asymptote at higher loading fractions. For an
equivalent polymer matrix, composites with carbon nanotube filler have a higher viscosity than
those with carbon black, because the interactions between anisotropic filler play a larger role
than those between isotropic filler. Additionally, polymers with a higher molecular weight
inherently have a significantly higher viscosity. This indicates that independent control of
viscosity, conductivity, and relaxation time cannot be achieved by controlling the given
parameters. However, composites with a range properties exist within the design space, allowing

for the selection of a specific composition for a desired application (Figure 3.4).

Furthermore, as the viscosity of the composite increases, the ability of the composite to regain

its original shape becomes more dependent on the rate at which the strain is reduced. For some

Rheological Percolation -
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Figure 3.4: The design space for the cTP composites tested, including conductivity, viscosity,
and relaxation time.
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composites with intermediate filler loading fractions, buckling or plastic deformation may occur
if they are returned to their initial shape too quickly. Therefore, the expected unloading speed is
an important consideration when selecting the viscosity of a stiffness-switching device. The
precise relationship between unloading speed and shape recovery is the subject of future work.

The melt-state strain-at-break determines the viability of a composite for use in stiffness
switching applications that require significant extensional strain in the soft state. Composites
with high filler loading fractions typically experience melt fracture at lower strain values (Figure
3.2 F). At low filler loading fractions, the composites become less likely to experience melt
fracture even at large strains. The critical loading fraction above which melt fracture occurs
corresponds roughly to the rheological percolation value shown in the rheology tests (Figure 3.2
D). This indicates that rheological percolation can serve as a useful metric to determine the
suitability of various formulations to extensional stiffness switching applications. However,
because these tests more closely reflect real-life actuation than standard melt-fracture tests, they
are subject to more stochasticity, which can be associated with premature or even delayed melt
fracture. This is reflected in the discrepancies between the melt fracture (Figure 3.2 F) and
relaxation time (Figure 3.2 D) plots, as well as the large error bars in Figure 3.2 F. Interestingly,
at filler loading fractions above this critical loading, composites with higher molecular weight
can withstand a greater strain before melt fracture than composites with lower molecular weight.
This is somewhat counterintuitive since these composites have a higher relaxation time;
however, because the applied strain rate is relatively slow, this behavior may be explained by
greater stability provided by longer polymer chains.

Because of the elongated shape of their filler, carbon nanotube-based composites may show

dramatic changes in electrical and rheological properties during extension, as the carbon
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nanotubes start to align along the direction of strain[l,

3.3 Demonstrations

The wide variety of properties achievable with carbon-PCL nanocomposites make these
composites well-suited to diverse applications, including tensile stiffness switching, flexural
stiffness switching, shape-locking, and electrically activated healing (Figure 3.5 A-C). We show

each of these behaviors in three illustrative demonstrations, with stiffness-switching devices

A

!

Tensile Stiffness Switching Flexural Stiffness .'Switchi'n'g

|
Electrically Activated Healing

Figure 3.5: Demonstrations of activation modes for cPCL devices, including: (A) lengthwise-
activated tensile stiffness-switching, (B) through-thickness activated flexural stiffness-switching
and shape-locking, and (C) lenathwise-activated healina.
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based on different composite formulations.

Tensile Stiffness-Switching Tendon'® The first demonstration shows a stiffness-switching
tendon for use in soft robotic systems undergoing large tensile deformations. To accommodate
these large deformations, the electrodes were oriented for lengthwise actuation, as highly
stretchable electrodes capable of interfacing with conductive thermoplastic have not yet been
demonstrated. A lengthwise activation scheme requires a high conductivity and a high voltage
(30 V), while a tensile deformation mode requires a high stretchability (Figure 2.7). Therefore,
we select the highest conductivity composite below rheological percolation that also has a low
viscosity (Figure 3.4), a low-molecular weight PCL filled with 20% carbon black. Lower
conductivity composites could be used in order to achieve very large deformations with very

little plastic deformation if a higher voltage were applied.

