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robotic fabric vs rendering of potential fully-woven robot. (D) Fiber-form
robotic components (from the left: sensors, actuators, and structural sup-
ports) can be combined in a variety of ways to create thin fabric-based
machines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.2 Shape memory alloy actuator ribbons. (A) SMA ribbon programmed to
exhibit bending motion. (B) Sewn SMA ribbon used to actuate fabric
body. (C) Couching method to affix SMA ribbon to a fabric substrate.
(D) Initial round SMA wire. (E) Flattened SMA ribbon. (F) Bending an
SMA against its programmed direction induces higher flexural stress and
encourages the wire to twist instead. Error cloud is 95% confidence inter-
val. (G) Round and flattened wires were subjected to forces at increasing
out-of-plane angles to determine bending response. (H) A flattened rib-
bon will tend to bend and buckle in plane (green), and a round wire will
tend to twist and bend out of plane (red). (I) Round SMA actuators tend
to generate higher bending force than flattened actuators of comparable
cross section. Error bars are one standard deviation. . . . . . . . . . . . . 99
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5.3 Variable stiffness fibers. (A) A shaped VS fiber supports a 20 g load. (B)
VS fiber sewn onto a fabric substrate. (C) Added support from fabric
allows VS fiber to support up to 50 g before legs begin slipping. (D)
Neat epoxy VS fiber. (E) Neat epoxy cross-section. (F) FM composite
cross-section. (G) FM composite VS fiber. (H) Hot and cold flexural
modulus for both the neat epoxy and FM composite (46 vol% FM), with
and without stainless steel yarn core used for Joule heating. Error bars
are standard deviation. (I) Ultimate flexural strength of the VS fibers.
(J) Measured thermal conductivity of the composite vs. vol% of Field’s
metal, compared with Bruggeman effective medium theory. Error bars
are 95% confidence interval. (K) Free convection cooling of VS fibers.
Experimental data is for neat epoxy specimens. Numerical simulations
for both neat epoxy and FM composite had negligible difference. Inset
shows computed cross-sectional thermal gradient for both 0 and 50 vol%
FM fibers after 7 s of cooling from 65◦C. (L) Numerical simulation results
for ‘worst case’ heating scenario, with the heating core center offset to 2/3
of the VS fiber diameter. Inset shows computed cross-sectional thermal
gradient after 6 s of heating at 13W/m. . . . . . . . . . . . . . . . . . . 103

5.3 Con’t from Previous Page . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.4 Conductive ink sensors. (A) The carbon-black/PDMS/ethanol emulsion
is printed directly onto the fabric. The surface conductivity is sufficient
such that printed sensor blocks can be electrically connected by sewing
over them with conductive thread. (B) A microscope image of ink-coated
knitted spandex fabric. (C) Porosity measurement of neat, unstrained
fabric. (D) Porosity of inked fabric. (E) Porosity of inked fabric after
stretching. (F) A simple actuator-sensor device curls up and down, gen-
erating a sensor signal dependent on device curvature. (G) The curling
device follows the control signal by modulating the power output to the
SMA actuators. Each sensor is actively used only when the corresponding
fabric face is in extension. . . . . . . . . . . . . . . . . . . . . . . . . . . 107
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5.5 Robotic fabric demonstrations. (A) Robotic fabric tourniquet. (B) Tourni-
quet is buttoned about a foam body. It reacts to a damaged circuit by con-
tracting and holding a tightened pose. (C) Thermal image of the tourni-
quet as VS fibers soften. (D) Thermal image of activated SMA actuators
constricting. (E) Robotic fabric “popup” table. (F) From an initial flat
state, the table is able to stand up, stiffen into a load-bearing platform,
and then collapse under a load as it softens and actuates back into its ini-
tial flat configuration. (G) Fabric “popup” table is approximately 2 mm
thick. (H) Activation and softening of table “leg” VS fibers. (I) Activation
of SMA actuator wire, causing table to stand up. (J) Robotic fabric wing
in self-stowed position. (K) Robotic fabric wing curls and uncurls from
deployed, open state into a compacted, stowed state. (L) Robotic fabric
wing in deployed position. (M) Activation and softening of wing VS fibers.
(N) Activation of curling SMA wires. . . . . . . . . . . . . . . . . . . . 109

6.1 Manufacturing steps and electrical characterization data from the strain
tests performed on high aspect ratio samples of the heater silicone. a)
Multiple layers of EIG composite silicone are deposited onto a neat sili-
cone backbone to create the heater silicone sheet, and samples are cut out
of the sheet with a laser cutter for electrical testing. b,i) An example of
a cyclic test dataset (sample design parameters: 10 cm x 1 cm, 35 wt%
EIG, n = 2 layers). b,ii-b,iii) cyclic tests focusing on 10% and 15% strain
(10 cm x 1 cm, 15 wt% EIG, n = 2 layers) with the same y-scale and
color distinguishing test cycles (1st cycle always omitted). c,i) Represen-
tative resistance-strain curves from heater silicone samples (10 cm x 1 cm,
n = 3 layers) with different concentrations of EIG. Curves show the final
10 repetitions of a 50-cycle test (steady-state response). c,ii) Sheet resis-
tance of unstrained heater silicone with different concentrations of filler
and increasing numbers of layers. . . . . . . . . . . . . . . . . . . . . . . 117

6.2 Two different liquid metal channels cast into the heating silicone, and
their corresponding effect on the way the material heats up. a) Top:
Two parallel line electrodes create a heat ‘patch’ over an area. Middle:
Liquid metal channels ending at point create a point of heat. Bottom:
photographs showing the copper wires cast into the silicone to create the
channels. b) The left column has a semi-transparent IR image overlaid on
a visible light image of the heater silicone/liquid metal line pattern. The
right column is a zoomed in view of the IR image. . . . . . . . . . . . . 120
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6.3 Results from cyclic strain tests while Joule heating samples of heater sil-
icone. a) The normalized, average resistance of the sample in each cycle,
as well as the average power required to Joule heat the sample, presented
against the cycle number. The plateau in the resistance curve and the flat
power consumption indicate good sample health throughout the tests. b)
IR images of one of the samples tested, at 0% strain and then at the max-
imum strain (40% strain) over the 1000 cycle period, showing little-to-no
degradation in the sample’s ability to evenly heat. Sample heating area is
approximately 3 cm x 1 cm at 0% strain. . . . . . . . . . . . . . . . . . 122

6.4 ‘Stretch and hold’ shape change. a) Manufacture of thetemperature-
sensitive wax-silicone composite which leverages the low temperature phase
change of wax to hold a new length when cooled while stretched. b,i) a
sample of heater silicone bonded to wax silicone used for this demonstra-
tion, with inextensible tabs to allow for an even straining of the heater
silicone while reinforcing the liquid metal electrical contacts. b,ii-viii) the
sequential steps as the system starts from cooled state, is heated to melt
the wax silicone, stretched, cooled to solidify the wax silicone, allowed to
relax (with the wax silicone holding its extension), and then reheated to
re-melt the wax silicone and restore it to its unstrained state. . . . . . . 124

6.5 a) A visible light image of our fully soft 2D addressable heater composed
of a heater silicone square with liquid metal electrodes. b) Manufacturing
the 2D addressable heater pixel interfaces by adding a droplet of heater
silicone at the location of interest on the wire molds. The liquid sili-
cone seeps under the wire separating the rest of the liquid metal channel
from the conductive composite. c,i) The 2D addressable heater with a
temperature-responsive silicone laid on top (visible and IR images). c,ii)
The addressable heater functions even when warped/flexed during opera-
tion (visible and IR images). c,iii) a higher-density board with 36 pixels
(6x6) in the same form-factor as the 4x5 board, showing several letters.
c,iv) The 6x6 board remains active while experiencing a large deformation
stress. d) Visible light images of the automated system printing out the
letters “HELLOWORLD” consecutively, and IR images of other letters
captured, and organized to spell “FABORATORY”. . . . . . . . . . . . 126
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6.6 Reversible shape change. a) Manufacturing the heater silicone sheets with
bonded variable stiffness elements (PLA). b) Heater silicone bonded to
PLA is Joule heated enabling shape changing and holding operations in
the PLA. b,i) The bond keeps the silicone connected to the PLA even
when compressed and stretched. b,ii) A 90◦ fold in the variable stiffness
sheet. Inset shows the shape-memory recovery of the material when Joule
heated again. b,iii) The bonded system is given a permanent twist, with
IR images of the sample as it is heated and cooled into the twisted shape.
c) A second sample of the material undergoing a much tighter twist & hold
(360◦). After reheating, the PLA showed permanent warping. The heated
system was then was crumpled to produce additional folds, twists, and
bends, demonstrating the continued functionality of the heater silicone. 129

6.7 1D pixelized addressable variable stiffness system. a) Schematic of the
system demonstrating the various components allowing for addressable
variable stiffness. b) IR images of the PLA side of the functional system
with each pixel heated above the glass transition temperature (∼62◦C),
showing the capability of a digitally controlled system to heat various
pixels simultaneously. c) Visible light photo of the addressable system. d)
The system undergoing shape-changes into two load-bearing forms (see ii.
and iv.) through heating of individual pixels. Insets in ii. and iii. show
that the addressed pixel is the only heated point, allowing the system to
be folded by a single finger. e) All pixels activated allowing the system to
relax and be flattened into its original shape. f) The system, once cool, is
again load bearing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.8 a-b) An unprogrammed variable stiffness sheet is heated using the 4x5
pixel heater to create artificial folds. a,i) The sheet laying on the heater.
a,ii-iv) Top-down IR images showing the heated folds on the sheet. b)
Images of the sheet in i) its initial state, ii-iii) intermediate states, and iv)
final airplane-like shape after being cooled. c,i) PLA sheet bonded to a 6x6
pixel heater silicone sheet. c,ii-iv) The PLA sheet is bent (and flattened)
along lines not previously defined in the polymer block, simply by heating
a selection of pixels that make up a line with the heater silicone sheet. In
both ii) and iii) the top view and a side-profile view of two successive bends
are presented, along with an IR photo just before the bend occurred with
the PLA sheet outlined. iv) An isometric view showing multiple bends
in the same sheet, as well as an isometric view of the initial straight-line
bend on the bottom (with its associated IR image). All IR images show
temperatures up to 90◦C. All PLA sheets are 4 cm x 5.5 cm. . . . . . . 133

7.1 An activated 4 × 16 cm sample of MPC being simultaneously twisted and
stretched, while maintaining a consistent, uniform Joule heating profile.
The sample is fully encapsulated in silicone. . . . . . . . . . . . . . . . . 141
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7.2 Principles of operation of the MPC. a) Schematic compares pre- and post-
stretch structures of three composite materials of LM-SE [192, 204], SE-
EIG [128], and LM-SE-EIG (left to right). In the left column, although
some microcracks appear on the surface of the LM-SE composite while
being stretched, a conductive pathway through the whole structure does
not form. In the middle column, the majority of conductive pathways in
the SE-EIG composite are lost due to macroscopic cracks forming in the
material. In the right column, the EIG facilitates microcracks in the LM-
SE-EIG composite during stretching, which creates conductive pathways
throughout the structure (activation). b) mm- and µm-scale images show
the surface features of the three composites as cast, while stretched, and
relaxed post-stretch. Light reflections from the microscope are visible on
the LM beads expelled from the LM-SE-EIG surface. c) Optical and
thermal images of samples of the three aforementioned composites Joule
heated with electrical current at rest and stretched states, after a one-time
‘activation’ event. Temperature variance is used to view the resistance
uniformity, as higher resistance areas generate more heat when a current
is passed through the system. . . . . . . . . . . . . . . . . . . . . . . . . 143

7.2 Con’t from Previous Page . . . . . . . . . . . . . . . . . . . . . . . . . . 144

7.3 Electrical and mechanical characterization of MPC silicone. a) Electrical
resistivity of the MPC after stretch as a function of LM and EIG vol-
ume fractions. Truncated pyramids show the compositions with electri-
cal conductivity and full pyramids show the non-conductive compositions.
b-c) Electrical resistivity of MPC silicone pre- and post-activation. b)
LM 60%-SE 40% composition, varying the EIG volume fraction. c) EIG
1% composition, varying the LM-SE volume fraction. d) Mechanical test-
ing of unactivated MPC (LM 60%-SE 40%, no backing layer), with 0.5%,
1.0%, and 2.0% volume fractions of EIG showing the elongation at break.
e) Cyclic loading of MPC silicone (LM 60%-SE 40%) with 1.0% volume
fraction of EIG. The material displays a Mullins effect at the first loading
cycle at each strain. The stress is significantly smaller in the next cycles
at the same strain level. f) Activation process of the MPC at two strain
rates of 5%/s and 25.0%/s. Five samples at each speed are stretched up to
250% strain for the first time and the resistivity change is recorded. The
material begins activating at lower strains when stretched with a higher
strain rate. A representative plot of resistance drop for a sample is shown
in Figure S3. Error bars in b and c, and shaded regions in d and f represent
±1 standard deviation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
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7.4 Thermal characteristics and cyclic robustness. a) Temperature of a 40 × 10 × 0.4 mm
activated MPC silicone sample supported with a 1 mm thick backing layer
while being Joule heated with 0.5 A, 1.5 A, and 2.5 A for four minutes at
0% strain. The sample was then allowed to cool for six minutes at room
temperature. Additionally overlaid is the same sample heated with 2.5 A
at 100% and 200% strain. b) Resistance change of a MPC silicone sample
(30 × 10 × 0.4 mm) cycled 10,000 times to 200% strain. Inset shows 30 s
of cycling. c) IR images of the sample heating up with electrical current
of 2.2 A before and after the cyclic test, showing no visible decrease in
uniformity inside the main body. . . . . . . . . . . . . . . . . . . . . . . 151

7.5 Response of MPC strain sensors. a) Comparison to SE-EIG capacitive
sensors [59], as measured using our charge-integration capacitance mea-
suring circuit over 10 cycles. Normalized response is highly stable across
all eight MPC sensors, while each of the three graphite sensors behaved
similar over strains lower than ∼ 60% but had large inter- and intra- spec-
imen variation at high strains. b) MPC sensors stretched to 200% for 1000
cycles. Three sensors are plotted individually, showing high linearity and
that they mainly differ in their intercept and slope. Dashed lines repre-
sent the mean over 10 cycles. Shaded regions in both plots represent ±1
standard deviation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

7.6 MPC silicone damage resilience. a) MPC silicone shown to be conductive
before and after being cut into pieces. b) Cross-sectional diagram of the
actuator system, with photograph inset of the same. c) Joule heating
the MPC boils the ethanol trapped in the silicone core. The resulting
expansion is controlled by the fiber reinforced silicone wrap, resulting in a
46% maximum elongation of the actuator. (Inset) The solid-state nature
of the system allows for easy electrode creation by piercing the system with
a pin. d) Both the actuator and the MPC silicone heater are agnostic to
being cut in half, and, once the electrodes are restored, the system can
continue to produce a 25% elongation. . . . . . . . . . . . . . . . . . . . 158

7.7 MPC silicone applied as a heater on a stretchability-changing pneumatic
bladder. a) Front view of the pneumatic bladder, along with an IR image
showing the MPC increasing the temperature sufficiently to melt the metal
particles inside the Field’s metal silicone (FMSi) bladder wall. b) Cross-
sectional diagram of the actuator. c) Still frames (both IR and visible light)
of the trajectory-changing pneumatic bladder cycling through different
trajectories enabled by selectively heating the bladder’s walls. . . . . . . 160
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7.8 MPC silicone applied as a heater and a sensor on a stiffness-changing
pneumatic bladder. a) Schematics and photographs of the cross section
of the pneumatic bladder. Inset scalebar is 1 mm. Silicone glue layers
are not shown in the schematic unless they serve an additional functional
purpose b) Visible light and IR photographs of the sensorized bladder at
various times, along with graphs of the raw sensor response as the system
undergoes both temperature and pressure changes. . . . . . . . . . . . . 162

A.1 The evolution of the contact angle and droplet profile for a galinstan
droplet placed on a flat PDMS in either a 1M HCL or a 1M NaOH bath.
It should be noted that the last frame of the NaOH shows the droplet
completely depinned (it has begun rolling). . . . . . . . . . . . . . . . . . 206

A.2 Experimental method for comparing galinstan oxide removal rates by HCl
and NaOH. Large droplets of galinstan are placed on a PDMS substrate
(a), and allowed to sit for 24 hours. The liquid metal inside of the droplet is
then removed (b), causing the solid oxide layer to develop a visible texture
(c). When the textured oxide is immersed into a chemical etchant bath
(d), the exterior of the oxide begins to dissolve until the original, reflective
surface is restored (e-f). The time it takes to move from (d) to (e) depends
on the chemical etchant used, and the insets for (c) and (f) show examples
of textured droplets treated by either HCl or NaOH, along with the time
required to remove the visible oxide. We tested the removal rate of the
oxide at several concentrations, and present the data in logarithmically
scaled plots (g-h). The data gathered by Xu et al. using rheometry (in
HCl) [247] is presented alongside ours, as validation of our method. Scale
bar is 4mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

A.3 In 4d/Ga 3d/Sn 4d XPS spectra obtained from the two samples that were
treated with NaOH (top panel) and HCL (bottom panel). Two spectra in
each panel obtained following short rinsing (bottom spectrum) and soaking
for 24 hours (top spectrum). . . . . . . . . . . . . . . . . . . . . . . . . 215

A.4 Changing contact area between a galinstan droplet and a glass substrate
in water. The droplet was initially removed from the substrate using a
1M NaOH solution. The NaOH was replaced with clean water, and the
droplet collapse was observed for 4 hours. The inset shows the droplet’s
initial and final states in the water. . . . . . . . . . . . . . . . . . . . . 218

A.5 Controlling the location and fixity of a liquid metal droplet. a) The droplet
is pinned to the substrate in air. b) Submerging the droplet in 1M NaOH
causes the droplet to depin. c) The depinned droplet moves under gravita-
tional force. d) The droplet is repinned to the substrate through an H2O
bath. e-h) shows photographs of the active test, matching the diagrams
in a-d). Inset boxes are approximately 3mm x 3mm. . . . . . . . . . . . 219
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A.6 Opening and closing a circuit via chemical manipulation of a liquid metal
droplet. a-d) Schematic representation of the side profile of the droplet
during one Air-NaOH-Water-Air treatment cycle: a) initial state, b) sub-
mersion in 1M NaOH disconnecting the circuit, c) replacing the NaOH
with water encourages the droplet to collapse, d) the droplet is dried re-
connecting the circuit. e) A photograph of the environmental chamber
and LED used for this test (for scale, the LED is 3mm dia). h) A se-
ries of photographs of the LED with power supplied to the circuit during
two consecutive cycles. i) Close up views of the droplets in the chamber
when power was supplied, along with f) the chamber environment and g)
a measurement of the resistance across the chamber’s leads, during the
two consecutive cycles. A video of the droplet profile during a third cycle
is available in the Supporting Information. . . . . . . . . . . . . . . . . 221

B.1 All-soft heater/actuator being used as a McKibben-like muscle. The actu-
ator is lifting its DC power supply, whose mass is greater than 200x that
of the actuator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

B.2 All-soft actuator operation. Heating the core causes the external silicone
to expand as the ethanol droplets trapped inside boil. . . . . . . . . . . . 230

B.3 Manufacturing the all-soft silicone based actuator. (a) A silicone-ethanol
mixture is poured into a mold to cure, creating a cylindrical actuator with
a hollow core. (b) To make the heater core, part B is mixed with an EIG-
ethanol mixture, set under an airflow until nearly dry, and then part A is
mixed in. Before it cures, the silicone-EIG composite is injected into the
hollow core of the actuator. (c) The ends of the actuator are sealed with
silicone and liquid metal is injected into the joint at the end of the heater
composite. Finally, a pin (or copper wire) is inserted into the liquid metal
bead to create an electrical connection to the heater core. . . . . . . . . 232

B.4 Macro- and microstructure images of the all-soft material system for ac-
tuators. (a) SEM image of the soft heater composite. (b) SEM image of
a silicone/heater interface cross-section. (c)-(f) macrostructure of actua-
tor composites after preparation with different mixing modes and rates:
(c) hand mixing for 4 min, (d) mixer machine mixing for 0.5 min, (e) mixer
machine mixing for 1 min, (f) mixer machine mixing for 3 min (scale bars
are 500 µm). All-soft actuator composite before (g) and during (h) hand-
stretching, showing 50% linear strain extension in the core. . . . . . . . . 235

B.5 CAD diagrams and photographs of the various heater core geometries. (a)
A cut-away of the CAD rendering of the three-part mold. (b) Models of
the four different cores used in the mold. (c) Cross-sectional photographs
of three of the resultant heater core/actuator combinations. . . . . . . . 237
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B.6 IR images of several Joule heating experiments using 9 W of input power.
(a)-(b) Two silicone heater composite cores are compared with a Ni-Cr wire
heater via encapsulation in pure silicone. (a) At 2 min, the X-shaped core
is distributing its heat better to the exterior of the silicone, when compared
to the other two systems. (b) The same cross section achieves an external
temperature of ∼78◦C two minutes faster than the other systems. (c)
The Ni-Cr wire heater compared with (d) the X-shape core, encapsulated
in the actuator composite in their initial (cool) and final (heated) states.
Scale bars are 1 cm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

B.7 Blocked force setup and test. (a) A Ni-Cr wire heated actuator. (b) The
same actuator inside a mesh sleeve for use as a McKibben-like muscle.
(c) The actuator installed in a blocked force test. Insets show the Joule
heated actuator at its maximum force and then after complete failure (due
to melting the external mesh). . . . . . . . . . . . . . . . . . . . . . . . . 240

B.8 Blocked force test results for the McKibben-like muscles. (a) The mea-
sured results of the force output of several all-soft muscle designs, com-
pared with a Ni-Cr wire heater. Error bars represent 95% confidence. (b)
Characteristic curves from the build up of force in the actuator muscle
over time for three examples of different heater types. The 9 mm core
and Ni-Cr wire, with nearly identical resistances, heat up at nearly the
same rate, whereas the 7 mm core (with a higher resistance) takes longer
to heat up. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241
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ABSTRACT

Bilodeau, R. Adam Ph.D., Purdue University, May 2020. Designing Multifunctional
Material Systems for Soft Robotic Components. Major Professor: Rebecca Kramer-
Bottiglio, School of Mechanical Engineering.

By using flexible and stretchable materials in place of fixed components, soft robots

can materially adapt or change to their environment, providing built-in safeties for

robotic operation around humans or fragile, delicate objects. And yet, building a

robot out of only soft and flexible materials can be a significant challenge depending

on the tasks that the robot needs to perform, for example if the robot were to need

to exert higher forces (even temporarily) or self-report its current state (as it deforms

unexpectedly around external objects). Thus, the appeal of multifunctional materials

for soft robots, wherein the materials used to build the body of the robot also pro-

vide actuation, sensing, or even simply electrical connections, all while maintaining

the original vision of environmental adaptability or safe interactions. Multifunctional

material systems are explored throughout the body of this dissertation in three ways:

(1) Sensor integration into high strain actuators for state estimation and closed-loop

control. (2) Simplified control of multifunctional material systems by enabling multi-

ple functions through a single input stimulus (i.e., only requiring one source of input

power). (3) Presenting a solution for the open challenge of controlling both well es-

tablished and newly developed thermally-responsive soft robotic materials through

an on-body, high strain, uniform, Joule-heating energy source. Notably, these explo-

rations are not isolated from each other as, for example, work towards creating a new

material for thermal control also facilitated embedded sensory feedback. The work

presented in this dissertation paves a way forward for multifunctional material inte-

gration, towards the end-goal of full-functioning soft robots, as well as (more broadly)

design methodologies for other safety-forward or adaptability-forward technologies.
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1. INTRODUCTION

1.1 Soft Robotics

We can see, in the natural world around us, many highly deformable materials

that enable biological organisms to adapt, change, and perform delicate tasks in a way

that few of our rigid machines can. So, taking inspiration from natural systems that

can materially adapt or change to their environment, a new path to robotics design is

opening with the aim of applying deformable materials in a new array of ‘soft robotic’

systems. By using flexible and stretchable materials in place of fixed components, soft

robots can have built-in safety mechanisms for robotic operations around humans and

other delicate objects, as well as natural adaptability when operating in unstructured

environments. To fully capture this end goal, today’s soft robotics design, develop-

ment, and manufacture requires its own, unique, materials-focused paradigm. This

is because soft materials are usually given the ability to perform a function during

material casting either via a prescribed, path-controlling shape, or via gradients in

material properties throughout the body.

It is relatively easy to define a separate robotic component to perform different

functions, and then combine those components together to create the final robot. In

the more common field of rigid robotics, this is seen as having a motor for actua-

tion, an inertial measurement unit (IMU) to provide 3D acceleration tracking, and

a chassis that holds the components together. In soft robotics, this same trend can

be observed as novel soft actuators, sensors, or load bearing materials are created

and then frequently demonstrated in a void, i.e., with only a single functional capac-

ity. Though this design philosophy (manufacture each component separately, then

integrate them) seems so easy for rigid robotics, it would be the downfall of feature-

complete soft robots. Since each structural component is made of soft materials,
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adding additional mass via tacked-on actuators or sensor often results in a system

that cannot lift its own weight, let alone perform a task. Thus there is a new drive

to hybridize materials into a multifunctional composite that enables actuation, sens-

ing, structure, trajectory control, heating, and/or electrical transmission in a single

composite. Reduced materials translates to a savings in space, power, and, if the

materials can have built-in logic, even a reduced load on the soft robotic controller.

My objective has been to build materials with a system of functions, all intercon-

nected, reducing component count for final soft robotic technologies. To meet this

objective, I have studied, created, and improved different ways to design composite

functional materials for soft robotics. Often, as will be presented throughout this

dissertation, I have made them through additive manufacturing of materials into a

bulk system. Finding a way to use a common composite matrix, or a strong material

binder, has been crucial to creating robust multifunctional materials that integrate

together. This reduces the potential of material failures at the composite’s interfaces,

a common problem in anisotropic composites. A second key has been the develop-

ment and integration of multiphase (solid-liquid or liquid-gas) composites into soft

robotic components. All this has allowed for complex material segments with tailored,

adaptable function and form, creating soft robotic components out of multifunctional

materials.

1.2 Summary Outline of Thesis

This document is composed of chapters, which are each, individually, a published

paper. The chapters are laid out in blocks that encapsulate a particular theme or

objective, often as the papers built upon each other. Each block is introduced with a

small summary before the next chapter begins. What follows is a holistic summary

of the blocks and their overarching focus.

The first block comprises chapters 2 and 3, and focuses on the heavy coupling of

manufacturing and design in soft robotic technologies. These chapters shine a light
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on the importance of design decisions when choosing to integrate sensor systems into

an as-cast manufactured actuator. In both chapters, a system is developed so that

sensors can be directly integrated into the body of a soft robotic actuator, and provide

feedback on the actuator’s position (and not just stimulus). The work in chapter 3

builds on the work of chapter 2 in many ways, most importantly by demonstrating

closed-loop control of the actuator using the embedded sensing.

The second block comprises chapters 4 and 5, and focuses on multifunctional tex-

tiles for use as potential soft robotic components. Since fabrics are soft, conformable,

and very common, an overarching goal in this block was to interconnect this common

material into the soft robotic multifunctional material ‘toolbox.’ This goal starts in

chapter 4, which details the design of a single, multifunctional fiber that contains both

actuation and stiffness control, and integrates this fiber into a fabric substrate. Chap-

ter 5 separates out these two components into different fibers, in order to simplify

additional customization of each fiber’s material and design. This allows for a signif-

icant enhancement of both the actuation and stiffness switching in the textile, while

also facilitating the addition of sensing and feedback control to the now-functionalized

textile.

The third block comprises chapters 6 and 7, and focuses on thin, multi-layer

material composites that allow for thermally controlled multifunctionality in solid-

body material systems. Chapter 6 introduces the idea of planar sheets of stretchable

silicone that can be electrically addressed for selective thermal control of nearby

materials. Chapter 7 then expands further on this conductive silicone sheet, enhancing

the stretchability such that it is capable of advanced performance as both a heater,

conductor, and sensor, in a sub-millimeter thick sheet.

Note on Appendix A: A eutectic alloy of gallium and indium (sometimes with

tin included) is a room-temperature liquid metal used in much of the work performed

herein (as either eutectic gallium-indium [eGaIn] or as eutectic gallium-indium-tin

[galinstan]). This alloy is a particularly powerful tool in soft robotics, as it allows for

metal-like electrical conductivity in a fluidic body. This material has many unique
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properties, including a near instantaneous oxidation of the gallium to create an inert

shell around the liquid. Appendix A is an additional published paper where this

material is studied in greater depth, particularly with regards to manipulation of this

external oxide layer.

Note on Appendix B: The uniform joule-heating composites created in chap-

ters 6 and 7 have potential applications beyond solely planar, skin-like heating. This

appendix is an additional published paper where the conductive composite (specif-

ically the composition discussed in chapter 6) is used as a heating core inside of a

cylindrical expansion actuator. Since the heater is a bulk material, it was formed into

various shapes and sizes in order to facilitate the transfer of the thermal energy into

the actuator for improved actuator responsiveness.

Note on ‘Supporting Information’: Since the bulk of this dissertation is

previously-published, peer-reviewed material, the text often refers to images, data,

and videos that are contained in “supporting” or “supplemental” information. This

supporting information is available online, for free, from the respective publishers of

each paper.

1.3 Contributions

This dissertation presents a number of intellectual contributions to the field of soft

robotics. These include multifunctional material design guidelines for both enhancing

sensory feedback and reducing input requirements, and synthesizing novel materials

with greatly enhanced material properties for thermally responsive soft robotic ap-

plications. In detail, I have contributed the following:

� A series of guidelines for embedding sensors in soft actuating robots. My work

demonstrates the value of embedded sensing and provides a design framework so

that the actuator’s input stimulus has a greatly reduced impact on the sensor. I

show that following these guidelines improves the ability to track the actuator’s
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output response to its input stimulus, facilitating closed-loop control of the

actuator’s output response.

� Control over materials with multiple functions via a single input stimulus. This

idea is initially embodied in a fiber-form that is tangentially integrated onto a

textile. Then, this idea is broadened to encompass manipulation of an active-

fiber fabric system as a whole.

� A new mechanism that enables uniform liquid networks embedded in a soft

silicone elastomer. The mechanism involves adding solid and liquid inclusions

directly into the silicone during casting, and then straining the whole mate-

rial. The solids act like stress concentrators, nucleating internal failures that

are then filled in by the encapsulated liquid, resulting in a continuous liquid

network throughout the material. The uniformity of the liquid networks are

demonstrated by use of a room temperature liquid metal that creates an elas-

tomer with uniform electrical conductivity, which is then employed as stretch-

able electrodes and Joule heaters.
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Introduction to Block 1:

This is the first block of work, comprising chapters 2 and 3. This block focuses

on presenting a series of three guidelines on embedding sensors into soft actuators.

The first guideline tackles the question of value: is embedding sensing into actuators

worth the increased manufacturing complexity required to do so? The process of

integrated sensing, demonstrated through two different projects, will help designers

do a mental cost-benefit check to see if embedded sensing is worth the effort for their

specific product goal. The second guideline covers the design principles that will help

with sensor placement in the actuator body, providing a framework and examples

of how to analyze the actuator’s construction and body to find ideal locations for

embedded sensors. The third and final guideline is an overarching demonstration that

multiple types of strain sensors can be embedded in soft bodies (examples shown are

resistive and capacitive), and that the choice of sensor can reduce the complexity of

disentangling the sensor’s response to output and input.

I demonstrate the value of this type of sensor-actuator integration by incorporat-

ing sensing directly into silicone actuator bodies. I show that this multifunctionality

reduces some of the manufacturing steps required to build a responsive actuator (while

increasing others – a potentially net-neutral benefit), but that doing this also adds

more value through reduced part counts, improved internal material boundaries (no

glue/adhesive required between sensor and actuator as a potential source of failure)

while fixing the sensor’s position relative to the actuator, reduced assembly steps,

and a sensor response that is highly intertwined with the actuator’s state. Another

potential benefit, though not directly demonstrated but can be inferred from the

work done herein, is that embedded sensing can also reduce impact on actuator per-

formance. Additionally, in both of these works I show that following the traditional

design choice of “add the sensor where the strain is highest” may result in non-ideal

sensor feedback. Instead, the sensors need to be carefully placed in the actuator

body in such a way as to isolate them from the actuator’s input stimulus. This often

means placing the sensors in the location where the strain is significantly lower, but is
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more responsive to the actuator’s output shape deformation than its input stimulus.

The interconnection of the actuator and sensor response can be observed using FEA

modeling, enabling iteration through many geometric design possibilities. Finally,

specifically through the second project, I demonstrate that careful selection of the

type of sensor (using a capacitive sensor rather than a resistive sensor) can greatly

improve the feedback decoupling just discussed, and also potentially simplify the FEA

model requirements (so more designs can be iterated on faster). Understanding these

design guidelines, demonstrated through two different case-studies, will greatly facil-

itate the success of multifunctional actuators with baked-in sensory feedback. What

follows are two abstracts for the chapters, summarizing the work therein.

In chapter 2, I present a fluidically functionalized soft-bodied robot that inte-

grates both sensing and actuation. Rather than combining these functions as an

afterthought, I designed sensors and actuators into the robot at the onset, both re-

ducing fabrication complexity and optimizing component interactions. I utilize liquid

metal strain sensors and pneumatic actuators embedded into a silicone robotic grip-

per. The robot’s body is formed by curing the silicone in complex 3D printed molds.

I show that the liquid metal strain gauges provide a repeatable resistance response

during robotic actuation. I further show that it is possible to determine when the

robot begins gripping an object during actuation.

In chapter 3, I build on the work done in chapter 2 by designing sensor-controlled

antagonistic pneumatic actuators (SCAPAs) that integrate soft robotic actuators and

sensors into a simplified, controllable design. The antagonistic actuators together

compose a bidirectional bending actuator with embedded capacitive strain sensors.

By designing the SCAPAs from the ground up for closed-loop control, I was able

to minimize both the number of constituent components and the types of materials

used, and further streamline the manufacturing processes. These improvements are

embodied in the multipurpose use of a single conductive fabric sheet for both actuation

and sensing, integrated into an otherwise all-silicone device. Such reduced material

complexity allows us to use simple finite element analysis (FEA) models to predict the
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performance of a given design. After converging on a final design, I demonstrate that

this design enables the use of simple control strategies to achieve closed-loop position

control over the actuator. This ends the two-chapter set of work that demonstrates the

true power of soft, material-based solutions to complex problems (i.e., actuation and

positional feedback in a single body for closed-loop control). These two works show

that it is possible to design the materials to have multiple functions, by integrating

various soft material components into a single, unified system. And, by so doing,

reduce either manufacturing or design complexity.
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2. MONOLITHIC FABRICATION OF SENSORS AND ACTUATORS IN A SOFT

ROBOTIC GRIPPER

The following chapter is based on work previously published as [1] R. A. Bilodeau,
E. L. White, and R. K. Kramer, “Monolithic fabrication of sensors and actuators in
a soft robotic gripper,” in 2015 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), 2015, pp. 2324–2329.

Copyright ©2015 IEEE, reproduced with permission.

2.1 Introduction

Researchers in robotics are beginning to diverge from the traditional rigid robots

that are so prominent in manufacturing. Engineers in the emerging field of soft

robotics are working on solving problems that cannot be solved easily with rigid

robots, including improving human-robot interactions, developing formable robots

that can adapt to varying geometric constraints, and robots that can absorb im-

pacts/shocks by deforming their main body. Silicone-bodied pneumatic robots have

helped to shape the idea of a truly “soft” robot, since most of the body is formed

out of a soft, elastomeric material with an extremely low stiffness [2]. Many of the

silicone elastomers used in soft robotics are capable of sustaining strains anywhere

from 100-500% [3]. Since these elastomers are highly deformable, engineers can inflate

internal pneumatic channels to provide rigidity and stability to the robot. With the

proper configuration, such robots can use their pneumatically actuated components

to gain form, function, and even locomotion [2–4].

One of the challenges associated with soft robotic design is adding sensors that can

close the robotic control loop. Researchers are actively working on soft-bodied control

methods [5–7], but lack general proprioceptive feedback sensors for soft robots. Since

soft robots undergo extremely high strains during actuation, traditional feedback
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Figure 2.1. Pneumatic robot with liquid metal sensors embedded into
the body. Above: the robot in its relaxed state. Below: the robot
after pneumatic actuation. Scale bars are 1 cm.
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systems either break or are difficult to attach to the robot. One solution to high

deformation strain sensing has been to create a strain gauge made out of a room-

temperature liquid metal embedded in an elastomeric matrix [8, 9]. These strain

gauges can be an effective way of gathering data in some robots [10], but the issue of

attaching the gauges to the robot remains an open problem.

In this paper, we present a manufacturing process that incorporates liquid metal

strain sensors directly into the body of a 4-arm, pneumatically-actuated, soft robotic

gripper (see Figure 2.1). This is in contrast to previous work where the sensors

and actuators are built separately and integrated afterwards. In the robot, each

strain sensor is independent of the others and capable of providing real-time feedback

about the actuation of the arm of the robot. The feedback from the sensors can be

characterized in a way that distinguishes activated states of the robotic gripper and,

given control over other actuation parameters, makes it possible to determine if the

robot is gripping an object or not.

2.2 Previous Work

A pneumatically-actuated soft robot was described in detail by Shepherd, et al. [2].

This robot was actuated through pressurization of internal cavities called “pneu-

nets” formed within a highly elastic polymer body. This work has been extended by

researchers who have all primarily focused on improving actuation. Great strides have

been made in improving the speed of pneumatic actuation [3, 11] and in untethering

pneumatic robots from an external compressed air source [4,5]. Other researchers have

created soft-hard hybrids that take advantage of the strengths associated with both

rigid robots and soft pneumatically-actuated robots to perform tasks that neither can

do alone [12].

Sensors for soft robotic systems have also been an area of recent research, as they

provide state reconstruction that allows for control feedback. One approach to sens-

ing in soft-bodied systems is with eutectic gallium indium alloy (eGaIn) encased in
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(a) (b)

Figure 2.2. 3D modeling representations of the molds that were
printed to cast the robot. (a) The primary mold, initially filled with
liquid elastomer, with an inset showing the embossed channels that
create the sensor channels. (b) The channel mold that is placed in
the primary mold to create the pneumatic channels in the robot.

microchannels within a highly elastic substrate. Gallium indium alloy is a room-

temperature liquid metal that is non-toxic and highly conductive [13, 14]. The basic

principle behind these high displacement strain gauges is simple: as the elastomer is

stretched, the length of the channel increases and the cross-sectional area is reduced.

Changing the geometry of the channel alters the resistance across the channel (follow-

ing basic resistance laws), providing sensory feedback on the physical deformation.

Since the conductor inside of the channel is liquid, and the matrix surrounding it is

highly elastic, the gauges are ideal for large strain applications. Park, et al. investi-

gated the sensitivity of this class of devices to variations in channel geometry [15].

Gallium indium alloy has been used in a number of different soft robotic appli-

cations. Examples of sensing elements fabricated from eGaIn-filled microchannels

include curvature sensors [16, 17], stress sensors [18, 19], and strain sensors [20, 21].