Flexural Stiffness-Switching Strip'* The second demonstration shows a shape-locking
stiffness-switching strip for use in splints and other body-conforming wearable devices. Because
the primary mode of deformation is flexural, the stiffness ratio should be high, which is
guaranteed by most carbon-PCL compositions with low-to-moderate loading fractions. Because

the sheet comprises a large actuation length, lengthwise actuation would require a very high

10 The tensile stiffness-switching tendon demonstration was completed with the help of Dr. Eric
Markvicka.

11 The stiffness-switching strip was developed by Vasudevan Nambeesan and Rehan Khan
under my guidance. The demonstration was completed together with Vasudevan
Nambeesan.
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voltage for most composite compositions; therefore, the electrodes are oriented for through-
thickness actuation. For the intermediate activation area selected, this choice of electrode
position requires a composite with intermediate conductivity. Additionally, since shape-fixing
requires high soft-state stability without brittleness, the cTP must have an intermediate viscosity.
Therefore, we select an intermediate-molecular weight composite with 15% carbon black
(Figure 3.4).

Additionally, because the entire device experiences bending in the soft state, the electrode
material must be both compliant and highly conductive. We select a fine copper (200 per in.,
0.002 in. wire diameter, TWP Inc.) mesh, and embed it on either side of the cTP strip. Although
we are able to achieve significant softening with this configuration, the soft-state behavior
highlights the need for improved electrode materials. The electrodes used here cannot stretch as
required for bending and undergo some plastic deformation at large strains. This mismatch

manifests in the flexural stiffness switch via surface rippling that occurs after bending.

Electrically Healable Mechanical Fuse!? The third demonstration shows a mechanical fuse that
can be electrically healed (Figure 3.6). Healable materials are important for future soft robots
since these devices are susceptible to damage™*!. Alternatively, these devices could be used to
limit the maximum force of a soft robot to a desired level. To demonstrate this behavior, the cTP
fuse is first broken in the center. The elastic casing returns the two fragments to their original
position and a small compression is applied, placing them superficially in contact. Because the

contact resistance between these two parts is higher than the bulk resistance of the cTP, heating

12 The electrically healable mechanical fuse demonstration was completed with the help of Dr.
Eric Markvicka.
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occurs at the interface when 30 V is applied across
the fuse for approximately 6 s. As the composite
melts, the polymer chains re-entangle, allowing the
composite to recombine upon cooling, healing it

mechanically and electrically. Tensile tests

conducted after healing reveal that the composite

retains 65% of its original strength (Appendix 5.2). @

Because of its low melting point, PCL has already  Figure 3.6: Electrically healable

o _ mechanical fuse cycle. Top: Fracture,
shown promise in healable electronics and shape-  Right: Electrically activated healing,

] Left: Repaired composite
memory materials[t%8142l;

however, electrically

induced healing has not yet been demonstrated. To allow the fuse to reform in the melt state, a
composite with a low melt-state viscosity is selected; to ensure that this behavior can occur at
reasonable voltages, a composite with high conductivity is selected. Additionally, we choose a
composite with a high brittleness to ensure that failure in the stiff-state occurred by brittle

fracture instead of by necking. Although a number of composites tested meet these criteria, we

select a low-molecular weight PCL filled with 20% carbon black for demonstration purposes.

3.4 Conclusions

This work shows how the composition of conductive thermoplastic materials can be tuned to
create stiffness-switching devices for specific applications. Properties including melting point,
conductivity, relaxation time, viscosity, switching ratio, and melt-state strain-at-break as a
function of polymer molecular weight and filler loading fractions for two carbon fillers are

studied. The properties critical to stiffness switching (e.g. conductivity, viscosity) are highly
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interrelated (Figure 3.4); however, judicious selection of materials may help ameliorate the trade-
off between favorable rheological properties and high conductivity shown in this work. Using
this information, we inform the material selection for three stiffness switching applications, and
show improved performance in both flexural and tensile stiffness switching, while demonstrating
electrically activated healing. The findings from this work can be use to guide the further
development of stiffness-switching devices for a variety of soft robotic and wearable

applications.
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4

Conclusion and Future Work

This work represents a comprehensive study of quasi-static stiffness switching using conductive
thermoplastics. In Chapter 2, we demonstrated a novel through-thickness actuation strategy that
reduces the required activation voltage and time, and enables the activation of arbitrary sheet
geometries. In Chapter 3, we presented a deeper look into the composition of these composites,
and the effects of composition on relevant stiffness-switching properties. Although this work
provides a good basis for understanding and applying these materials, there are several areas ripe
for future study, including the composite-electrode interface, alternative composite compositions,

and the incorporation of these composites into robotic and wearable applications.