The sensors we have fabricated into our robot rely on the same mechanism as those

previously discussed. What is unique about our approach is that the sensor is fabri-

cated directly into the robot instead of as a separate structure.
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2.3 Experimental

2.3.1 Fabrication

The initial pattern for the pneumatic robot is a derivative of a simplified pneu-

matic robot designed by Finio et al. [22]. We started with this concept because it is

extremely simple, and allowed us to focus on adding sensory elements to the robot

instead of focusing on the pneumatic robot body design. The robot is a composite

of two silicones: Ecoflex 00-30 (Smooth-On, with hardness below the Shore A scale)

to form the pneumatic channels and the main body, and Silgard 184 (PDMS, Dow-

Corning, Shore A hardness of 50) to seal the channels. The design has a single air

input port and is formed with a 3D printed mold. We kept the single fill port design

as it allowed us to simultaneously activate and control all arms of the robot from the

same air source, but we modified the fabrication method so that we could incorporate

sensory channels into the robot. Because the molds were simple and easy to form in

a 3D printer, we were able to quickly iterate though different methods to integrate

the sensors.

Our modified process includes a 2-step mold (Figure 2.2) for the main body that

embeds the pneumatic channels and the sensory channels into the Ecoflex body.

As demonstrated in Figure 2.3a-2.3d, we first filled the primary mold (depicted in

Figure 2.2a) with uncured Ecoflex. This section of the mold has embossed features

to create channels for the liquid metal sensors. The mold for the pneumatic channels

(depicted in Figure 2.2b) was then lowered into the Ecoflex, creating hollows on the

opposite side of the robot body from the liquid metal sensor channels. The Ecoflex

was allowed to cure completely and was removed from the mold.

Figures 2.3e-2.3f show the next two steps of the process. We filled the open ser-

pentine channels with room temperature liquid metal (eGaIn, Sigma-Aldrich). Once

the channels were filled, a small amount of liquid Ecoflex was placed over the chan-

nels to seal them. Most soft strain sensors are sealed before being filled with liquid

metal [20], but in our case we found that it was easier to seal them afterward. When
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Figure 2.3. (a) The bottom half of the mold is printed and (b) filled
with liquid elastomer. (c) The channel mold (previously printed) is
embedded inside the liquid elastomer to create the pneumatic chan-
nels. When the elastomer has cured (d) the mold can be removed
from around it. To finish the sensors, (e) the eGaIn channels are
filled with liquid metal and (f) sealed with liquid elastomer. Finally,
(g) the pneumatic channels are sealed by bonding the body to a thin
layer of Silgard 184.
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sealing the channels, we took care to prevent the liquid elastomer from running across

the top of the robot and building up a thick layer of polymer. Because the curling

actuation motion is a result of the stiffness difference between the bottom and the top

of the robot, both material properties and geometric design can change the stiffness

and therefore change the actuation motion. A thicker layer of Ecoflex on top of the

robot would increase stiffness and result in less curl in the robotic arm. Once the sil-

icone cured, we punctured the thin layer with the electrical wiring, making a contact

with the liquid metal. The wires were then folded down and sealed onto the robot

with a few more drops of liquid elastomer, preventing the wires from pulling out while

the robot is undergoing large deflections. The pneumatic tube was also punctured

into the robot through a central hollow (created in the mold) and sealed in the same

manner. To finish building the pneu-nets, we prepared and cured a thin, flat layer

of Silgard 184. We then sealed the two layers together by adding a small amount of

liquid elastomer on top of the Silgard 184 and placing the body of the robot down

onto the layer. When the liquid elastomer cured, it bonded the two halves of the

robot together (Figure 2.3g).

2.3.2 Sensor Design

Our initial, unsuccessful, sensor design placed the sensors down the center of the

pneumatic arm, the area that experiences the greatest strain during actuation. Al-

though we did this to maximize the response from the gauges, the strain gauges

would either lose conductivity or break completely. Loss of conductivity occurred

during inflation, when the outside of the pneu-nets experienced biaxial strains (along

the length and width of the robotic arm). These strains induced channel collapse,

forcing the eGaIn to withdraw from sections of the channel and breaking conductivity

(see Figure 2.4). After actuation, the channel would need to be massaged to push

the eGaIn back into the pinched area, removing any potential automation from this

design. Furthermore, the channels did not have a high fatigue life. Previous demon-
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Figure 2.4. A preliminary design with the liquid metal sensors di-
rectly over the pneumatic channels. The image on the left is the top
of the channels before the arm is inflated (the surface is flat), and the
image on the right is the same surface, at the same scale, after it is
inflated. The liquid metal channels undergo a large increase in both
length and width causing an extreme collapse in the channel’s third
dimension. The box in both photos is surrounding the same section
of the sensor. The inset is a magnification of the inflated channel
with an outlined area that experienced eGaIn withdrawl due to the
channel collapse. The scale bars on both images are 2mm, and the
inset has 2.5x magnification.

strations have shown the silicone in these types of pneumatic robots will endure many

cycles of actuation without failure [2, 11]. However, when we placed the sensors over

the areas of highest strain, the silicone (Ecoflex) sealing the liquid-metal channels was

unable to sustain the repeated strains and the sensors would burst after 5-10 cycles.

Adding a thicker layer of elastomer mitigated this issue, but it did so by significantly

impacting the actuation dynamics of the robot.

We studied the robot during actuation to find a location for the sensors that could

result in appropriate dynamic response without failure. Pneumatic channels are typ-

ically designed with regions that have a thicker cross section than other locations

(see Figure 2.3). This helps create a specific motion in the arm during pneumatic

actuation [3]. Although these sections deform, they are not subjected to the same

magnitude of strains as the original location we selected for the sensors. In the fi-

nal design of our robot, we embedded the serpentine liquid metal pattern into these
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Figure 2.5. The pneumatic robot gripping a cylindrical container.
The serpentine liquid-metal sensor channels are clearly visible around
the outside edges of the pneumatic channels (dark against the white
background).

sections (see Figures 2.3 and 2.5), preventing many of the problems associated with

previous design locations. Furthermore, finite element analysis by Mosadegh et al.

suggests that our selected location still experiences moderate strains and stresses dur-

ing actuation [11]. Though we do not claim that this location is perfectly optimized,

identifying a location that experiences strain, but is not excessively stressed, is key to

successfully integrating feedback strain sensors directly into the bodies of soft robots.

2.3.3 Sensor Characterization

Our sensor characterization tests were designed to provide evidence of the success

of our proof-of-concept robot. We performed a simple test on one of the robot’s

arms to ensure that the strain gauge location provides a measurable response during

actuation. We measured the sensor’s response to two different modes of strain: linear

extension and pneumatic actuation (Figure 2.6). For the linear extension tests, we

pulled the tip of the robot arm linearly away from the body of the robot, duplicating

a load similar to that of a normal strain gauge [23]. We then used a hand pump to
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pneumatically actuate the robot in steps while taking profile photographs of the arm,

which we analyzed to measure the length change of the liquid metal sensors.

2.3.4 Sensor-Actuator Interaction

To test the robot’s potential for automated control, we measured the resistance of

the strain sensors in each arm in real time while actuating the robot using a constant

air flow. To measure the resistance in the gauges, we wired each sensor as a resistor

in a voltage dividing circuit. Because of the low resistivity of eGaIn (∼ 29.4×10−6Ω-

cm [24]), a small 2 Ohm resistor was added as the second resistor in each circuit. Using

a KORAD KA3005D DC power supply we limited the voltage across the whole system

to 0.7V to prevent excessive current draw through the low resistance devices. To

activate the robot, we attached it to a compressed air source with a flow-valve control

system that limited the gauge pressure to between 5 and 6 KPa during the tests. We

chose a low air pressure for the input line to limit the air flow velocity and slow the

actuation of the robot to the timescale of the test. During actuation, we measured

the voltage across the strain gauges using a Tektronics TDS 2014C 4-channel input

oscilloscope limited to a 50 Hz measuring frequency. Although the oscilloscope had 4

channels for input, one of the channels was dedicated to measuring the voltage across

an electronic gauge-pressure sensor (Honeywell 001PDAA5, DigiKey), which provided

a digital marker that was used to synchronize the different tests. This limited us to

characterizing only three of the four arms, which were picked at random from the

robot.

At the beginning of each test we recorded the initial resistance for several seconds

with the robot in its resting state. Each characterization test then consisted of filling

the robot with air for 5 seconds while measuring the voltage drop across the arms,

and releasing the air in the robot. After the robot returned to its resting state, we

recorded another brief dwell period before actuating the robot again. We tested the

robot actuating under two test conditions: the robot actuating in empty air (see
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Figure 2.6. A comparison of the strain gauge’s percent increase in
resistance for one of the robot arms experiencing two modes of strain.
The linear extension tests were an application of unidirectional strain
to the arm. The error bars are a 90% confidence interval, and the red
dotted line is a fit of the data. The other four tests were performed
by pneumatically actuating the robot and recording the resistance
change, with the solid magenta line representing a linear fit and the
blue dashed line representing a curved fit of all the tests.

Figure 2.1) and the robot clamping a cylindrical object (see Figure 2.5) with a radius

of about 4.5cm. We filmed each test so that we could compare the recorded data to

events that the robot was experiencing.

The pressure sensor was connected to the robot’s input valve, and indicated when

the pressure in the infill tube changed. There was a nearly instantaneous change

after the valve was opened, and the pressure remained constant during the tests. The

recorded initial pressure spike acted as a time marker, enabling us to overlay all the

tests we ran on the robot under both testing conditions.
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2.4 Results and Discussion

Change in resistance as a function of strain for two loading conditions is shown in

Figure 2.6. Engineering strain was calculated from the extended length of the strain

gauge. In the case of the linear extension tests, this was measured during the test.

The extended length of the strain gauge during pneumatic actuation was considered

to be the arc-length of the gauge, as seen from a profile view. The percent change in

resistance was calculated by dividing the actuated resistance by the initial resistance.

These tests demonstrate our success in integrating the sensors into the robot’s

body. Figure 2.6 shows that the strain gauges are appropriately placed and return

results that correlate strain to a resistance change. There is a high degree of repeata-

bility in the results from both the uniaxial tests and the pneumatic actuation tests.

The curve fit to the linear extension data is characteristic of uniaxial strain gauges and

agrees with the literature [21, 25–27]. The pneumatic actuation data also increases

monotonically, however, it does not display the quadratic response typical of uniaxial

strain loading. For clarity, we have included two possible fits to the data: a linear fit

and an inverse quadratic fit. We note that a more in-depth model and expanded data

range would be needed to verify either trend. Nonetheless, the pneumatic actuation

data has sufficient contrast from the linear extension data to indicate that the strain

gauges undergo a complex strain state that is not purely uniaxial during actuation.

To analyze the data gathered during the gripping actuation tests, we first applied

a 20 point moving average filter to remove the noise. We then used basic electrical

circuit theory to calculate the resistance in each strain gauge based on the measured

voltage. We noticed that each of the robot’s arms had a different initial resistance

and electrical response to actuation. To permit easy comparison between the three

different arms, we calculated the percentage rise of resistance based off of the total

overall change that the sensor underwent when gripping the cylinder. We present

the results of our 3 tests with a 90% confidence interval in Figure 2.6. Though a 50

Hz signal with a 20 point filter slows down the response time of a control system,
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the inherently high compliance in the soft robot tolerates imprecision in the control

while preventing damage to the robot or the object being gripped, ideally simplifying

feedback control.

Each arm’s strain gauge demonstrates a similar response during the tests. When

gripping air, there is a consistent increase in resistance throughout the whole test.

During the object gripping tests, each sensor initially experiences the same increase as

the control, with a sudden departure from the trend when the robot begins to contact

and grip the object. The videos of the tests validate that at about 3s the robot begins

to contact and grip the object, matching the recorded data (Figure 2.6). By keeping

the inflow pressure controlled, the strain gauges provide feedback in a predictably

linear manner until boundary conditions change (an object is encountered). Since

the slopes of each section of the data are constant, it is possible to distinguish the

time that the robot begins to grip an object. This performance is consistent with the

observations performed by Kramer et al. with their liquid metal curvature sensors.

By changing the boundary conditions of their curvature sensors (from air to a rigid

joint), they experienced a magnification of the resistance change by over an order of

magnitude [17]. This means that the integrated strain gauges can be used to mark

events (such as gripping or other boundary changes) during the actuation of the robot.

2.5 Conclusion

We prototyped a pneumatically actuated soft robot with liquid metal strain gauges

built into the soft robot’s body that provide real-time feedback during actuation of

the robotic system. Two simple tests on the robot provided strong evidence of the

validity of this integrated sensor design. Under controlled conditions, the resistance

in the strain gauges changes in a predictable manner relating directly to both the

strain in the robot’s arms and the rate of actuation. We also show that, under a

constant input air pressure, we can sense if and when the robot is gripping an object.
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(a)

(b)

(c)

Figure 2.6. The resistance change in three of the robot’s strain sen-
sors during the 5s actuation tests. Each graph (a,b,c) represents a
different arm on the robot. The test setup only permitted gathering
simultaneous data from 3 arms, though the sensors on all 4 arms were
fully functional. The solid red line is the average of the baseline tests
(the robot inflating in empty air). The dashed blue line is the average
of the tests with the robot gripping the test cylinder at approximately
3 seconds. The shaded area surrounding each line represents a 90%
confidence interval. The percent change was calculated using the ini-
tial and final resistances of the tests with the robot gripping an object.
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The modified fabrication method of these robots is outlined so that this work can be

easily expanded on in the future.

2.6 Future Work

This proof of concept robot demonstrates significant potential for many future

projects that integrate sensors into the body of a pneumatically actuated robot. It

has the possibility of finally closing the control loop and opens up a greater potential

to automate soft robots. Each sensors’ response to actuation can be characterized

independently, eventually allowing for computer control to optimize the actuation in

each arm. Furthermore, since each arm provides actuation and gripping feedback

independently of the other arms, there is redundancy in the gripping information

provided to the robotic controller. Regardless of the complexity of the eventual

model, the repeatability of our simple tests demonstrate the potential to use the

resistance response in the gauge to generate a state reconstruction model for control

of a pneumatic robot.

We also believe that there are more possibilities for sensor locations and types

on a pneumatic robot like that presented in this paper. In the future, we would like

to integrate pressure sensors into the Silgard 184 bottom layer of the robot (which

is the side that grips objects). This will provide a secondary sensory system that a

computer controller can use to determine if an object is being gripped and potentially

how much force is being applied to grip an object. These sensors may also be able

to provide a faster feedback response to a control system than our currently heavily

filtered system. This would free up the strain sensors to be primarily used for arm

position and location control.
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3. DESIGN FOR CONTROL OF A SOFT BIDIRECTIONAL BENDING

ACTUATOR

The following chapter is based on work previously published as [28] R. A. Bilodeau*,
M. C. Yuen*, J. C. Case, T. L. Buckner, and R. Kramer-Bottiglio, “Design for Control
of a Soft Bidirectional Bending Actuator,” in 2018 IEEE/RSJ International Confer-
ence on Intelligent Robots and Systems (IROS), 2018, pp. 1–8. Copyright ©2018
IEEE, reproduced with permission.
* indicates co-first-authorship

Contributions: This chapter was worked on primarily by two individuals: my-
self and Dr. Michelle Yuen, in a tight collaboration. We both contributed equally
to the development of the overall design of the actuator system (including materials
selection), and to the development of the reduced-step manufacturing technique for
the actuator. We made sure that, through careful analysis and testing of the design,
we could get sensory feedback on the actuator’s position. In this, Michelle focused
more on the mass manufacture and design parameters of the final product, whereas
I ensured that our hardware and software combined to enable closed-loop control on
the soft bodied actuator. Finite element analysis was executed by Trevor Buckner,
although I provided oversight and suggestions on how to model the geometry and
forces in a way that enabled convergence.

3.1 Introduction

Elastomer-based pneumatic actuators have been demonstrated as highly adapt-

able functional systems [3]. Initial work presenting inflatable “pneu-nets” in an elas-

tomeric body demonstrated that the silicone structures could grip objects or slowly

walk when given simple, open-loop commands [2, 12]. Since then, they have seen

significant forward progress in their fabrication, adaptablility, and control [29]. How-

ever, this forward progress has come coupled with both a rise in the manufacturing

complexity of casting the pneumatic chambers [1, 11], and in the design complex-

ity as additional sensory systems are embedded [29–32]. It has also increased the

need for on-demand high-pressures and vacuums [4, 33, 34] and their corresponding,
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Figure 3.1. Sensor-controlled antagonistic pneumatic actuator
(SCAPA). (a) Overhead view of a SCAPA sweeping across its full
range of achievable curvatures, κ. (b) Due to its fully soft construc-
tion, the SCAPA can be rolled up, compressed, and still return to full
functionality. (c) Optical microscope image of the interface between
the actuator, embedded sensor, and conductive fabric. (d) A cross-
section schematic of a SCAPA, including an indicator for the location
of the optical image in (c).

often bulky, equipment. This trend of increased complexity will likely only rise as

researchers strive to derive additional functionality, logic, or adaptability out of oth-

erwise inert soft materials.

One of the challenges of soft robotic systems is in creating reliable controls [35].

Since inflatable soft technologies experience large deformations during operation,

and are constructed with viscoelastic materials, closed-loop control is not a trivial

task [36]. Though pneumatic actuators were demonstrated early on, development of

soft sensors capable of matching the physical response of these systems lagged be-

hind. As such, much of the state-of-the-art in soft robotic controls has focused on

predictive models and feed-forward controls [37–41] or on actuator (pressure) feed-

back rather than true state reconstruction and closed-loop control via sensors [42,43].
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Recently, there has been an increase in the use of finite element analysis (FEA) to

better understand and predict the response of a soft system [11, 44–46], but due to

material non-linearity and large system deformation, these FEA models are complex

and difficult to implement. Forays into sensor-enabled closed-loop control have used

commercially available flexible sensors to demonstrate state reconstruction and con-

trol [47–49]. These sensors also provide a strain-limiting layer while providing the

state-reconstruction feedback.

Recent advances in silicone-based all-soft sensors are beginning to allow for more

advanced demonstrations of closed-loop control in soft actuators. Early soft sensors

used conductive liquid metals embedded in elastomer as high-deformation resistive

sensors [17, 50]. These have been used both as embedded sensors for state recon-

struction and as external sensors for closed-loop control [1, 18,31,51]. More recently,

soft conductive silicone composites have been demonstrated as reliable, repeatable,

high-deflection capacitive sensors that can be placed externally on soft joints for 2D

and 3D state reconstruction [52–56] or as integrated resistive sensors providing both

proprioception and tactile feedback in closed-loop controlled pneumatic grippers [57].

As an alternative, stretchable optics have been demonstrated as embedded sensors

in pneumatic actuators, providing state reconstruction, curvature control, and tactile

feedback [30, 58]. With all this available research into soft sensors and controllable

soft systems, we see an opportunity to synthesize simpler robotic constructs without

losing functionality or utility.

In this paper, we present sensor-controlled antagonistic pneumatic actuators (SCAPAs,

Figure 3.1) which integrate proven soft robotic actuation and sensing technologies in

a simplified design targeting controllability of the system state (i.e. design for con-

trol). Specifically, we embed silicone-based capacitive strain sensors [59] into pneu-

net bending actuators [3], which we then assemble as antagonistic pairs to achieve

bi-directional, controllable actuation. Compared to previous work, we make two

key improvements to the system: 1) utilizing inextensible conductive fabric as both

the strain-limiting layer for the actuators and the ground plane for the capacitive
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sensors, and 2) utilizing the same silicone material in both the actuators and sen-

sors. These improvements result in fewer constituent components, fewer interfaces

between dissimilar materials, and fewer manufacturing steps. This reduction in phys-

ical complexity allows us to use a simple FEA model to predict the quality of a given

design, which we experimentally verify. We compare various candidate designs us-

ing the FEA model and subsequent experimental tests to determine which design

can provide strong state reconstruction. Finally, we select a SCAPA design and use

it to demonstrate closed-loop curvature control using various basic feedback control

strategies.

3.2 Physical Embodiment

A SCAPA consists of an antagonistic pair of thin bending pneumatic actuators,

each with an embedded capacitive sensor for differential measurement of curvature

(Figure 3.1). At the core of each SCAPA is conductive fabric, which serves dual pur-

poses as both the strain-limiting layer for the actuators and as the grounding electrode

for the sensors. The system’s reduced profile allows us to roll a SCAPA into a com-

pact cylinder without damaging any of the constituent components (Figure 3.1(b)).

Previous work used conductive fabric as both the strain-limiting layer of a one-sided

pneumatic actuator and an electrode for capacitive contact detection [60]. Here, we

expand on their work by using the fabric in a state feedback sensor for closed-loop

control, rather than object detection.

The sensors are constructed as a parallel-plate capacitor using an expanded graphite

silicone composite for the active conductive layer and unmodified silicone elastomer

for the dielectric layer. As the sensor geometry changes due to applied strain or pres-

sure, the capacitance changes measurably. White, et al. previously conducted a study

of the materials and manufacturing of these strain sensors, as well as their response

to many cycles of strain [59]. We made the sensors out of the same elastomer as

was used in the actuator body, resulting in a nearly invisible, fully bonded interface
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Figure 3.2. (a-c) Manufacturing the SCAPA. (a) The capacitive sen-
sors were first fabricated in large films and then laser cut into the
desired patterns. (b) The casting process created the pneu-net actu-
ators while simultaneously embedding a sensor in the actuator body.
(c) Conductive fabric was glued between two actuators to create the
antagonistic bending system and the electronics controlling actuation
and measure the sensors were attached to the SCAPA. (d) Photos
showing two of the designs explored. The actuator body, sensors, and
conductive fabric are clearly visible in the cross-sectional images. (e)
For all experiments performed, each SCAPA was fixed vertically such
that the tip would sweep horizontally. A camera was situated above
the SCAPA to record truth data on its curvature.
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between the sensor and actuator (Figure 3.1(c)). This material continuity reduces

risk of delamination failure that can occur at interfaces between dissimilar materials.

We also leverage the single material construction to simplify analysis of strain fields

in the device’s silicone walls.

To bend a SCAPA, one of the actuators is inflated while the other is vented to

atmosphere. This bend causes the capacitance of the embedded sensors to change.

The actuator inflation is controlled by “pneumatic servos” which serve effectively

as 3-port, digital pressure regulators [61]. To read the capacitance change, we use

custom signal conditioning boards that charge the sensor for a fixed length of time and

record the time it takes to discharge to ground voltage (based on [59] with modified

software). The entire system is controlled using an Arduino Mega communicating

with the pneumatic servos and the sensor signal conditioning boards via I2C protocol.

3.2.1 Fabrication

The SCAPAs were manufactured in three phases: 1) sensor fabrication, 2) actuator

casting, and 3) assembly (Figure 3.2(a-c)). As stated previously, the conductive

fabric acted as a shared ground layer for both capacitive sensors. To make the rest

of the sensor, we cast the remaining two layers in a sheet by rod-coating first the

silicone-graphite composite (DragonSkin 10 Slow, Smooth-On; Expandable graphite,

Sigma-Aldrich) for the active electrode layer [59], followed by the pure silicone for

the dielectric layer (DragonSkin 10 Slow) (Figure 3.2(a)). Upon curing, we used a

laser to cut out two U shapes that fit along the outside edges of the actuators. We

cleaned the cut shapes with ethanol and laid them in the bottom of the actuator

molds. The molds were fabricated from laser-cut acrylic sheets (Figure 3.2(b)). We

poured silicone into the molds (DragonSkin10 Slow; SilcPig silicone dye, Smooth-On),

degassed the cast material in a vacuum chamber, and clamped a lid on top to ensure

uniform thickness across all actuators. After the actuators cured, we glued one to each

side of inextensible conductive fabric (Technicot, LessEMF) using additional uncured
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silicone, completing both the actuators and the sensors. The tubing for the actuators

was inserted and epoxied to the actuator body (Sil-Poxy, Smooth-On), and connected

to the pneumatic servos (Figure 3.2(c)). The capacitance signal conditioning boards

were sewn directly to the grounding fabric to improve the electrical contact between

the two. Flexible copper-clad polyimide strip electrodes extending from the signal

conditioning boards were sandwiched against the active silicone sensor layer by two

polystyrene plates that were also sewn to the fabric. These strip electrodes allowed for

a larger contact area between the interfacing surfaces, giving the signal conditioning

board a strong electrical connection to the active layer.

3.3 Design

In order to properly characterize and study a symmetric actuator sensor pair,

we defined a simple, perspective-based nomenclature to differentiate the sensors and

the curvature of the SCAPA. From the top-down perspective shown in Figure 3.1(a),

when the right-side actuator is inflated, the SCAPA body will bend to the left, which

we define as a negative curvature. Conversely, when the left actuator is inflated, the

SCAPA body bends to the right, which we define as a positive curvature. The sensors

located in the left and right actuators are referred to as the left and right sensors,

respectively.

In theory, when the curvature is positive, the capacitance of the left sensor should

increase due to stretching and Poisson thinning of the dielectric layer. Similarly, the

right sensor should increase in capacitance as the sensor length is compressed. By

convolving the two sensor signals it should be possible to determine the curvature of

the SCAPA for state feedback to the controller [51].

In practice, with a highly deformable sensor embedded in the actuator, we must

consider how the sensor response is coupled to all deformations in the soft body, from

those we want to measure (curvature proprioception) and those we do not want to

measure (inflation expansion). To address this coupled response, we performed a
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Figure 3.3. Design study to determine the effects of sensor width
and placement on the quality of the sensor output. (a) Schematic of
the loading conditions for the FEA (left) and cross-section geometry
(right), with only the boxed section being modeled. (b) Sketches of
the initial modeled geometry and the FEA results. Design 1 shows
the base case for the system. Design 2 reduces the width of the sensor
and Design 3 moves sensor to the top of the actuator. (c) Experimen-
tal verification plots showing the sensor responses to curvature. The
circles indicate experimental data and the line is a quadratic fit with
the shaded region being a 95% confidence bound about the regression.
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Figure 3.3.
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design study of the cross-sectional geometry to develop designs in which the sensors

would be minimally affected by actuator pressure. This design study consisted of two

parts: 1) FEA modeling to predict deformation fields in the actuator cross-section

due to inflation expansion, and 2) empirical verification of the design’s effect on sensor

response.

3.3.1 FEA modeling of cross-section

A series of FEA simulations were run in SolidWorks to assess the deformation

in the sensor region due to inflation (Figure 3.3). The analyses were set up using a

2D cross-section of the SCAPA, with reduced geometry to encourage faster solution

times. Expecting large deformations in the wall, the simulations were run using a

nonlinear solver. Our model includes three assumptions:

1. A fixed fabric layer that is completely inextensible, perfectly flexible, and per-

fectly bonded to the silicone. We are confident with this assumption due to

the orders-of-magnitude difference in tensile elasticity between the silicone and

fibers in the fabric, and because we chose a fabric with an open weave that

allowed the pre-cured silicone to fully permeate between all the fibers.

2. Uniform material throughout the elastomer, since both the sensor and the ac-

tuator are silicone, the active composite layer is very thin, and there is little

conductive filler in the composite itself.

3. Linear elastic behavior of the silicone, where E = 0.12 MPa, obtained via a

linear extension test on dogbone shaped silicone samples using an Instron 3345

materials testing system, with samples tested to 50% strain at 100% strain per

minute.

Previous work showing detailed 3D analysis of an inflating elastic chamber indicate

that the thick outer walls experience stresses that are 2-3 orders of magnitude less

than the thin, expanding ‘roof’ of the chamber [44]. Since our soft sensors are placed
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Figure 3.4. Design exploration of various geometries that should limit
the effect of actuator inflation on sensor response. (a) Schematic of
the the loading conditions for the FEA (left) and the cross-section
geometry (right), with only the boxed section being modeled. (b)
Sketches of the initial modeled geometry and the FEA results. De-
sign 4 and 5 introduce a notch along the outer edge of the actuator
with the sensor embedded near the fabric layer and on top of the
notch respectively. Design 6 increases the distance between the sen-
sor and the pneu-nets by increasing the width of the actuator wall.
(c) Experimental verification plots showing the sensor responses to
curvature. Design 6 began to twist while actuating resulting in un-
predictable sensor responses. The circles indicate experimental data
and the line is a quadratic fit with the shaded region being a 95%
confidence bound about the regression.
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Figure 3.4.
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along the outer wall of the device, we considered only this section as our area of

interest, and simplify our model accordingly. This simplification is further supported

by inspecting additional modeling work that has recently been performed [11, 45].

Instead of applying pressure to a geometric reconstruction of the whole cross section,

we applied an upward force equivalent to the pressure lifting the pneumatic pocket,

acting along a moment arm. This accounted for both a lifting motion and bending

moment experienced at the juncture between the pneumatic pocket and the actuator

wall (Figure 3.3(a)). We then applied the remaining internal pressure directly to

the wall’s edge. Due to symmetry, it was only necessary to analyze one side of the

structure.

In this analysis, we were primarily interested in sensor strain in the y-direction

(normal to the fabric), as defined by the axes in Figure 3.3(a). Since one half of the

parallel-plate capacitor is a wide fabric sheet, sensor displacement in the x-direction

should not affect the sensor output. However, y-strain will have a significant impact

on the sensor, as it reflects changes in the distance between the electrodes, while

discounting bulk motion of the entire system in the y-direction. Any y-strain in and

under the sensor induces a sensory response that is not reflective of the SCAPA’s

bending motion. By marking out the area of the sensor in our FEA model, and

plotting the strain in the y-direction, we clearly see the effects of actuator inflation

on compression and tension in the sensor (Figure 3.3(b)).

3.3.2 Sensor Characterization & Model Verification

To verify the FEA modeling, we initially modeled three designs with different

sensor sizes (8mm or 4mm wide) and locations (embedded or on top of actuator) and

then built these designs to experimentally evaluate their viability for curvature state

reconstruction (Designs 1, 2 and 3, shown in Figure 3.3(b-c)). Using the experimental

setup shown in Figure 3.2(e), we mounted the SCAPAs onto a stand such that both

actuators were perpendicular to the benchtop. We sewed a thin strip of Teflon to
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the tip of the actuator to minimize friction during motion. A webcam was mounted

overhead to record the curvature truth data of each SCAPA during actuation. In

each experiment, we actuated both actuators individually through a range of inflation

pressures between 6-11 psi (at 1 psi increments and five repetitions at each pressure),

in a randomized order. This range of pressures correspond to the range of curvatures

shown in Figure 3.1. Once inflated to the desired pressure, we allowed the actuator to

settle into a steady state for 5 s. We then sampled and recorded the sensors 100 times

over a period of 10 s and averaged the data to obtain a representative sensor reading.

Finally, we took a photo of the actuator from which we measured the curvature of

the actuator (truth data) using a three-point fitting algorithm that assumes constant

curvature in the system.

We plotted the sensor values against the curvature to evaluate the design’s per-

formance (Figure 3.3(c)). We first normalized the sensor data to the data range

between 0 curvature (x0) and the minimum measured sensor value (xmin): xnorm =

(x−x0)/(x0−xmin). In an ideal bending beam, negative curvatures would correspond

to the right sensor’s capacitance increasing and the left sensor’s capacitance decreas-

ing, with the converse expected when bending to the right. Instead, we observed that

both sensors have a parabolic response. In Designs 1 and 2, this response is centered

near a curvature of 0 m−1, while the response in Design 3 shows a significant offset.

Because of this, the positive and negative curvatures for Designs 1 and 2 cannot be

well-distinguished, even when convolving the two sensor signals. We hypothesize that

this is due to the sensor response being coupled with inflation pressures. As suggested

by the FEA models for these two designs, there is a field of y-strain (marked in blue)

cutting through the location of the sensors. Design 3’s asymmetric response corrob-

orates the conclusions from the FEA, which suggests that only a portion of the area

under the sensor is undergoing strain, and so the sensor is only marginally affected

by actuator inflation. This initial design study showed us that our FEA model is able

to predict the impact of sensor placement in a cross-section, even with our embedded

modeling assumptions.
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3.3.3 Design Exploration

Having experimentally verified our FEA model, we used it to qualitatively examine

multiple cross-section designs without the need for building physical prototypes. After

testing many designs that varied in geometric parameters, we removed those that

performed poorly in the FEA models and converged on three designs (Designs 4, 5,

and 6, shown in Figure 3.4(b)). These designs minimized the impact of the actuation

pressure on the sensor, and we fabricated each design to confirm the results of the

FEA. Designs 4 and 5 introduce a stress-relieving notch in the actuator wall above

the sensor; Design 6 widens the wall of the actuator and moves the sensors further

away from the pneu-nets.

Our results show that the notched designs isolated the sensors from a significant

portion of the actuator inflation deformation. The sensors’ responses in Designs 4

and 5 show unique pairings of left and right sensor values across the entire range of

curvatures tested. Compared to Design 3, the confidence bounds on Design 4 and 5

are greatly reduced, indicating a stronger and more repeatable response to curvature

change. Additionally, we observed that the sensor values rise above 0, indicating

that the sensors’ capacitances increase as expected, albeit slightly, when it is on the

outside of the curve.

The results of the experimental characterization of Design 6 indicate a breakdown

in our simplified FEA model. The increased wall width changed the deformation

dynamics of the actuator. Rather than simply bending, the SCAPA twisted and/or

curled into a bowl-like shape, which resulted in highly unusual, asymmetric sensory

response (Figure 3.4). This sort of dynamic 3D response was not accounted for in

our simplified 2D FEA, indicating a model limitation.
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Figure 3.5. Sensor calibration results for Design 4 (see Figure 3.4)
comparing the actual curvature to state reconstructed curvature. The
shaded region represents the 95% confidence interval. The inset shows
an inflated SCAPA with a fitted circle used to measure the actual
curvature. r is the radius of the circle and κ is the curvature.
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3.4 Closed Loop Control

3.4.1 SCAPA Design Selection

We chose to use Design 4 to demonstrate closed loop control. This particular

design (demonstrated in Figure 3.2(d)) met all of the goals we sought to achieve

for improved state estimation: simplified manufacturing with embedded sensing cast

into the actuator in a single-step, a sensory response to actuator strain in which

both actuators produced distinct responses to the actuator’s shape change, and low

variation in the sensory response with respect to curvature. After choosing this design,

we then remounted the system in our testing setup, we and collected a new set of

calibration data using a higher refinement in pressure steps (incrementing by 0.5 psi)

to get a better resolution in curvatures.

3.4.2 Empirical Model

Once the sensor data was correlated with the measured curvature of the system,

a generalized least squares regression was used to determine the coefficients for the

following equation:

κ = a0 + a1S1 + a2S2

where κ is the curvature of the SCAPA, Si are the raw sensor output values from the

sensor boards, and the constants ai are the coefficients of the fit. Using the regression

model, we reconstructed the curvature for each set of sensor values gathered during

calibration, and plotted it against the measured curvature values (see Figure 3.5).

The fit has a 95% confidence interval of 5.549 m−1 or 10.58% of the full scale.

3.4.3 Controllers

We tested the system response of our SCAPA using three different controllers

(Table 3.1). These controllers are composed of two different control loops (a logic
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Table 3.1. Naming convention for the three controllers implementing
the control loops in Figure 3.6 and state machines in Figure 3.7.

Controller Name Control Loop State Machine

Simultaneous Logic Dynamic

Fixed Rate
Logic Quasi-Static

Quasi-Static (FRQS)

Varying Rate Logic +
Quasi-Static

Quasi-Static (VRQS) Proportional

Figure 3.6. Control loops used to follow the input signal.
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Figure 3.7. State machines used in the logic controllers.
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loop and a proportional-logic loop, diagrammed in Figure 3.6) with two different

internal logic controllers (whose state machines are sketched in Figure 3.7). We used

a target curvature (κinput) as the input signal for all three controllers. This signal

could be either positive or negative, and all three logical controllers had a built-in

filter to switch between which of the two actuators was active, based on the sign of

the desired curve.

The physical design of the SCAPA instilled some common requirements for each

controller. First, since the inactive actuator was compressed during actuation, it

was always held in the ‘deflate’ state to ensure that its internal pressure was equal

to atmosphere. Second, the capacitive sensors are sensitive to the activation of the

solenoids in the pneumatic servos [61]. To compensate, we added intermediary ‘set-

tling time’ states with a fixed delay (tsettle = 100 ms) in which sensor-reading was

locked out (all smaller circles in Figure 3.7). Finally, the hold response of all three

controllers would trigger if the sensory response was within a band around the signal

curvature, derived from the model error (see Figure 3.5).

As outlined in Table 3.1, we named each controller based on the operation goal.

The simultaneous controller, the most basic controller we could implement, is a logic

controller that increases, holds, or releases pressure in the pneumatic actuator, while

sampling the sensors simultaneously. The quasi-static logic state machine removes the

dynamic response of the physical system from the sensor data by locking out the sensor

reading when the actuator is inflating or deflating. The inflation or deflation time was

either fixed (fixed rate quasi-static controller, FRQS) or could vary proportionally to

the curvature error (varying rate quasi-static controller, VRQS). The FRQS controller

used only fixed values for all of the timings, coded directly into the logic controller.

It operated on a 250 ms cycle frequency, actuating for 50 ms, settling for 150 ms, and

then reading the sensors 10 times during the last 100 ms (and averaging the data).

In contrast, the VRQS controller used proportional control to determine the timing

that the actuator should be allowed to inflate/deflate (between 0-450 ms). Since the

proportional timings allowed for much larger inflate/deflate times during large jumps
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Figure 3.8. Closed-loop curvature control using the Simultaneous,
Fixed Rate Quasi-Static, and Varying Rate Quasi-Static controllers,
with two different proportional gains in the VRQS controller. Each
plot shows the reference signal (black) and the reconstructed curva-
ture (blue - both mean and 95% confidence bounds), and indicates
the mean deviation (error) of the system response from the desired
curvature for the whole test.

in the input signal, we were able to allow the system to settle for longer (350 ms)

without slowing down the overall performance, and thus improve the sensor data

retrieved and therefore the accuracy of the controller.

3.4.4 System Response

The responses of the three controllers are shown in Figure 3.8. The input signal

is shown as a solid black line, with the mean system response shown as a solid blue

line and 95% confidence error bound shaded. For each controller, we also calculated

the mean error in curvature of the experimental response from the signal (the average

absolute difference between the signal curvature and the SCAPA’s curvature at any

given moment in time) in order to quantitatively judge the three different controllers.

As is evident in Figure 3.8, the simultaneous controller performed poorly, with

the system having an average curvature error of 17.6 m−1. The immediate, contin-

uous feedback caused the controller to whip the actuator back and forth so wildly
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that we discontinued the test before completion to prevent damage to the actuator.

We hypothesize that the (potentially internal oscillatory) dynamic response of the

physically inflating system was coupled into the sensor response in a way that was

unpredicted in our quasi-static empirical model, causing the measured curvature to

vary.

Switching to the FRQS controller, the SCAPA’s performance improved, with an

average curvature error of only 4.4 m−1. This immediate improvement further rein-

forced our conclusion about the simultaneous controller: that the internal dynamics

of the physical silicone, combined with the sensitivity of our sensors, resulted in sen-

sor responses that gave inaccurate feedback to the logic control loop. In order to

improve the error further, we allowed the fill time to vary with a proportional con-

troller. We tested two different gains (0.09 and 0.11) and the average error reduced

to 2.9 m−1 and 2.8 m−1, respectively. This exercise demonstrates that soft-bodied

control is achievable using a just simple proportional control loop.

3.5 Conclusion and Future Work

In this paper, we presented sensor-controlled antagonistic pneumatic actuators

(SCAPAs), designed for simplified fabrication and control. Towards streamlined and

efficient fabrication, we utilized conductive fabric to serve as both the inextensible

layer for the actuators enabling bending, and as the ground layer of the embedded

capacitive sensors. In order to achieve curvature control, we designed the SCAPAs so

that the embedded sensors would respond to curvature, rather than actuator inflation.