4.1 Improvements in the Composite-Electrode Interface

The reliability and stability of the cTP-electrode interface has been a persistent challenge for
these materials. As these polymer composites transform between the solid state and the melt
state, there arises an inevitable mismatch in mechanical impedance between the electrode and the
stiffness-switching element, increasing the likelihood of failure at this interface. This may be
addressed by emulating the techniques used to interface with liquid metal circuits (e.g. by
stiffening the elastomeric casing at the interface), or by selecting stiffness-switching composites
with characteristics that decrease this mismatch. For instance, certain carbon-PCL composites
with high molecular weight and high loading fraction behave like pseudosolids or thermosets

above the glass transition, which can improve the interface between a stiff electrode and the soft-
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state composite. These properties, of course, limit the elasticity and deformability of devices
using these materials; however, it may be possible to overcome these trade-offs by creating
graded composites with different rheological and mechanical properties across their length.

Furthermore, the through-thickness electrode configuration demands that electrodes be both
highly conductive and highly compliant, in order to deliver sufficient current to activate the
composite and match its deformations in the soft state. Specifically, to ensure that heating occurs
within the cTP composite, electrode resistance and the contact resistance between the electrode
and the composite need to be significantly less than the resistance through the thickness of the
composite, which can be as low as several ohms. In Chapter 2, we selected EGaln as an electrode
material because it possesses a low metallic resistance, fluidic deformability, and can be spray
deposited on the composite surface to minimize the contact resistance. Although effective in
actuating the composite, these electrodes proved unreliable with time, handling, and cycling,
likely because of their susceptibility to smearing and oxidation.

With the lower composite resistances shown in Chapter 3, however, electrode materials with
higher resistances but improved mechanical stability, such as conductive polymerst43144l may

become more feasible.

4.2 Investigations into the Composite Composition

Chapter 3 investigated the effects of filler material, filler loading fraction, and matrix molecular
weight on the bulk properties of the stiffness-switching element. Over the course of these
experiments, trade-offs between a number of characteristics, most notably electrical (i.e.
conductivity) and rheological (i.e. viscosity, relaxation time, melt-state strain-at-break)

properties arose. Although these relationships are based on the fundamental interactions between
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rigid fillers and matrix materials, the materials selected for these studies do not necessarily
optimize these properties. These tests cover a broad spectrum of common design dimensions for
conductive composites, but represent only a small fraction of possible materials.

For instance, we investigated only two commonly available fillers: carbon black and carbon
nanotubes. Conductive fillers and processing techniques have been extensively studied for use
flexible, transparent, or lightweight electronicst**], and they should be similarly studied to help
optimize the rheological and electrical properties for stiffness-switching applications.
Furthermore, less traditional conductive fillers such as liquid metals or LMPA particles may help
give highly conductive composites favorable rheological properties.

The matrix material is also an important area of future study. Other low-melting point
polymers and polymer blends can be investigated, but even within the domain of PCL, there are
a wide variety of chain modifications that can affect the mechanical, rheologial, and thermal
properties of the composite. Preliminary tests with a PCL diol revealed that the melting point of
PCL-based composites could be lowered by as much as 10 °C, while improving rheological
characteristics (viscosity and relaxation time) and causing minimal changes to the conductivity
(Appendix 5.3).

One problem that arose frequently over the course of these experiments, especially in the
through-thickness activation mode presented in Chapter 2, was the appearance of hotspots in the
stiffness-switching elements. After several activation-deactivation cycles, the heating that was
initially spread evenly throughout the entire composite slowly became concentrated in one area.
This localized heating was exacerbated over subsequent cycles until the majority of the
composite failed to heat, while the hotspot temperature rose to dangerous levels. It is possible

that this failure mode may be a result of uneven dispersion of conductive material throughout the
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polymer matrix, since unequal current density can cause unequal heat generation within Joule
heaterst®Y, If this is the case, future work should focus on material combinations and

manufacturing steps to ensure the homogeneity of the composite.