We used FEA modeling and experimental characterization of the sensor response to

curvature to evaluate various SCAPA geometries and determine an appropriate de-

sign. After selecting an appropriate design, we demonstrated that the chosen SCAPA

design could be controlled with a simple quasi-static control strategy with only min-

imal error. With both functional antagonistic actuators and feedback sensors, the

SCAPA we presented is a fully autonomous, soft pneumatic robot.
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Future efforts will explore the dynamic behavior of the SCAPAs and expand from

a single SCAPA to multiple units connected in series to form a fully controllable

soft continuum manipulator. Future work will also focus on exploration of the FEA,

quantitatively comparing run-time and model complexity with the physical response.

By changing the assumptions, material properties, modeled regions and including out-

of-plane stresses, which can result in additional unexpected warping and buckling, we

will be able to optimize the model for both speed and result quality. Additionally, a

quantitative comparison of presented control strategies and additional controllers (for

example, PID), each with optimized timings and gains, should be studied through

automated empirical testing. Finally, coupled sensor responses could be used to

determine when an external force is acting on the SCAPA.
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Introduction to Block 2:

Chapter 4 begins the second block of work that continues into chapter 5, fo-

cusing on fiber-like material systems that can be integrated into textiles, creating

fabric-based soft robots. I propose that the robotic platforms used for soft robots be

broadened past silicone or polymer matrix composites, and be extended to include

fabrics, which are known for their extreme deformability, versatility, and customizabil-

ity. Specifically, chapter 4 shows how integrating multiple materials into a single fiber

allows for a control of a multifunctional system that operates off of a single stimulus.

Also, chapter 4 explores how the choice of polymer material allows for coupling and

decoupling of the functional mechanisms, providing flexibility on the control scheme

while implementing these single-stimulus fibers in soft robotic components. Chapter

5 shows that it is possible to integrate a conductive material into fabric to provide a

feedback-control mechanism for integrated fiber actuators. This imbues the passive

fabric structure with functionality, while only requiring the addition of an electrode

to connect to the sensor via a sewn-in conductive thread. What follows are the two

(modified) abstracts for the chapters, summarizing the work therein.

In chapter 4, I introduce active variable stiffness fibers that are made from shape

memory alloy and thermally responsive polymers. This combines the actuation of

shape memory alloy with the variable stiffness of a thermoplastic using electric current

as the stimulus. By combining both actuation and variable stiffness functions, the

multifunctional fibers can move to a new position then hold that position without

requiring additional power. I explore the possibility of tuning the fibers to meet

varying structural and performance demands by selecting different thermoplastics

with different glass transition temperatures. Finally, I integrate the active variable

stiffness fibers into a fabric to demonstrate multifunctional robotic fabrics that can

control the motion of soft, compliant bodies from their surface.

In chapter 5, partnered with the primary author of the study, I build on the work

presented in chapter 4, separating out the action and stiffness fibers, but adding in

sensing improving each component for use in a fabric-based robot. I explore the use
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of thin, fiber-like systems for integration into fabric I explore the use of a flattened

shape-memory-alloy wire as a possible thin-body actuator, and demonstrate its effec-

tiveness at pure-bending motion. This contrasts with typical fiber actuators which

rely on axial contraction alone, such as those presented in chapter 4. I also present a

stiffness-changing fiber based on a glass-transition polymer epoxy with low-melting-

point metallic alloys inclusions that is capable of a stiffness change of two orders of

magnitude using Joule heating. Finally, by embedding sensors within the fabric sub-

strate, the fabric itself becomes multifunctional as both the linking structure and the

source of proprioception for the whole system, I show the utility of this pairing by

demonstrating closed-loop control over antagonistically paired actuation fibers sewn

into the fabric substrate. Additionally, by integrating actuation and stiffness change

into fabric, applications of damage-responsive tourniquets, self-deploying structures,

and collapsible airplane wings become possible.
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4. ACTIVE VARIABLE STIFFNESS FIBERS FOR MULTIFUNCTIONAL

ROBOTIC FABRICS

The following chapter is based on work previously published as [62] M. C. Yuen*, R.
A. Bilodeau*, and R. K. Kramer, “Active Variable Stiffness Fibers for Multifunctional
Robotic Fabrics,” IEEE Robotics and Automation Letters, vol. 1, no. 2, pp. 708–715,
Jul. 2016. Copyright ©2016 IEEE, reproduced with permission.
* indicates co-first-authorship

Contributions: This chapter was worked on primarily by two individuals: myself
and Dr. Michelle Yuen, in a tight collaboration. We both contributed equally to the
development of the manufacturing techniques for the multifunctional fibers. Michelle
did the bulk of the stiffness characterization with me acting as support, and I did the
bulk of the force characterization with her acting as support. We contributed equally
to creation of the demonstrations showing the utility of the fibers, as well as to the
text of the final manuscript.

4.1 Introduction

The emerging field of soft robotics aims to bring highly deformable electrome-

chanical systems for applications in wearables, search-and-rescue, medical devices,

exploratory robots, and more. This field actively pushes forward non-conventional

actuators, sensors, and structures while removing the frames, motors, and linkages

associated with traditional robots. To achieve versatility in soft robotic design, we

envision robotic fabrics bringing actuation, sensing, and stiffness control to the ex-

terior of integrated systems. Robotic fabrics are 2D fabrics that can wrap around

any highly deformable 3D object (e.g. an inflatable balloon or foam) to create a

soft robot. These fabrics are currently expanding the possibilities of wearable and

conformable robotics by adding function to textiles and manipulating soft-bodied ob-

jects [10, 63, 64]. With no fixed shape of their own, robotic fabrics can exist on the
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surface of deformable objects and in spaces that do not have a pre-defined geometry

or volume.

In this paper, we introduce active variable stiffness fibers (AVS fibers) made from

a combination of shape memory alloy and thermally responsive polymers (e.g. ther-

moplastics). This combination couples the actuation of shape memory alloy with the

passive softening/holding capabilities (variable stiffness) of a thermally responsive ma-

terial using only a single input: electric current. We have previously demonstrated

variable stiffness using a thermoplastic in a fabric-based system [65] and the integra-

tion of shape memory alloy (SMA) into fabric to form compliant and actuating planar

structures [10]. This paper combines these two bodies of work into an integrated, ac-

tive, variable stiffness material that demonstrates performance as a multifunctional

active variable stiffness fabric (AVS fabric). By combining both actuation and vari-

able stiffness functions, the AVS fabric can change the position of a soft structure and

hold the new position without requiring additional power. Figure 4.1 shows the AVS

fiber sewn into muslin fabric (an inextensible cotton textile) to form an AVS fabric.

This paper contributes the following innovations: (1) integrated actuation and

variable stiffness functions in a single fiber, enabled by a novel room-temperature

manufacturing technique that avoids activation of the thermally responsive materi-

als during processing, (2) coupled and un-coupled actuation and variable stiffness,

achieved by tuning the thermoplastic’s glass-transition temperature either higher or

lower than the activation temperature of the SMA actuator, and (3) multifunctional

fabrics with integrated active variable stiffness fibers. The integrated fabric demon-

strates both actuation and variable stiffness on-demand. The fabric acts as a con-

necting medium where multiple fibers can be integrated and activated in parallel,

thereby increasing overall lifting and holding capacity. Figure 4.1(a-b) demonstrates

the AVS fabric lifting a 200 g mass and holding it suspended even after power has

been shut off to the system. The serpentine pattern of the stiffness element enables

the fabric to support the 200g mass suspended between two blocks when not activated
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Figure 4.1. Active variable stiffness fabric composed of active variable
stiffness fibers sewn onto inextensible muslin fabric. (a) Unactuated,
stiff AVS fabric with a hanging 200 g mass. (b) Actuated then stiff-
ened AVS fabric holding a 200 g mass. (c) Unactuated, stiff AVS
fabric acting as a bridge supporting a 200 g mass on a small plate.
(d) Unactuated, softened AVS fabric sinking under the weight of a
200g mass. Scale bars are 2 cm.
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(Figure 4.1(c)). After being softened, the fabric is then allowed to deform under the

weight (Figure 4.1(d)).

4.2 Previous Work

Variable stiffness actuators for soft machines have taken two approaches: system-

level and material-level. System-level variable stiffness actuators contain elastic and/or

damping elements or employ control algorithms to tune the stiffness and impedance of

the device [66–72]. Variable stiffness actuators may also derive their stiffness control

at the material level. For example, the McKibben actuator is a widely-used soft pneu-

matic actuator, consisting of a braided mesh that shortens in length and increases

in stiffness as it is inflated with air (the stiffness and actuation are coupled) [73, 74].

Similarly, changes in both volume and rigidity have been demonstrated by swelling

of polymer gels [75]. Wang, et al. developed a composite system using SMA wire

actuators and a low-melting point fusible alloy as a variable stiffness component, then

encapsulated both in a silicone elastomer [76].

Multifuctional fibers have been developed by researchers to duplicate the tensile

strength and actuation capabilities of natural muscle fibers. Approaches include the

use of carbon nanotubes to create a conductive, strong fiber [77–79], with a disadvan-

tage of small displacements (less than 5%), micron sizing, and an inability to maintain

a structural shape. Other recent work created fibers using polymer structures [80],

but these fibers also only provide actuation and tensile strength without structural

rigidity.

In the broader community of robotic fabrics, shape memory alloy wires are a

common actuator choice due to ease of integration by stitching [10], felting [63],

weaving [81, 82], and other fixture methods [64]. Previously demonstrated active

fabrics have been used in robotic applications [10], kinetic and technical garments [63,

83], and self-deploying structures [81, 84]. Our previous work demonstrated variable

stiffness fibers integrated into fabrics to distribute stiffness control over a surface [65].



77

Figure 4.2. Active variable stiffness fibers. (a) Diagram of the com-
position of an AVS fiber. (b) PLA-based AVS fiber (the PLA core and
the SEBS coating are both transparent). (c) ABS-based AVS fiber.
Scale bars are 1 cm.

These fibers leveraged the glassy-rubbery transition in thermoplastics for variable

stiffness function.

4.3 Materials

The active variable stiffness (AVS) fibers were composed of an actuating shape-

memory alloy (SMA) wire and a variable stiffness (VS) fiber, bound together with

a polymer rubber as seen in Figure 4.2. The SMA wire actuator, composed of a

nickel-titanium (NiTi) alloy (Dynalloy, 0.508 mm dia.), changes shape to return to a

programmed helical coil when heated above its activation temperature (70◦C - 75◦C).

The VS fibers were composed of a heating element coated with a film of thermoplastic

that changes stiffness in response to temperature. Our previous work utilized unpro-

grammed NiTi wire (Dynalloy, 0.254 mm dia.) encased in a thin coating of polylactic

acid (PLA) (Open Source Printing, LLC) [65]. Here, we built on this work and also

introduced acrylonitrile butadiene styrene (ABS) (MakerBot Industries, LLC) as a

variable stiffness coating. Both types of VS fibers reduced in stiffness when the ther-

moplastic was heated above its glass-transition temperature (Tg): 55◦C - 65◦C for
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the PLA [65], and 105◦C for the ABS (manufacturer specified). Though ABS has a

lower stiffness than PLA, we included it in this study because it has a higher Tg than

the SMA transition temperature. This allows us to couple and decouple the variable

stiffness effect from the SMA actuation, using the PLA and ABS as the stiffening ma-

terial, respectively. The SMA actuator and VS fibers were bound together by encap-

sulating them with polystyrene-block -poly(ethylene-ran-butylene)-block -polystyrene

(SEBS) (Sigma-Aldrich, Mw = 89,000), a polymer rubber that withstands the oper-

ating temperatures of the fibers and remains rubbery even below room temperature.

We note here that although the NiTi heating wire used in the VS fibers can also

exhibit the shape-memory effect if properly programmed, in our work it was used

purely for its efficacy as a Joule heater. In the following discussions, the heating wire

in the VS fibers will be referred to as NiTi wire; the SMA actuator will be referred

to as SMA wire.

4.4 Manufacturing Methods

4.4.1 Variable stiffness fibers

In this work, we manufactured two varieties of AVS fibers: ABS-based and PLA-

based. Drawing upon our previous work, PLA-based variable stiffness fibers are manu-

factured by drawing 0.254 mm diameter NiTi wire through melted PLA thermoplastic

as described by Chenal, et al. [65]. Our resulting fiber diameter was 1.50±0.28 mm

(95% confidence).

In order to process the ABS, an amorphous polymer with no true melting point,

we developed a solvent-based approach to manufacture the VS fibers at room tem-

perature (25◦C). ABS filament (1.75 mm dia.) was cut into approximately 1 cm long

pellets and then placed in a solvent (2-butanone, Sigma-Aldrich) at a 50% polymer

(by weight) concentration. The mixture homogenized over a 12hr period, and was

then transferred into a syringe tipped with a T-junction (4mm inner dia.). The solu-

tion was allowed to degas for 4hrs. To coat the wire, the NiTi wire was fed through the
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Figure 4.3. Manufacturing ABS-based active variable stiffness fibers.
(a) Coating ABS solution onto a heating NiTi wire for variable stiff-
ness fiber. (b) Programming active SMA wire into a helical coil in a
390◦C oven. (c) Twisting the programmed SMA wire onto the vari-
able stiffness fiber. (d) Encapsulating the twisted wires with SEBS.
(e) Completed AVS fiber.

T-junction, as shown in Figure 4.3(a), at a constant rate of approximately 30 cm/min

. Simultaneously, pressure was applied to the syringe to ensure the T-junction was

full of the ABS mixture. At this rate of pull, the resulting thickness of the variable

stiffness fiber was 2.08±0.80 mm (95% confidence).

4.4.2 SMA actuator

The SMA actuator was programmed through the following series of steps. The

wire was coiling tightly onto a 9.525 mm diameter shaft (Figure 4.3(b)) as tension

was applied to the wire. The wire was then secured onto the shaft using two collars.

The shaft was then placed in an oven at 390◦C for 10 min and then quenched and

dried [85]. This cycle was repeated 10 times to ensure shape fixity.
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4.4.3 Integration into AVS fiber

After the coating on the VS fiber solidified either by cooling or solvent evaporation,

the SMA wire and VS fiber were twisted around each other in the same direction as the

SMA’s programming coil to prevent internal torsion, as demonstrated in Figure 4.3(c).

This twist had a pitch of approximately 0.25 (ABS) and 0.4 (PLA) rotations per cm,

influenced by the diameter of the VS fiber. The low-pitch twist bound the SMA

wire and the VS fiber with a slight mechanical connection in anticipation of the next

processing step. The twisted pair was then passed through a T-junction filled with

a polymer solution (Figure 4.3(d)) composed of SEBS polymer and toluene (30%

polymer, by weight), prepared in a manner similar to the ABS 2-butanone solution,

to bond the two components together. After the toluene evaporated from the SEBS

coating, the AVS fiber was complete (Figure 4.3(e)). The final diameter of the ABS-

based AVS fiber was 2.78±0.20 mm (95% confidence); the final diameter of the PLA-

based AVS fiber was 2.04±0.18 mm (95% confidence). Because of the VS fibers’ small

diameter, the twisted SMA can be approximated as linear along the length of the VS

fiber, allowing the SMA to deform without interference when activated.

4.5 Characterization

4.5.1 Stiffness Characterization

We characterized the AVS fibers with the thermoplastic in the inactive (stiff,

glassy) state and active (soft, rubbery) state. We did this with a 3-point bending

test using an Instron 3345 as seen in Figure 4.4(a). The distance between supports

was 5 cm and the nose radius was 5 mm. In our tests, strain was applied at a rate

of 0.01 (mm/mm)/min. The glassy state tests were performed at room temperature

(25◦C). To achieve the rubbery state, the VS fibers, contained within the AVS fibers,

were activated for 5 s at I=0.75 A before the start of the test to transition the
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Figure 4.4. Setup for characterization of AVS fibers. (a) Stiffness
characterization using a 3-point bending setup. (b) Force and load
characterization setup. Scale bars are 2 cm.
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Figure 4.5. Stress-strain plot for two AVS fibers in a 3-point bend-
ing setup. A PLA-based and an ABS-based AVS fiber were tested
repeatedly in stiff (cold) and softened (hot) states. The shaded area
around each average line represents a 95% confidence interval.

Table 4.1. Bending modulus of ABS- and PLA-based AVS fibers
with the stiffening thermoplastic heated (> Tg) and cooled (25oC). ±
value is 95% confidence on mean.

Bending modulus (GPa)
Cold VS fiber Hot VS fiber

ABS

Specimen 1 0.89 ± 0.12 0.34 ± 0.24
Specimen 2 0.72 ± 0.18 0.17 ± 0.25
Specimen 3 0.57 ± 0.16 0.17 ± 0.20

Average Modulus 0.73 ± 0.15 0.23 ± 0.23

PLA

Specimen 1 3.91 ± 2.60 0.42 ± 1.31
Specimen 2 4.73 ± 3.09 0.82 ± 0.26
Specimen 3 5.12 ± 3.70 2.52 ± 1.09

Average Modulus 4.59 ± 3.13 1.25 ± 0.89

thermoplastic into the rubbery state. Each fiber specimen was tested three times in

both glassy and rubbery states.
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The bending modulus, calculated as the ratio of the bending stress to the bending

strain, was determined for three specimens of each type of AVS fiber. The 3-point

bending test provided a set of stress-strain data points that follow a linear trend in

the elastic range of the material (Figure 4.5). We fit a straight line to each data

set to obtain the bending modulus from the slope of fitted line, given in Table 4.1.

This table shows the bending modulus fluctuated from one specimen to another.

We attributed the variation between the values from each specimen to two sources:

manufacturing inconsistency and geometric anisotropy. Manufacturing inconsistency

refers to variation in the thermoplastic and SEBS coating thicknesses, which resulted

in variance in the cross-sectional geometry of both the VS fibers and the AVS fibers.

The geometric anisotropy of the AVS fibers arises from the change in position of the

SMA wire relative to the loading direction as the fiber is rotated during the 3-point

bending test. The maximum stiffness configuration occurs when the loading direction

is aligned with the axis passing through the center of both the VS fiber and SMA, and

the minimum stiffness configuration occurs when the loading direction is orthogonal

to this axis. To ensure that the measured values are within reason, we performed

a stiffness analysis of the cross-section by integrating the second moment of area

and elastic modulus to determine the overall bending modulus of the AVS fibers in

their stiffened state. By considering the upper and lower extremes for both coating

thicknesses and geometric anisotropy, we calculated possible modulus ranges as 0.453-

4.80 GPa and 2.11-7.70 GPa for the ABS-based and PLA-based fibers, respectively.

These ranges include the values that we measured (Table 4.1), confirming that the

spread of the experimental values is within reason.

The bending modulus was also determined as a function of current for a single

representative ABS-based AVS fiber specimen (Figure 4.6). We varied the current

from 0 A to 1 A, focusing on the currents near the transition from the stiff to soft

state. A sigmoidal curve fit to the experimental data follows the trend expected of a

thermoplastic’s modulus going through its Tg [86]. However, the trend breaks at the

higher currents (represented by the 1A data point) when the heated VS fiber is hot
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Figure 4.6. Stiffness characterization plot for a single ABS-based
AVS fiber softened with various currents. At high currents, the SMA
actuator begins to activate during the stiffness test resulting in an
increased modulus.
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enough to trigger activation of the adjacent SMA actuator, transitioning the SMA

from its flexible martensite phase into a stiff austenite phase, thereby increasing the

general bending modulus of the AVS fiber. This curve provided us with a range of

currents to use that would soften the ABS-based AVS fiber. The PLA-based AVS

fibers were not characterized in this work, as a similar analysis appears in previous

work done by Chenal, et al. [65].

The average modulus values presented in Table 4.1 shows that the ABS-based

fibers are softer than the PLA fibers both when stiffened and softened. To determine

how the stiffnesses of the fibers affect actuation, we subsequently performed force

tests on the fibers.

4.5.2 Force and Load Characterization

To characterize the force produced by the AVS fibers, 10 cm long AVS fiber

segments were clamped in an Instron 3345 fitted with a 50 N load cell (Figure 4.4(b)).