4.3 Development of Robotic and Wearable Applications

In Chapters 2 and 3, robotic and wearable demonstrations were developed as proofs-of-concept
for the integration of conductive thermoplastic as a stiffness-switching element. Other work has
demonstrated the utility of these composites in controlling soft robotic fingers and gripperst®7,
and tunable dry adhesion®l. With the advances in actuation methodology and composition
presented in this work, cTP-based stiffness-switching shows more potential than ever for use in
soft robotic actuators.

Specifically, the low voltages and large surface area stiffness-switching afforded by the
through-thickness actuation scheme developed in Chapter 2 can enable safe, reversible dry
adhesion on a larger scale than that shown in Tatari et al.[®7]. Subsurface stiffness has been shown
to be a critical factor in determining the work of adhesion of two materialst*%83146]: therefore,
using thermoplastic stiffness-switching composites as a backing layer can enable effective
switchable adhesion, especially when coupled with other structures, such as gecko-inspired
microfibers100:147.148],

Integration of these composites into robotic systems can be aided by the development of
closed-loop temperature control. After melting, the cTP may experience thermal runaway as it
receives a similar energy input although its specific heat is reduced. A thermocouple-based
control system could improve the safety and response time of these systems, while minimizing

the energy expenditure. A thermoelectric cooler could also be used to accelerate the cool-down
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time and improve the bandwidth of the device.

With these refinements, these devices could be used to improve the load capacity of a soft
gripper or be incorporated in a soft robot to decrease its energy consumption. For instance, a soft
actuator can manipulate a gripper conform to a heavy object, while the stiffness switch can
increase the gripper rigidity to prevent it from deforming when lifting the object. This concept
has been demonstrated with many stiffness switches®l; however, the stiffness-switching
elements presented here could enable rapid, low-voltage manipulations. Similarly, a mobile, soft,
hanging robot may be able to couple a stiffness-switching element with an actuator to achieve
long-term passive hanging. These materials may be able to further augment the capabilities of
robotic systems by leveraging the relationship between strain and resistance in conductive
polymers to create a sensor that can switch between a microstrain gauge and a hyperelastic strech
sensor.

Finally, the electrically activated healing modality shown in Chapter 3 has a strong potential
for use in autonomous or mobile robotics. Soft robots may incorporate these devices as a
component in an electrically healable mechanical fuse to prevent them from applying excessive
force to an object, or as a way to heal damage to a stiff, internal skeleton. This feature may even

be used to create one-way reconfigurable robot origami that can selectively fuse body segments.
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Appendix

6.1 Characterization of Conductive Thermoplastic Stiffness-Switching Composites:

Fabrication and Experiments

Thermal Characterization The melting and crystallization points were found using a
differential scanning calorimeter (DSC Q20, TA Instruments). Three cycles were performed
between 0 °C and 80 °C at a rate of 10.0 °C min~1. The maxima and minima of cycles 2 and 3

were averaged to calculate the melting point and crystallization.

Modulus Measurements The stiff and soft moduli were tested using a universal materials
testing machine (Model 5969, Instron). A 2.2 mm hole was cut in 1 cm x 5 cm strips of carbon-
PCL, and they were embedded in a 5.5 mm layer of silicone rubber (Ecoflex 00-30, Smooth On).
This layer prevented the carbon-PCL from flowing while in the melt state, allowing the overall
stiffness of the carbon-PCL-silicone switch to be measured. A screw was placed through the hole
in the strip and the holes in two acrylic plates, which were attached to the grips of the universal
materials testing machine. A 1-1.5% strain was applied at a rate of 0.25 mm s~ 1. The stiff-state
modulus was found by taking the average fit of the stress-strain curve over two cycles, after
ignoring the initial cycle. Three different samples were used for each data point. To find the soft-
state modulus, a toaster oven (Mainstays) was modified to fit over the universal materials testing
machine, and the temperature was set to 5 °C above the melting point of PCL, as determined by

DSC, measured with a thermocouple embedded in the sample (K-Type, Traceable). Silicone
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rubber adhesive (Sil-Poxy, Smooth-On) was applied to the silicone rubber and the carbon-PCL

for the soft-state modulus tests to prevent tearing at the holes. The same procedure used for the

stiff-state modulus tests was conducted within this heating chamber.

Conductivity Measurements To test the bulk conductivity of these sheets, 1 cm x 5 cm strips

were measured using calipers and connected to a 4-point onmmeter (34401A, Agilent). Three

sheets were fabricated at each composition, from which 9 resistance measurements were taken

each.

Rheological Measurements Crossover
relaxation time and dynamic viscosity were
measured using a rheometer (Gemini 200,
Bohlin) with a parallel plate geometry (2.5 cm
diameter) and a gap size of 1000 um. The
samples were compressed to achieve the desired
thickness, which may have caused the filler to
align, causing minor changes to the rheological
properties measured [123]. The temperature was
set to 5 °C above the melting temperature, as
determined by DSC. Frequency sweep tests
using a strain of 0.01 were conducted on samples
cut from three different sheets. The relaxation

time was found by taking the inverse of the
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Figure 5.1: (A) An example of a G-G”
plot of a composite (pure intermediate-
molecular weight PCL) below the
percolation threshold (B) An example G -
G” plot of a composite (15% CB loading
in low-molecular weight PCL) above the
percolation threshold.
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frequency where the storage modulus G’ crossed below the loss modulus, G (Figure 5.1 A). For
samples where this crossover occurred at a frequency above the limits of the rheometer, the
crossover frequency was found by interpolation. When G’ and G~ ran parallel without crossing
over, the composite was considered to be above the rheological percolation threshold, with 1 —

oo [133] (Figure 5.1 B). The viscosity was evaluated at 1 Hz.

Melt Fracture Tests Melt fracture tests were conducted within the same universal materials
testing machine and heating chamber used during the soft-state modulus tests, with the
temperature set to 5 °C above the melting point, measured with a thermocouple (K-Type,
Traceable). The samples, which were identical to those used in the modulus tests, were stretched
in front of a camera up to 150% strain at a rate of 0.5 mm s™. The point at which tearing
initiated in the carbon-PCL was visually determined from the video. Samples that survived past
150% strain were said to experience no melt fracture. Three different samples were used for each

data point.

6.2 Development of Stiffness-Switching Demonstrations -
Tensile Stiffness-Switching Tendon A sheet of cTP (20% carbon black filler embedded in a
low-molecular weight PCL) was cut into a rectangular strip using a 30 W CO: laser cutter (VLS
3.50, Universal Laser Systems). The samples were softened in a 100 °C oven for 5 min, and
leads made from copper mesh (22 per in., 0.015 in. wire diameter, TWP Inc.) were pressed into
the thermoplastic by hand. The samples were then embedded in a 5.5 mm layer of silicone rubber
(Ecoflex 00-30, Smooth-On): a 1.5 mm sheet of silicone rubber was cured and laid on the bottom

of a 3D-printed mold (Objet 24, Stratsys). The cTP strip was laid on top of this sheet, and
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uncured silicone rubber was poured over top, ensuring that a small amount of copper protruded
from the rubber. The devices were cured in the oven at 60 °C for 1 h.

The stiffness switch was connected to a power supply (KPS3010D, Eventek) and 30 V was
applied, causing the switch to heat up. When the surface temperature was measured to be 60 °C
by an IR camera (C2, FLIR), the switch was disconnected and repeatedly stretched by hand.

After several cycles, the switch was placed on the table and allowed to restiffen.