Throughout the test, the specimens were held in tension at a fixed length to measure

the force produced by the isometrically actuating SMA when the VS fiber was both

stiff and softened.

In contrast to the stiffness tests, only the ABS-based AVS fibers were tested for

force in both their stiffened and soft state. The PLA-based fibers were tested only

in their soft state, because the PLA stiffness cannot be decoupled from the SMA

actuation. Since the Tg of PLA is below the activation temperature of SMA, when

the SMA is powered the PLA will soften regardless of whether or not the VS fiber is

powered. This effect does not occur in the ABS-based fibers because the Tg of ABS

is above the activation temperature of SMA—only overheating the SMA will cause

the ABS to transition into the rubbery state.

We averaged the tests from multiple segments of the ABS-based AVS fiber (Table

4.2). When the ABS was softened, the SMA was able to produce 2.25±0.17 N of

actuation force. In contrast, when the ABS was stiff, the testing apparatus was unable
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Figure 4.7. Plot of force produced by an ABS-based AVS fiber.
Hot: VS fiber was softened before SMA actuation. Cold: VS fiber
was not softened before SMA actuation. Cold-to-Hot: VS fiber was
softened 30 s after the SMA was actuated. The shaded area around
each average line represents a 95% confidence interval.

Table 4.2. Force produced by the SMA actuator portion of ABS-and
PLA-based AVS fibers in the softened and stiffened state. ± value is
95% confidence on mean.

Force (N)

ABS-based fiber
Soft state 2.25 ± 0.17
Stiff state -0.09 ± 0.22

PLA-based fiber
Soft state 1.04 ± 0.30
Stiff state N/A
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Figure 4.8. Plot of force produced by an ABS-based AVS fiber as a
function of applied current. The VS fiber was softened prior to the
start of each run. The currents applied ranged from 0.5 A to 1.75 A
in increments of 0.25 A. The shaded area around each average line
represents a 95% confidence interval.

to detect any pulling forces from the SMA wire. The negative force values result from

the hot SMA reducing the whole fiber’s modulus slightly. This test demonstrates that

the ABS-based AVS fiber will maintain its position when the VS fiber is inactive,

even when the SMA is powered. The results also show that the ABS-based AVS

fibers produce higher forces compared to the PLA-based AVS fibers. This is likely

due to a both the PLA having a higher bending modulus than ABS in its soft state

(Table 4.1) and the soft ABS adding heat to the SMA wire.

In Figure 4.7, we plotted the data from a single ABS-based AVS fiber showing

the force being generated from the active SMA wire over time for 60 s. The fiber

was subjected to 3 operating conditions: 1) actuation of the SMA without softening

the ABS, 2) actuation of the SMA after softening the ABS, and 3) actuation of the

SMA for 30 s prior to softening the ABS. These conditions are shown in Figure 4.7

as “Hot”, “Cold” and “Cold-to-Hot”, respectively. The plot clearly shows that the

fiber follows the zero-force trend when the fiber is stiff, but once the fiber is softened,
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the actuating SMA is able to produce force. This demonstrates complete decoupling

of the actuation and stiffening components in the ABS-based AVS fibers.

We further characterized a single ABS-based AVS fiber for the force produced

as a function of current applied (Figure 4.8). For all of these experiments, the VS

fiber was softened prior to actuating the SMA, identical to the “Hot” tests shown

in Figure 4.7. We measured the amount of force produced by the fiber over 60 s of

applied current across a range from 0.5 A to 1.75 A. As expected, increasing the input

current results in increased output force, showing that the incorporation of the SMA

actuator in an AVS fiber does not change the SMA actuation behavior [85].

In addition to the force generation experiments, we also characterized the load

capacity of the fibers and SMA wire in their stiffened, coiled shape. The fibers and

wire were first actuated (without load) then cooled into a fully contracted coil. This

stiffened coil was then placed in the same Instron setup shown in Figure 4.4(b).

We applied a constant linear displacement of 10 mm/min to the coil and measured

the resulting load. The resulting load-extension curve indicated that the coils be-

haved as linear springs with spring constants of 3.85±2.91 N/m for the SMA wire,

22.2±6.28 N/m for the PLA-based AVS fibers, and 51.8±14.8 N/m for the ABS-based

AVS fibers (95% confidence).

4.6 Applications

4.6.1 Single-fiber active lifting and passive holding

To demonstrate the “move and hold” potential of AVS fiber, we lifted a 47 g

mass with the AVS fiber and then removed power to the system, allowing the fiber

to passively hold the weight. As shown in Figure 4.9, we compared a programmed

SMA actuation wire with the PLA-based and ABS-based AVS fibers. The bare SMA

actuator wire is identical to the actuation wire in the AVS fibers. To set up the test,

we clamped a 15 cm segment of the fiber to a support, then hung a mass from the

free end of the fiber, applying a downward force. The bottom leads of the fiber were
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Figure 4.9. Comparison of an actuation cycle of (a) an SMA wire,
(b) a PLA-based AVS fiber, and (c) an ABS-based AVS fiber. The
top of the fiber is fixed and a 47 g mass is attached to the hanging
end of the fiber. The mass acts as an electrode, with a small copper
wire attached to it. From top to bottom: (I) the fiber is not actuated,
(II) the fiber is softened and fully actuated, (III) all power is turned
off to the fiber, and it is allowed to cool for 15 s, (IV) the fiber is
completely cooled. For scale, each square is 1 cm2.
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attached to the weight making it a common ground for the fiber. A small copper wire

of negligible mass (0.2 g) was attached to the weight and traveled with the weight to

maintain electrical contact.

For each test, after hanging the fiber, the NiTi wire was heated briefly to soften

the variable stiffness thermoplastic (Figure 4.9(I)). Current was then applied to the

SMA actuator to lift the weight. Both the VS fiber and SMA wire were powered until

the SMA actuator achieved maximal displacement (Figure 4.9(II)). At this point, all

power to the fibers was shut off, and the entire AVS fiber was allowed to cool. The AVS

fiber relaxation was recorded 15 seconds after the power was shut off (Figure 4.9(III))

and 5 minutes later (Figure 4.9(IV)) when the fibers had completely cooled. The

SMA wire was tested using this same procedure, without the initial step of heating

up a variable stiffness fiber prior to actuation.

Figure 4.9 presents the results of this test. The bare SMA wire lifted the bolt

higher than the AVS fibers by 1 cm, but once the power was disconnected the weight

dropped 11 cm (85%) (Figure 4.9(a)). The PLA-coated AVS fiber lifted the bolt

12 cm, but lost 7 cm (58%) of this initial displacement during cooling (Figure 4.9(b)).

In comparison, the ABS-based fiber lifted the bolt up 12 cm and then, upon cooling,

only lost 4 cm (33%) of its actuation height (Figure 4.9(c)).

According to the previously calculated spring constants, the displacement (the

distance between actuation height and final height) for each fiber type was predicted

as 11 cm, 2.08 cm and 0.89 cm for the SMA wire, PLA-based, and ABS-based fibers,

respectively. While the actual displacement of the SMA wire was consistent with the

predicted displacement, the actual displacement of the AVS fibers was greater than

predicted. We attribute this discrepancy to the cooling and re-stiffening period of the

thermoplastic. As the AVS fibers cool down (Figure 4.9(III)), the ABS is able to drop

below its Tg and stiffen even while the SMA is still at its activation temperature. In

contrast, the PLA remains soft while the SMA cools below its activation temperature.

With no lifting force, the weight can stretch out the PLA-based fiber more than the

ABS-based fiber. This explains why both fibers dropped more than their spring
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Figure 4.10. AVS fabric attached to a cantilevered foam block to
create a soft robotic lifting arm structure. One end of the foam block
is fixed; the other end is free and supports a 50 g mass. (a) AVS fabric
is stiff, (b) AVS fabric is softened and fully actuated, (c) AVS fabric
is stiff and cooling, and (d) Robotic arm structure sustaining mass for
extended period of time with no additional power input. Scale bars
are 2 cm.
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constants predicted, as well as why the PLA-based fiber dropped an additional 5 cm

when the ABS-based fiber dropped only an additional 3 cm.

It is important to note that the bare SMA wire actuated significantly faster than

the other two AVS fibers. Though we did not record the data precisely, the overall

activation time for the SMA wire was 20-30 s shorter than the tests for the AVS fibers

(about 60-70 s).

4.6.2 AVS fabric for conformable robotic skins

The second test demonstrates the potential of these AVS fibers to be used in

robotic fabric. We sewed a long ABS-based AVS fiber to a strip of cotton fabric, cre-

ating a fabric capable of manipulating objects from their surface. The AVS fiber adds

both structure and function the fabric, giving the fabric the ability to mechanically

manipulate objects (Figure 4.10). Figure 4.1(a-b) shows the AVS fabric used in this

demonstration in both a flattened and actuated state. The holding capability of the

ABS-based fibers from the first demonstration encouraged us to choose these fibers

over the PLA-based fibers in our final demonstration. We stitched the AVS fiber

at 2 cm intervals in a serpentine pattern consisting of six lines. This stitch length

adequately secured the AVS fibers to the fabric without constricting the AVS fiber

deformation during actuation.

We attached the AVS fabric to the top of a foam block as shown in Figure 4.10(a)

to simulate a soft robotic arm. The foam block was fixed in a cantilever position with

a 50 g mass suspended from the free end. In Figure 4.10(a), the fabric is stiff with

the mass causing the foam block to sag. After softening the VS fiber with 0.75 A of

current and actuating the programmed SMA for 30 s at 1.5 A, the fully actuated state

of the AVS fabric is attained (Figure 4.10(b)), lifting the mass 10 cm. Immediately

after full actuation, power was disconnected to the fiber and the AVS fabric was left

to cool. While the AVS fabric was cooling to a glassy, stiffened state, the spring-

force of the curled foam block and the weight of the 50 g mass pulled the foam arm
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partially down from the fully actuated position (Figure 4.10(c)). The soft robotic arm

structure then sustained the weight 5.75 cm higher than its original position with no

additional energy input, for 2 hours. Figure 4.10(d) shows the structure holding the

weight, with the weight only dropping an additional 0.75 cm from the 2 minute mark

in Figure 4.10(c). This small drop in position can be attributed both to creep in the

polymer and the AVS fabric not having fully cooled at the 2 minute mark.

4.7 Conclusion and Future Work

In this work, we have demonstrated active variable stiffness fibers for use in con-

formable robotic applications. The active variable stiffness fibers are comprised of

two functional elements intertwined: a variable stiffness fiber and an actuating shape

memory alloy wire. Both fibers are activated by thermal energy generated by Joule

heating. The active variable stiffness fibers can actuate and sustain displacements

even after power has been disconnected from the system.

We introduced active variable stiffness fibers using two different thermoplastics:

PLA and ABS. Because the Tg of PLA is below the SMA activation temperature,

the variable stiffness effect is coupled to SMA actuation. In contrast, the Tg of ABS

is higher than the SMA activation temperature, and thus the variable stiffness and

actuation are decoupled. The fibers were characterized for their change in stiffness

and for force production. We studied the behavior of individual AVS fibers in per-

forming a “move-and-hold” operation, demonstrating an improved holding capacity

in the ABS-based due to the decoupled stiffening and actuation. The ABS-based

AVS fibers were used to manufacture an active variable stiffness fabric by stitching

the fibers onto cotton fabric. By attaching the planar AVS fabric to a soft foam block,

motion and stiffness control was imparted upon the foam. Actuation of the fabric

caused the foam block to bend and lift a mass, then proceed to hold the deformation

without continuous actuation via stiffening of the fabric. This demonstrated that
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the 1D capabilities of multifunctional fibers can be extended to 2D surfaces and 3D

structures.

Future work will focus on optimization of the manufacturing process and further

characterization of the fibers. An improved manufacturing framework would increase

control over the cross-sectional geometry of the fibers, allowing for greater customiz-

ability and uniformity of the fibers’ function. Full characterization of the stiffness

and force production would enable a better understanding of the behaviors and func-

tional coupling of the fibers. Additionally, future work may explore the use of other

materials, such as alternatives to the stiffening agent and encapsulation polymer, as

it is possible to tune the fibers precisely to structural and/or performance require-

ments. Additionally, a parametric study to determine the effect of different diameters

of wire, thickness of polymer coatings, and twisting pitch may contribute to future

design optimization. Future work will also explore the effect of different or more com-

plex sewing patterns on the performance of AVS fabrics, as well as the addition of

sensing elements for proprioceptive feedback, enabling closed-loop control of a robotic

fabric.
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5. A METHOD FOR ROBOTICIZING FABRIC BY INTEGRATING

FUNCTIONAL FIBERS

The following chapter is based on work currently under review as T. L. Buckner, R.
A. Bilodeau, S. Y. Kim, and R. Kramer-Bottiglio, “A Method for Roboticizing Fabric
by Integrating Functional Fibers,” Pending Publication, 2020.
Reproduced with permission from senior author.

Contributions: This chapter was worked on primarily by two individuals: Trevor
Buckner and myself. I am not a first author on this paper, although I did significant
work on the materials characterization, modeling, and executed feedback control on
the sensor-actuator fabric, as well contributing technical expertise that lead to the
final design of each material component. I did not deserve first author credit as the
bulk of the text was written by the first author. I contributed significantly to all of
the main figures (the figures with multiple parts), including almost all of the images
taken of the materials and the fabric system. The final composition of all of the fig-
ures was left to the first author to complete. Any figures the published work in which
I had no contributions appear exclusively as supporting information in the original
text, and are not included in this dissertation. Worth additional note is that some of
the supporting figures are comprised of my work exclusively. Although I did not write
the original manuscript, I performed a significant edit and rewrites of large sections
of the text of the paper to get it to this current written format.

5.1 Introduction

From natural plant fibers and animal wool to modern glass filaments and syn-

thetic polymer thread, fabrics are among the most ubiquitous and adaptable mate-

rials in history. By nature of their interlaced fiber structure, fabrics are breathable,

conformable, and highly compactible. Further, their general resiliency to crushing,

tearing, and bending positions fabrics as the perfect class of material for wearables

and other conformable applications, including specialized products such as extreme

weather protective garments, rugged ripstop nylon in parachutes, and bullet-resistant

vests. Given these versatile characteristics and unique application design space, the
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possibility of roboticizing fabrics could lead to smart adaptive clothing, self-deploying

shelters, and lightweight shape-changing machines.

Preliminary work in this area introduced the terms “smart textiles” and “e-

textiles” [87–89] to designate fabrics enhanced with electrical circuitry via the de-

velopment of flexible [90–92] or miniaturized [93, 94] versions of traditional electri-

cal components. In particular, flexible sensors [87, 95, 96], electrically-conductive

threads [89, 95], and energy collection devices [97–99] have come forth as potential

building blocks for robotic fabrics. There have even been rare demonstrations of wear-

able fabric devices that use responsive materials for embedded actuation, including

self-rolling temperature-sensitive sleeves [100], an orthotic limb support [101], and dy-

namic compression stockings [102]. While the vast majority of these works showcase

the success of individual robotic components, they are generally passive or uncon-

trolled, and the actuators rely on external actors to “reset” them after a single use or

actuation cycle. As many of these concepts rely upon the presence of a host structure,

such as the user of a wearable device, the notion of independently functioning fabric

machines has also been little-explored [103].

We demonstrate an expanded scope of fabric functionalization, allowing fabric to

become a complete standalone robotic platform (Figure 5.1A). Our work addresses

several gaps in the literature by introducing a set of functional fibers that unify

actuation, structural control, and sensing functions into a cohesive robotic fabric unit

(Figure 5.1B, C). By using fiber-like components as the active elements (Figure 5.1D),

we retain the desirable qualities of fabric, which opens the way for machines that are

not only thin, lightweight, and breathable, but which harness complex curvature and

limitless surface configurations as key functions.

Below, we detail the design and optimization of functional fibers as actuators,

variable stiffness components, and sensors. We then describe the integration of these

functional fibers into robotic fabrics that enable new capabilities, such as reactive

wearables and deployable fabric structures.
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Figure 5.1. Robotic fabrics. (A) Rendering of a potential robotic fab-
ric capable of locomotion. (B) Actualized robotic fabric demonstra-
tion. (C) Current robotic fabric vs rendering of potential fully-woven
robot. (D) Fiber-form robotic components (from the left: sensors,
actuators, and structural supports) can be combined in a variety of
ways to create thin fabric-based machines.
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5.2 Results

5.2.1 Actuation

As of this writing, motion-generating fabrics have made only rare appearances in

end-user products [63]. However, as efforts are made to mimic the stranded mus-

cular tissue in living animals, several different fiber-like actuators of varying utility

have come to light [103, 104]. Some of the more promising examples include shape-

memory polymers [105], shape-memory alloys [106], electromechanical twisted carbon

nanotube yarns [107], and supercoiled nylon strands [108].

We selected Nitinol shape-memory alloy (SMA) wire as our actuating fiber. SMA

is electrically conductive and, when programmed to remember a shape, activates

with heat. These two traits make electrical control via Joule heating a simple pro-

cess. SMA wire is usually shaped into a coil or mesh to allow for high-strain linear

contraction [106, 109, 110]. We instead utilize SMA wire to generate bending motion

(Figure 5.2A), which has typically only been demonstrated using large SMA panels

bent into “hinges” [111,112]. Bending allows the SMA wire to actuate “in-plane” with

the fabric substrate (Figure 5.2B), and facilitates reversible antagonistic motion when

paired with an actuator on the opposite side of the fabric. Bending wire actuators

can also be easily anchored to fabric by couching (Figure 5.2C) – a well-established

sewing technique.

One challenge when integrating antagonistic wire bending actuators into a highly

flexible fabric is that any off-center forces encourage the wire to twist the fabric

rather than purely bend. This contortion can introduce chaotic actuation or even

bending opposite the intended direction if the wire turns over within its couching.

We overcame this challenge by flattening the round SMA wires (Figure 5.2D) into

ribbons (Figure 5.2E), modifying the area moment of inertia such that bending is

favored over twisting. Additionally, the couching is able to hold a flattened ribbon

tighter to a fabric base, preventing the actuator from overturning.
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Figure 5.2. Shape memory alloy actuator ribbons. (A) SMA ribbon
programmed to exhibit bending motion. (B) Sewn SMA ribbon used
to actuate fabric body. (C) Couching method to affix SMA ribbon
to a fabric substrate. (D) Initial round SMA wire. (E) Flattened
SMA ribbon. (F) Bending an SMA against its programmed direction
induces higher flexural stress and encourages the wire to twist instead.
Error cloud is 95% confidence interval. (G) Round and flattened wires
were subjected to forces at increasing out-of-plane angles to determine
bending response. (H) A flattened ribbon will tend to bend and buckle
in plane (green), and a round wire will tend to twist and bend out
of plane (red). (I) Round SMA actuators tend to generate higher
bending force than flattened actuators of comparable cross section.
Error bars are one standard deviation.
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To elucidate the cause of twisting we studied bi-directional actuation of fabric,

where SMA ribbons are used in antagonistic pairs. When its opposing actuator is

active, an SMA ribbon is forced to bend backward against its programmed actuation

trajectory, building up a spring response within the ribbon. Three-point bending

tests revealed that the flexural modulus of our SMA ribbons is consistent regardless

of bending direction (E ≈ 66 GPa), however, plastic deformation occurs at different

stresses depending on the bending direction (Figure 5.2F). We surmise that it is this

difference in maximum stress that often encourages a wire to twist such that it is

again bending “forward”, avoiding excessive buildup of elastic energy.

We characterized the effectiveness of the flattening treatment by measuring the

tendency for SMA wires and ribbons of various aspect ratios to remain in the desired

bending plane in response to an external force. We clamped the SMA specimens

in a pre-buckled configuration and applied a force to the centerpoint at different

incoming angles (Figure 5.2G). At an applied force angle of 0◦, the wire is expected

to experience a snap-through, remaining fully in-plane as it deflects. Conversely, at

an angle of 90◦, the wire should twist out of plane about the fixed-fixed axis. After

recording the dominant behavior (in-plane or out-of-plane motion) for intermediate

force angles, the results confirm that by increasing the wire aspect ratio (flattening the

wires), they become more resistant to out-of-plane forces and favor in-plane deflection

(Figure 5.2H).