Flexural Stiffness-Switching Strip A sheet of cTP (15% carbon black filler embedded in an
intermediate-molecular weight PCL) was cut into a long strip (20 cm x 1 cm) using a 30 W CO»
laser cutter (VLS 3.50, Universal Laser Systems). The strip was placed in an acrylic mold,
sandwiched between two sheets of copper mesh (200 per in., 0.002 in wire diameter, TWP Inc.),
and compressed at 75 °C in a heat press. After the cTP had cooled, and the excess copper mesh
was removed, the strip was embedded in a 5.5 mm layer of silicone rubber (Ecoflex 00-30,
Smooth-On): a 1.5 mm sheet of silicone rubber was cured and laid on the bottom of a 3D-printed
mold (Objet 24, Stratsys). The cTP strip was laid on top of this sheet, and uncured silicone
rubber was poured over top, ensuring that a small amount of copper protruded from the rubber.
The devices were cured in the oven at 60 °C for 30 min.

The stiffness switch was connected to a power supply (KPS3010D, Eventek), and 5 V-10 V
was applied until the surface temperature was measured to be 60 °C by an IR camera (C2, FLIR).
The switch was disconnected from the voltage source, and wrapped around a participant’s wrist,
where it was allowed to cool. After it had restiffened, the switch was reconnected to the power
supply, and 5 V-10 V was applied until the surface temperature was measured to be 60 °C by an

IR camera (C2, FLIR). The switch was disconnected from the voltage source and unwrapped
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from the participants wrist. It was flattened on the countertop and allowed to restiffen.

Electrically Healable Mechanical Fuse A sheet of cTP (20% carbon black filler embedded in a
low-molecular weigth PCL) was cut into a dogbone shape using a 30 W CO: laser cutter (VLS
3.50, Universal Laser Systems). The narrow section of the dogbone was 3.25 mm, while the ends
were 14 mm, large enough to accommodate two screws for attaching to the clamps of a universal
materials testing machine (Model 5969, Instron). The samples were softened in a 100 °C oven
for 5 min, and leads made from copper mesh (22 per in., 0.015 in. wire diameter, TWP Inc.)
were pressed into the thermoplastic by hand below the screws. The samples were then embedded
in a 5.5 mm layer of silicone rubber (Ecoflex 00-30, Smooth-On): a 1.5 mm sheet of silicone
rubber was cured and laid on the bottom of a 3D-printed mold (Objet 24, Stratsys). The dogbone
sample was laid on top of this sheet, and uncured silicone rubber was poured over top, ensuring
that a small amount of copper protruded from the rubber. The samples were cured in the oven at
60 °C for 1 h.

An extension rate of 0.5 mm s~ was applied to the dogbone sample until fracture occurred. In
the video, these samples were broken by hand. The sample was returned to its previous length
and a voltage of 30 V was applied at the ends. The length of the sample was decreased by about
1 mm until current began to flow. After the temperature of the composite reached 60 °C, as
measured by an IR camera (C2, FLIR), the current was extinguished. After the dogbone was

allowed to cool, the tensile test was conducted again.

A maximum of 52.7 N was measured before the first fracture. After the sample was healed, a

maximum force of 34.2 N was measured, yielding a recovery strength of 65%.
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6.3 Preliminary Studies of Chain-Modified PCL

Initial tests showing the behavior of chain-modified PCL (CAPA 8502A: My =~ 50 000 g mol—1,
a co-polyester PCL diol) were conducted. These tests are incomplete and should be expanded in
future work. Both the melting point T, and crystallization point T, of PCL-diol composites were
significantly reduced, which could allow for stiffness switches with shorter activation times,
longer deactivation times, and reduced energy input (Figure 5.2 A). There is little difference
between PCL composites, and PCL-diol composites of similar molecular weight (Figure 5.2).
Finally, although the viscosity of these diol composites is on the order of the high-molecular
weight PCL composites, preliminary relaxation time data indicates that these composites may
remain below percolation for higher loading fractions than other PCL formulations tested (Figure
5.2C-D). Together, these studies show that these chain modifications may help to create devices

with excellent rheological properties that do not sacrifice electrical conductivity.
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Figure 5.2: Preliminary data for standard PCL and PCL diol matrix material (A) The relationship
between melting point Tm (filled symbols) and crystallization point T¢ (open symbols) and filler
loading fraction. (B) The relationship between conductivity and filler loading fraction. (C) The
relationship between relaxation time z and filler loading fraction. (D) The relationship between
dynamic viscosity and filler loading fraction.