‘Activated’ (heated) SMA generates force by building up internal material stresses

as its crystalline structure transitions from martensite to austenite [106]. Given that

stresses in bending are greatest on the outer surface, we would expect that regions far-

thest from the neutral axis contribute most to the bending force. That is, thicker wires

generally provide larger output forces than a thin ribbon of similar cross-sectional area

(Figure 5.2I). Indeed, we see that for flattened wires, the output force is linearly pro-

portional to the area moment of inertia (Supplemental Figure S1). However, round

wires underperform, reaching a force-output plateau due to actuation forces being

directed out of plane.
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As mentioned, when bending in the direction of programmed actuation, plastic

deformation occurs at a relatively low stress, which is mostly a result of reversible de-

twinning of the martensitic crystal lattice [106]. In the reverse direction, it is possible

to introduce permanent dislocations and microcracks into the ribbon that interfere

with the austenite-martensite transition and adversely affect the programmed actua-

tion [113,114]. The point at which this damage occurs is determined by the material

flexural strength (Supplemental Figure S2A), although measured strength seems to

be influenced by the processing steps and was not constant across SMA aspect ratios

(Supplemental Figure S2B). We maximize the lifetime of our actuators by avoiding

this overstrained regime except for the initial unwrapping and straightening of the

ribbon in preparation for the sewing step. By also avoiding excessive temperatures,

we have continuously used our antagonistic actuators for upwards of 1,000 cycles with

no noticeable degradation.

Given this characterization, we selected an SMA ribbon aspect ratio of 2.5 for all

further demonstrations, as it provided a reasonable balance of output bending force,

system stiffness, and stable in-plane motion.

5.2.2 Variable-Stiffness Support Structure

Although a fabric might be equipped with locally-reliable actuators, its inherent

lack of a supportive structure limits control of the overall robot configuration. By

actively softening and stiffening our variable-stiffness (VS) fibers, we can regulate the

direction and degree of actuation with higher repeatability and fewer total actuators.

In addition, an on-demand support structure allows a robotic fabric to perform move-

and-hold operations to sustain loads which would otherwise collapse a typical fabric.

VS is possible using many different techniques [115, 116], but expressions of this

concept in fiber-like morphologies are limited. The most successful examples include

silicone tubes filled with a low-melting-point material [117, 118], strands of glass-
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transition polymer [62, 65], and segment jamming via tension in an axial wire [119,

120].

Our VS fibers (Figure 5.3A, B, C) are based upon a thermally-responsive epoxy

that softens significantly as it undergoes a glass transition at approximately 60◦C [121]

(Figure 5.3D, E). We also incorporate a low-melting-point metallic alloy particulate

filler (Field’s Metal; FM) [122] at a volume ratio of approximately 100:85 (46 vol%

FM), which increases the rigidity of the VS fibers when cold, yet melts at 62◦C to

further soften the material when heated (Figure 5.3F,G). The fibers are Joule heated

via an internal conductive stainless-steel thread (Figure 5.3E, F).

We measured the flexural moduli of fibers made from both the neat epoxy matrix

and the FM composite over a range of temperatures (Figure 5.3H). The addition of

FM raises the maximum rigid modulus while lowering the heated (i.e. soft) modulus

[122]. Even with the addition of the flexible stainless-steel core in the fiber, the

lower stiffness bound remains below 25 MPa, which is slightly less flexible than latex

rubber, and, when in fiber form, well matched to the output force capabilities of our

SMA actuators. While the addition of FM enables an increased modulus range, the

FM composite has a lower ultimate flexural strength than neat epoxy, which may be

due to poor bonding at the interfaces between epoxy and FM particles (Figure 5.3I,

Supplemental Figure S3).

Because the response of a thermally responsive fiber is time-dependent, charac-

terizing the time to completely transition between rigid and soft states is crucial for

effective control sequencing in robotic fabrics. We measured the thermal conductivity

of the VS composite fiber, and as expected when compared to analytical models, the

increased volume fractions of FM lead to increased thermal conductivity (Figure 5.3J).

We then developed a numeric heating and cooling simulation of the VS fibers under

a wide range of material conditions and compared it to experimental data (Supple-

mental Figures S4 - S8). Fully cooling from a uniform 65◦C in free convection takes

approximately 70 seconds regardless of FM content (Figure 5.3K). On the other hand,

heating times varied slightly depending on the material composition and whether the
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Figure 5.3. Variable stiffness fibers. (A) A shaped VS fiber supports
a 20 g load. (B) VS fiber sewn onto a fabric substrate. (C) Added sup-
port from fabric allows VS fiber to support up to 50 g before legs begin
slipping. (D) Neat epoxy VS fiber. (E) Neat epoxy cross-section. (F)
FM composite cross-section. (G) FM composite VS fiber. (H) Hot
and cold flexural modulus for both the neat epoxy and FM compos-
ite (46 vol% FM), with and without stainless steel yarn core used
for Joule heating. Error bars are standard deviation. (I) Ultimate
flexural strength of the VS fibers. (J) Measured thermal conductivity
of the composite vs. vol% of Field’s metal, compared with Brugge-
man effective medium theory. Error bars are 95% confidence interval.
(K) Free convection cooling of VS fibers. Experimental data is for
neat epoxy specimens. Numerical simulations for both neat epoxy
and FM composite had negligible difference. Inset shows computed
cross-sectional thermal gradient for both 0 and 50 vol% FM fibers
after 7 s of cooling from 65◦C. (L) Numerical simulation results for
‘worst case’ heating scenario, with the heating core center offset to
2/3 of the VS fiber diameter. Inset shows computed cross-sectional
thermal gradient after 6 s of heating at 13W/m.
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Figure 5.3.
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steel heating yarn was properly centered in the fiber (Figure 5.3L). Notably, the in-

creased thermal conductivity from the FM inclusions smooths the thermal gradient

in the fiber, reducing hotspots which could result in premature material degradation

and cold spots with incomplete phase transitions (Figure 5.3K, L).

With these results, we selectively use both the neat and composite VS fiber for-

mulations depending on the use case, favoring higher stiffness with the FM composite

or higher strength with the neat epoxy.

5.2.3 Sensing

An important part of any robot is the ability to sense internal or environmen-

tal changes and respond appropriately. To create sensors, we used a self-coagulating,

paintable conductive ink, which allows a region of fabric to become highly sensitive to

small changes in strain while adding negligible stiffness to the fabric [123]. Composed

of a polydimethyl-siloxane (PDMS) precursor emulsified in a carbon black nanoparti-

cle/ethanol suspension, this ink can easily permeate and bond to individual filaments

of a fabric (Figure 5.4A, B). Penetration into the fiber weave itself maintains much

of the porosity of the fabric (Figure 5.4C, D) and creates an electrically conductive

pathway that changes in resistance as the fabric weave is stretched and the gaps

present between fibers are enlarged (Figure 5.4E).

By printing this ink on opposite faces of a fabric, sensors can be used to detect

structural bending. Despite some permeation through the cloth, the printed face will

have a higher density of conductive material, and this small offset from the neutral axis

is enough to bias the sensor toward a compression response in one bending direction

and extension in the other. The sensor signal is most consistent in extension, so

querying the corresponding sensor depending on bend direction leads to repeatable

sensor values.

In Figure 5.4F, we show a section of fabric with these printed sensors and two

antagonistic bending SMA ribbon actuators attached via couching. The sensor feed-
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back made it possible to control the fabric actuation and hold different curvatures

(represented as target sensor signals, Figure 5.4G, Supplemental Movie S1). Without

VS elements, the device naturally relaxes into a neutral center position when neither

actuator is active due to a balance in opposing spring forces in the SMA ribbons.

5.3 Applications

We present a series of demonstrations that utilize the SMA ribbon actuators, VS

fibers, and in-fabric strain sensors, suggesting a range of possible applications for

robotic fabric.

First, we showcase a robotic fabric tourniquet (Figure 5.5A; Supplemental Movie

S2). This device comprises a breathable fabric sleeve with embedded rows of parallel

ribbon actuators, VS fibers, and conductive carbon ink traces. When the fabric is

severed along one of the conductive carbon ink traces, the damage is detected as

a broken circuit and an emergency response is triggered at the damage site. The

fabric will compress and then hold that position without further power expenditure

(Figure 5.5B, C, D). Each SMA ribbon was measured to contribute ≈1.6 ± 0.1 kPa,

which approaches the recommended arm cuff pressure of ≈2 kPa to combat ortho-

static hypotension [124]. We expect that further developments and an increased

actuator count may achieve the higher pressure of ≈26.6 kPa that is recommended to

properly cut off blood flow [125]. This type of responsive sleeve could potentially be

used as a smart garment in military or exploratory environments, where automatic

emergency measures could counteract life-threatening situations if medical aid is not

immediately available. By altering the arrangement of actuators, sensors, and VS

fibers, it is conceivable that other types of assistive wear could also be created, such

as clothing that augments muscular motion, provides dynamic orthostatic pressure,

or even simply changes shape to fit different climate conditions.

Second, we demonstrate a shape-changing robotic fabric sheet that functions inde-

pendently from any host body (Figure 5.5E, F; Supplemental Movie S3). The initial
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Figure 5.4. Conductive ink sensors. (A) The carbon-
black/PDMS/ethanol emulsion is printed directly onto the fabric. The
surface conductivity is sufficient such that printed sensor blocks can
be electrically connected by sewing over them with conductive thread.
(B) A microscope image of ink-coated knitted spandex fabric. (C)
Porosity measurement of neat, unstrained fabric. (D) Porosity of
inked fabric. (E) Porosity of inked fabric after stretching. (F) A
simple actuator-sensor device curls up and down, generating a sensor
signal dependent on device curvature. (G) The curling device follows
the control signal by modulating the power output to the SMA actua-
tors. Each sensor is actively used only when the corresponding fabric
face is in extension.
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form of this device is a flat, square section of cloth (Figure 5.5G). Upon activation,

the device softens its VS frame and lifts itself up into a table-like platform structure.

This new shape becomes rigid and load-bearing, as demonstrated by placing weights

on the platform. The shape is then returned to its initial configuration via an antago-

nistic ribbon actuator, which flattens the device again (Figure 5.5F). By choosing not

to soften certain VS fibers, such as the central VS ring (Figure 5.5H, I), the actuation

motion and subsequent shape is influenced. This signifies that even complex transfor-

mations may be possible with reduced component counts by leveraging actuators and

VS components in concert. Further, the continuous curvature displayed by this ma-

chine sets robotic fabrics apart from origami-inspired machines [126], as the range of

transformation and conformability is not limited by discrete folds. The shape change

ability demonstrated is an early indication of the potential for extremely adaptable,

independent machines with on-demand tool generation.

Last, taking inspiration from the fabric wings of the 1903 Wright Flyer, we demon-

strate a self-deploying airplane wing in a fully untethered system (Supplemental Movie

S4). The robotic fabric wings are seated into small slits in the side of the fuselage,

wherein all additional circuitry, microcontrollers, and batteries are enclosed. The

fabric wings curl to wrap around the fuselage for compact storage (Figure 5.5J), and

uncurl into a deployed, rigid state with wings extended (Figure 5.5K, L, M, N). This

demonstration shows the potential for robotic fabrics as an adaptable component in a

larger machine, and shows how a particular robotic fabric segment or tool might self-

stow or move out of the way when not in use. This is a key functionality for use cases

when light weight and low storage volumes are highly desired, as in transportation

to and from remote locations or in space exploration.

5.4 Discussion

By treating fabric as the foundation of a robot, it can be enhanced from a passive

material to smart adaptive clothing, self-deploying structures, or lightweight shape-
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Figure 5.5. Robotic fabric demonstrations. (A) Robotic fabric tourni-
quet. (B) Tourniquet is buttoned about a foam body. It reacts to a
damaged circuit by contracting and holding a tightened pose. (C)
Thermal image of the tourniquet as VS fibers soften. (D) Thermal
image of activated SMA actuators constricting. (E) Robotic fabric
“popup” table. (F) From an initial flat state, the table is able to stand
up, stiffen into a load-bearing platform, and then collapse under a load
as it softens and actuates back into its initial flat configuration. (G)
Fabric “popup” table is approximately 2 mm thick. (H) Activation
and softening of table “leg” VS fibers. (I) Activation of SMA actuator
wire, causing table to stand up. (J) Robotic fabric wing in self-stowed
position. (K) Robotic fabric wing curls and uncurls from deployed,
open state into a compacted, stowed state. (L) Robotic fabric wing
in deployed position. (M) Activation and softening of wing VS fibers.
(N) Activation of curling SMA wires.
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changing machinery. There are still many hurdles to overcome before robotic fabrics

reach their full potential. We expect that with time, scientific advances will un-

veil improved actuation, variable-stiffness, and sensory technologies that are ideal for

future robotic fabric developments. By leveraging well-established textile manufac-

turing process, we envision that the future will bring mass-produced rolls of robotic

fabric, available for purchase, and programmable as-required to fit varied tasks. Self-

reconfiguring machinery made from this material could bend and twist into new and

complex shapes as needed, and then collapse for compact storage. Such visions will

require advancements in other areas, such as the development of practical simulation

and design tools, robust thin-body controls, and even lightweight embedded power

supplies. We hope that our early step toward robotic fabrics can inspire many more

future advances in a field with so much potential.
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Introduction to Block 3:

Chapter 6 and 7 comprise the final block of this dissertation. Together, they

show two material compositions that enable stretchable, conductive bulk material

composites with uniform Joule heating. Many soft robotic components require highly

stretchable, electrically conductive materials for proper operation. However, there

is a scarcity of stretchable materials that can withstand the high strains typically

experienced by soft robots, while maintaining sufficiently uniform, high conductivity

to be used as a Joule heater. Chapter 6 is the initial work that aims to fill this

material void (although with low strain capacities). It contains many of the potential

applications for creating stretchable, digitally addressed heating skins. These include

thermochromatic displays, shape-on-demand control over rigid materials that enable

rapid forming of weight-bearing structures, and even minor control over thermally

responsive silicones. Chapter 7 is the follow-on work which, assuming that the pos-

sibilities shown in chapter 6 are understood, demonstrates a significant leap forward

in the capacity of the bulk heating material to sustain high strains over many cycles.

In Chapter 7, I show a new activation mechanism that allows us to enhance pre-

viously observed functions (stretchable, conductive silicone composites using internal

conductive liquid inclusions) with softer, more stretchable silicones than was formerly

possible. In previous works, stiffer silicones were composited with conductive liquid

inclusions and activated through an application of pressure. This caused the silicone

walls separating the conductive liquid to crack allowing the microcapsules of conduc-

tive liquid to “burst” and coalesce into a conductive network [127]. With softer (and

inherently more stretchable) silicones, this does not work; a problem since these same

softer silicones enable the very-high strain in many soft robotic systems. By including

a small amount of solid particles in the final composite, the rigid inclusions act as

strain concentrators (and thus crack nucleation sites) embedded into the material,

causing a multitude of microscopic internal failures that results in the coalescence

of the internal conductive liquid. Thus, the composite material can be activated via

strain-induced internal microcracking. It’s from this simple activation method that
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the true leap forward in stretchable conductivity emerges. What follows are the two

(modified) abstracts for the chapters, summarizing the work therein.

In chapter 6, I present stretchable, addressable heating silicone sheets that can con-

trol soft, thermally responsive materials. The sheets are created using layer-by-layer

deposition of a bulk conductive elastomer that can be Joule heated, with embedded

liquid-metal microchannels used as electrodes. This combination allows the bulk, ad-

dressed material to be stretched and twisted while in operation. I demonstrate local,

addressable heating in a silicone-based composite that is capable of cyclic strains of

up to 40%, while still capable of self-heating to over 100◦C. I also demonstrate the

utility of these sheets to become a thermal control platform in both color changing

and stretch-and-hold operations using all silicone-based composites. Finally, I bond

the platform to a variable-stiffness polymer that, with the heating sheet’s selective

heating capability, enables folding at targeted locations.

In chapter 7, I build upon the work done in chapter 6, improving the overall func-

tionality of the heating silicone sheets. In the chapter, I present a silicone composite

containing both liquid and solid inclusions that can maintain a uniform conductivity

while experiencing 200% linear strains. This composite can be cast in thin sheets

and wrapped around thermally responsive soft materials that increase in volume

or stretchability when heated. I show how this material opens up possibilities for

electrically controllable shape changing soft robotic actuators, as well as all-silicone

actuation systems powered only by electrical stimulus. Additionally, I show that this

stretchable composite can be used as an electrode material in other applications than

those of chapter 7, including a strain sensor which attains a linear response up to

200% strain with near-zero signal noise.
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6. ADDRESSABLE, STRETCHABLE HEATING SILICONE SHEETS

The following chapter is based on work previously published as [128] R. A. Bilodeau,
M. C. Yuen, and R. Kramer-Bottiglio, “Addressable, Stretchable Heating Silicone
Sheets,” Advanced Materials Technologies, vol. 4, no. 9, p. 1900276, Sep. 2019.
Copyright 2019, John Wiley and Sons, reproduced with permission.

6.1 Introduction

Soft robotic systems are of great interest due to their robustness to impacts and

vibrations, conformability to surfaces and objects, and potential to undergo large

deformations due to low material stiffnesses. These advantages allow soft robots to

fulfill functions such as grasping diverse and delicate objects, maneuvering around

obstacles, or traveling over difficult terrain [3, 129–132]. Research into new active

materials for soft, highly deformable systems has yielded promising new branches

of study, such as thermally responsive variable stiffness materials [65, 115, 116] and

actuators [126,133]. Yet, these new thermally responsive materials require a form of

thermal control that is compatible with the host materials. In this work, we present a

stretchable, addressable silicone sheet that enables thermal control, and demonstrate

its utility through integration with thermally responsive soft materials.

Many thermally responsive materials are utilized by the soft robotics commu-

nity. Thermally-softening polymers (such as thermoplastics and thermosets) are

passively-stiff, actively-soft variable stiffness materials [115,134] that have been used

in robotic systems for move-and-hold operations [62, 121] as well as in conformable

and on-demand structural systems [65,135]. Additionally, thermally responsive shape

memory polymers and alloys have been employed as both stiffening agents and ac-

tuators [115, 116]. Finally, thermally responsive silicone-based actuators have been
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recently developed, which undergo bulk expansion when trapped solvent is vapor-

ized [133]. All of these previous examples required some thermal control, and so

researchers have sought out ways to embed a close-contact heater where the com-

pliance of the heater was properly matched with its thermally responsive material

pair [62, 121,136,137].

In an effort to fill the need for compliance-matched thermal control, flexible and

stretchable heaters are an active area of research, as are addressable heating struc-

tures and systems. Stretchable heating composite materials have been successfully

developed with either conductive fillers or microstructures [138–142] and have demon-

strated linear strains of up to 100% [143, 144]. Proposed applications have included

wearable technology and active therapy [143, 145–150], surface-based temperature

control of non-planar objects [151], and thermo-chromatic flexible, active microdis-

plays [152–154]. These examples, however, require high-complexity patterning tech-

niques (e.g. lithographic masking) and often only heat up moderately. To facili-

tate thermal controllability across a 2D plane, researchers have begun to implement

thermal addressability onto stretchable or flexible surfaces, in which only localized

regions of the surface are heated [155–159]. These pioneering works have successfully

implemented the concept, but have also required lithographic masking, complex as-

sembly processes, high operational voltages (>100 V), or a fixed framework around

only a few small pockets of thermally responsive material. Prior work has demon-

strated stretchability and addressability in geometrically soft material systems, (i.e.,

silicon-based electronics made stretchable through patterning crystalline materials

onto prestretched silicone) [145,146], but to our knowledge, there has not yet been a

combination of these two functions in a system which uses intrinsically soft materials

(i.e., silicones and liquids). With our work, we combine the manufacturing simplicity

gained from using a bulk silicone composite with the utility of a thermally addressed

heating platform to gain the strengths from both sets of prior research.

Here we present a planar, stretchable, silicone-based Joule heating composite ma-

terial strengthened by a pure-silicone support structure, with fluidic electrical in-
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terfaces, creating a robust ‘heater silicone’ capable of stretching up to 40% while

maintaining heater functionality. The support structure can be embedded with liquid

metal wiring to enable an addressable electrical connection for localized Joule heating,

which we use to demonstrate a mechanically robust, 2D thermal ‘pixel’ display. This

addressable heater sheet can be coupled with thermally responsive materials, such as

variable stiffness and phase changing materials. In this work we show coupling of the

heating composite to a variable-stiffness thermoplastic (polylactic acid, or PLA) or

a thermally triggered, stiffness-changing silicone (wax-silicone composite), ensuring

uniform heating of the adjacent material and enabling both reversible shape changes

and stretch-and-hold operations. Finally, we demonstrate example systems compris-

ing the addressable, stretchable heating sheet coupled to a uniform PLA sheet (with

no pre-set mechanical hinges) reshaping in both two and three dimensions, showing

how this platform opens up possibilities of on-demand origami folding in the future.

6.2 Manufacturing and Characterization of Heater Silicone sheets

We first studied the effect of various manufacturing parameters of the bulk heater

silicone material on its performance (i.e., electrical resistance as a function of applied

strain). We then developed a compliant interfacing technique that enables heating

while undergoing large deformations and demonstrate its utility and robustness by

performing heating tasks while undergoing significant deformation.

6.2.1 Conductive Composite Electrical Characterization

The heater silicone is an electrically conductive composite made from expanded

intercalated graphite (EIG) conductive filler dispersed in a silicone matrix, supported

by a pure-silicone backbone, creating a monolithic, electrically conductive material

sheet. EIG is an inexpensive filler formed by bulk exfoliation of graphene sheets

from graphite flakes [160,161], and has been used to create conductive composites in

rigid-polymer composites [162, 163], including self-heating variable stiffness compos-
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ites [121]. It has been used as a low loading (<15 wt% EIG) filler for stretchable,

conductive elastomer composites and sensors [59,164,165], and for our heater silicone

we simply increased the loading (> 15 wt% EIG) to improve material conductivity.

We adapted the rod-coating technique demonstrated by White, et al. [59] to manufac-

ture our composite (see Figure 6.1a ), but coated multiple layers of conductive silicone

on top of each other to increase the thickness of our conductive layer, reducing the

overall sheet resistance in our samples. To create the heater silicone in a stretchable,

sheet form, we encased the initial conductive composite in a pure silicone backbone

(a strengthening support that bonds through the composite), increasing the cyclic

stretchability of the composite (embrittled from the high filler loading) with minimal

impact on conductivity (see Supporting Information S1 ).

We performed a detailed characterization of the electrical resistance of the heater

silicone under cyclic strain, while varying several manufacturing and design parame-

ters. In Figure 6.1, we highlight some of the results from varying two key manufac-

turing parameters: the weight percent of the expanded intercalated graphite (EIG)

filler (15, 25, and 35 wt%), and the number of layers of the heater silicone (n = 1, 2,

or 3, based on the number of times we rod coated the heater silicone onto the sheet).

The thickness of the conductive layer varied between 52 µm and 300 µm and was

dependent on both the filler ratio and the number of layers (Supporting Information

S1) . We also varied the design of the heater silicone sheets by including a silicone

backbone reinforcement on one-side or both sides of the conductive composite, and

those results and comparisons can be found in Supporting Information S1. We tested

three samples at each level of each design parameter, for a total of 54 samples tested.

Figure 6.1b,i is an example of a dataset collected for a single sample with the following

parameters: 35 wt% EIG heater silicone concentration, two layers of heater silicone

coated onto the sample, and a backbone on both sides of the material.

Each sample was mounted in a materials tester (Instron 3345) and clamped using

an electrically conductive clamp to measure the resistance of the sample in situ .

Samples were cyclically strained 200 times to 10% strain and then strained 50 times
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Figure 6.1. Manufacturing steps and electrical characterization data
from the strain tests performed on high aspect ratio samples of the
heater silicone. a) Multiple layers of EIG composite silicone are de-
posited onto a neat silicone backbone to create the heater silicone
sheet, and samples are cut out of the sheet with a laser cutter for
electrical testing. b,i) An example of a cyclic test dataset (sample de-
sign parameters: 10 cm x 1 cm, 35 wt% EIG, n = 2 layers). b,ii-b,iii)
cyclic tests focusing on 10% and 15% strain (10 cm x 1 cm, 15 wt%
EIG, n = 2 layers) with the same y-scale and color distinguishing test
cycles (1st cycle always omitted). c,i) Representative resistance-strain
curves from heater silicone samples (10 cm x 1 cm, n = 3 layers) with
different concentrations of EIG. Curves show the final 10 repetitions
of a 50-cycle test (steady-state response). c,ii) Sheet resistance of
unstrained heater silicone with different concentrations of filler and
increasing numbers of layers.
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to incrementally higher strain values (5% strain increase per increment, making the

test 15%, 20%, 25%, etc.). The reason for the decrease in cycle count at higher

strains is based on the material more rapidly reaching a steady-state strain response

after the 200 cycle ‘break-in’. Initially, at 10% strain, the samples would undergo a

lengthy settling response (see Figure 6.1b,ii ) and so we cycled the sample to ensure

that the sample’s resistance had settled before testing at higher strains. After that

initial break-in, each sample settled after about 40 cycles (see Figure 6.1b,iii ), and

so all comparisons of sample performance were based on the resistances measured in

the last set of 10 cycles (cycles 41-50) at each strain value. We note that the overall

decrease in resistance during cycling is an interesting characteristic of the composite

material. We suspect that the decrease is due to a combination of the porosity of

the material, slow alignment of the disk-like EIG particles during a (relatively) slow

strain of the material, and viscoelastic effects of the silicone undergoing a constant

strain cycling.

The last 10 cycles of three samples are plotted in Figure 6.1c,i. Each sample shown

was manufactured with the same number of conductive layers but, by increasing the

loading, the initial (unstrained) resistance of the samples decreased, as did the resis-

tivity of the sample over the entire strain-curve. We also observed that the backbone

allowed us to repeatedly strain samples over 25% while maintaining a good electrical

resistance for Joule heating (for additional information, see Supporting Information

S1). Although the lowest weight percent (155 wt% EIG) showed a significantly higher

resistance (at lower strains), this did not make it ineligible for use as a Joule-heating

material. Instead, we altered subsequent sample geometries to take into account the

higher initial resistance. Figure 6.1c,ii that, all other parameters held constant, in-

creasing the number of layers resulted in a decrease in the overall ‘sheet resistance’

of the material. This holds logically, since sheet resistance does not consider the

thickness of the conductive layer, whereas overall resistance is a volumetric property,

and therefore effected by material thickness. The material characterization performed

here enabled us to select which manufacturing and design parameters to use, based
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on the desired geometry or stretchability goals, while performing the subsequent ex-

periments.

6.2.2 Liquid Metal Interfacing and Localized Heating

To create stretchable electrodes that can connect to the heater silicone, we em-

bedded soft wiring directly into the supporting backbone using a eutectic gallium-

indium-tin alloy (galinstan) as conductive (conductivity = 3.4 x 104 S cm-1) [166]

stretchable wiring. Galinstan is liquid at room temperature allowing it to bend and

stretch with the surrounding silicone [9,166]. Additionally, the liquid alloy is stable at

the elevated temperatures used in our heater, preventing electrode burnout problems.

While experimenting with stretchable liquid metal wiring, we qualitatively noticed

that liquid metals interfaced better with the heater silicone as compared to copper

wire, i.e., the system had a reduced overall resistance. To confirm our observations,

we performed a simple test to measure the difference in resistance for a sample of ma-

terial with a copper wire electrode and a liquid metal electrode of the same geometry,

as demonstrated in Supplemental Figure S2. The liquid metal electrode dropped the

contact resistance by over 10 Ω, when compared to the uncompressed wire connection

(see Supporting Information S2 for more details). The numeric value of this improve-

ment depends heavily on the geometry of the heater silicone sample and the electrode

connection, but in the subsequent examples we present throughout this work, the

reduction of contact resistance greatly improved our ability to evenly heat the planar

silicone sheets.

To improve the functionality of the heating silicone, we wanted to be able to do

more than just heat the whole system from end-to-end, but also at select locations

in the body. We used direct filament casting to embed conductive wiring throughout

the heater silicone so that we could create soft, localized contacts and therefore heat

targeted areas of the conductive silicone sheet. Li, et al. demonstrated a direct

filament casting method to create high-resolution liquid-metal circuits in parallel, in
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Figure 6.2. Two different liquid metal channels cast into the heating
silicone, and their corresponding effect on the way the material heats
up. a) Top: Two parallel line electrodes create a heat ‘patch’ over an
area. Middle: Liquid metal channels ending at point create a point
of heat. Bottom: photographs showing the copper wires cast into
the silicone to create the channels. b) The left column has a semi-
transparent IR image overlaid on a visible light image of the heater
silicone/liquid metal line pattern. The right column is a zoomed in
view of the IR image.

an additive-based manufacturing processes [167]. By placing a filament during the

silicone casting process where a liquid-metal channel is desired, hollow channels are

created in the cured silicone once the filaments are removed which can then be filled

with liquid metal. We implemented this method using copper wire as our filament

(28-30 AWG, 0.25-0.3 mm dia) and embedded the liquid metal channels directly into

the heater silicone backbone.

In Figure 6.2 we show the results of casting two types of liquid-metal channels

during the heater manufacture. Since we used a wire as the mold for the electrode

traces, the electrodes could be shaped into nearly any 2D shape we desired (so long

as the wire can be removed after casting). For this work, we used U-shaped and

straight-line electrodes to apply an electric field in the heater silicone between two
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parallel lines and two points, respectively, which allows for us to change the type of

heat addressability between heating a swath of silicone, to focusing the heat on a

single spot (see Figure 6.2). The spot-heat sample in Figure 6.2 was designed with

the liquid metal line embedded into the conductive composite; therefore, the tear-

drop shape is due to Joule heating along the entire liquid metal line. This inspired us

to move the liquid metal lines to be fully embedded in the backbone (except at the

spot-heat location) to reduce the electrical contact between electrode and heater.

6.2.3 Stretchable Heating

To corroborate the results of the electrical characterization, we performed cyclic

strain tests on samples of the heater silicone while Joule heating them to over 100◦C.

We chose to test shorter samples than in our electrical tests (with a 3:1 aspect ratio),

and so we were able to use the 15 wt% EIG loading to improve the uniformity of the

heating at high strains. We designed a custom straining device that allowed us to use

liquid metal contacts to Joule heat only the portion of the heater silicone experiencing

a uniform strain field. This removed any effects of clamping on the sample’s electrical

performance, so we could focus on the effects of linear strain on the sample’s ability

to Joule heat. Preliminary pull-to-failure tests revealed that the heater silicone could

robustly support 40% strains while continuing to uniformly heat up to over 100◦C.

We then performed cyclic tests on fresh samples, cycling them to 40% strain, while

continuously Joule heating them to over 100◦C. Supporting Information S3 has more

details on our strain setup, as well as the preliminary pull-to-failure tests.

Figure 6.3 shows the results of the cyclic tests for three samples, as well as IR

images of one of the samples tested. Both the normalized, average resistance and the

average power consumed by the samples are shown over the 1000 cycles. The sample

resistance was calculated from the voltage and current draw (as measured by the

programmable power supply) and, unsurprisingly, increased while the samples were

strained and decreased while the strain was being released. The average resistance of
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Figure 6.3. Results from cyclic strain tests while Joule heating sam-
ples of heater silicone. a) The normalized, average resistance of the
sample in each cycle, as well as the average power required to Joule
heat the sample, presented against the cycle number. The plateau
in the resistance curve and the flat power consumption indicate good
sample health throughout the tests. b) IR images of one of the samples
tested, at 0% strain and then at the maximum strain (40% strain) over
the 1000 cycle period, showing little-to-no degradation in the sample’s
ability to evenly heat. Sample heating area is approximately 3 cm x
1 cm at 0% strain.
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each cycle is presented in Figure 6.3a, normalized by the lowest resistance value of the

final cycle. As expected from the electrical tests, (see Figure 6.1), the samples each

show a steady decrease in their resistances until they plateau after 100-200 cycles for

the remainder of the 1000 cycles. Uniform power-consumption of the samples (Fig-

ure 6.3a), paired with the sample maintaining the same temperature, (Figure 6.3b)

acts as a good initial indicator of the health of each sample throughout all 1000 cycles

(see Supporting Information S3 for more details). Occasional spikes and drops in the

calculated power (due to the power supply) were smoothed out by taking the average

power consumed within each cycle. Figure 6.3b shows the IR image from one of the

samples that, after 1000 cycles, shows no difference in its heating pattern when com-

pared to its initial first cycle. Additionally, a quantitative analysis of the centerline

temperature of the sample is plotted in Supplemental Figure S6 for the IR images in

Figure 6.3b, showing the sample’s consistent temperature profile throughout the en-

tire cycling process. From this test, we concluded that, when properly manufactured,

the heater silicone functions well over 1000 cycles. Additional details are discussed

further in Supporting Information S3.

6.3 Implementation in Silicone-based Material Devices

The utility of our heater silicone arises from its stretchability and addressabil-

ity, allowing it to be seamlessly embedded into “all-soft” systems. We demonstrate

these attributes by integrating thermally-responsive silicones with the heater silicone

platform to create both stretch-and-hold operations and color changing functionality.

6.3.1 Stretch-and-Hold Operations

To demonstrate the utility of a repeatably stretchable, silicone-based heater, we

performed some basic stretch-and-hold experiments using a silicone-based, variable

elasticity “wax silicone” (see Figure 6.4). The wax silicone is a composite of paraffin

wax microparticles embedded into a silicone matrix. At room temperature, the wax is
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Figure 6.4. ‘Stretch and hold’ shape change. a) Manufacture of
thetemperature-sensitive wax-silicone composite which leverages the
low temperature phase change of wax to hold a new length when
cooled while stretched. b,i) a sample of heater silicone bonded to wax
silicone used for this demonstration, with inextensible tabs to allow
for an even straining of the heater silicone while reinforcing the liquid
metal electrical contacts. b,ii-viii) the sequential steps as the system
starts from cooled state, is heated to melt the wax silicone, stretched,
cooled to solidify the wax silicone, allowed to relax (with the wax
silicone holding its extension), and then reheated to re-melt the wax
silicone and restore it to its unstrained state.
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solid and increases the silicone’s elastic modulus. When the wax melts, the silicone is

‘softened’ and can stretch like any other closed-cell silicone foam. If the wax is cooled

(and solidified) while the silicone matrix is stretched, the solidified wax inclusions

hold an elongated shape, preventing the silicone matrix from relaxing back to its

original length. After this, when the wax is re-melted, the silicone’s restoring elastic

force allows the system to return to its original, unstrained length.

We cast the wax silicone onto our heater silicone to create a material system

capable of stretch-and-hold operations. In Figure 6.4a, we demonstrate the basic

process used to make this stretch-and-hold composite. We mixed melted wax by hand

into a heated Part A of the two-part silicone pre-cure at a high enough temperature to

keep the wax melted. The mixture was then cooled by mixing in a room-temperature

Part B, creating solid wax particulates, and cast onto the heater silicone. Once again,

the backbone of our heater silicone provides an additional advantage as it bonds very

well to the wax silicone’s matrix. Figure 6.4 shows both the final sample used (with

inextensible tabs to pull from and liquid metal electrodes (not visible)) as well as a

fully reversible stretch-and-hold cycle, described as follows. The heater silicone melts

the wax (resulting in a translucent color change in the wax silicone), and the composite

system is stretched while cooling the wax silicone. Once cooled and released, the

system pops up out-of-plane to obtain a minimum energy state between the heater

silicone’s restoring elastic compressive energy, and the wax silicone’s elongation. To

restore the original state of the system, we simply reheat the heater silicone to melt the

wax. At this point, the stretch-and-hold cycle can begin anew. We repeated this cycle

several times, achieving a pop-up structure each time with no observable degradation

in the heater silicone between cycles. One cycle is demonstrated in Supplemental

Video 1.
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Figure 6.5. a) A visible light image of our fully soft 2D addressable
heater composed of a heater silicone square with liquid metal elec-
trodes. b) Manufacturing the 2D addressable heater pixel interfaces
by adding a droplet of heater silicone at the location of interest on
the wire molds. The liquid silicone seeps under the wire separating
the rest of the liquid metal channel from the conductive composite.
c,i) The 2D addressable heater with a temperature-responsive sili-
cone laid on top (visible and IR images). c,ii) The addressable heater
functions even when warped/flexed during operation (visible and IR
images). c,iii) a higher-density board with 36 pixels (6x6) in the same
form-factor as the 4x5 board, showing several letters. c,iv) The 6x6
board remains active while experiencing a large deformation stress.
d) Visible light images of the automated system printing out the let-
ters “HELLOWORLD” consecutively, and IR images of other letters
captured, and organized to spell “FABORATORY”.
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6.3.2 Robust, Addressed Spot Heating

Having successfully demonstrated both the stretchability and the addressability

of our heater silicone sheets, we then created a 2D addressed heater with rectangular

arrays of spot heating “pixels” (shown in Figure 6.5a). Each pixel in the array was

capable of heating locally to above 100◦C, and the system could be stretched and

manipulated during operation. To get this 2D array of localized contact points, the

liquid metal wires had to overlap the active area of the heater silicone. Fortuitously,

the bottom-up heater silicone sheet manufacturing allowed us to lift the liquid metal

wiring out-of-plane from the conductive composite silicone (see Figure 6.5b). After

the conductive composite cured, copper wires were gently placed on top and droplets

of the composite were deposited at each pixel, connecting the copper wire at these

locations to the bulk heater underneath. As the silicone backbone was cast on top

to finish the heater silicone sheet, liquid silicone seeped under the wires, separating

the rest of the electrode’s channel from the conductive silicone with a thin, non-

conductive barrier. Once the wires were removed and the channels filled with liquid

metal, the only connection between the liquid metal traces and the planar heater was

at the individual points. To control the activation of each pixel, we designed a high

current PCB which could switch each channel between a high-voltage state, ground

state, or a neutral (‘floating’) state (see Supporting Information S4).

To demonstrate one application of this heating array, we created a mechanically

robust digital thermal display. To elicit a response in the visible-light spectrum from

the display, a layer of silicone loaded with thermochromic pigment was added on top

of the heater patterned with a 4x5 pixel array in a 2 in x 1.5 in rectangle (5.1 cm x

3.8 cm) (see Figure 6.5c). We activated groups of pixels and showed that we could

both heat the whole area or cause various letters of the alphabet to appear (see

Figure 6.5d and Supplemental Video 2). Since the whole system was made of silicone

composites, we were able to change the orientation and folding direction of the display

while it was changing letters. Additionally, to test an increased density of heating
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pixels, we manufactured a higher density pixel array with 6x6 pixels in the same active

rectangular region as the 4x5 pixel display. This increased the pixel density from 1 to

1.9 pixels/cm2. We used this higher-density array to demonstrate the robustness of

the system to external perturbations, by both crumpling and stretching the display,

while it continued to display different letters (see Figure 6.5c,vi and Supplemental

Video 3). Though a thermally responsive, color changing display may seem limited

in utility, we see additional applications for digitally controllable, stretchable, color

changing silicones in situations similar to those presented by Morin et al. , who added

visible light camouflage to their soft actuators by actively changing the color of the

silicone by injecting colored fluids into their actuator [168].

6.4 On-Demand Shape Change

After demonstrating the robustness of the heater silicone and its addressable heat-

ing functionality while undergoing deformations, we desired to implement the plat-

form in reversible shape changing structures. To do this, we used the heater silicone

to soften a variable stiffness material (PLA) and demonstrated several shape-change

modes in the variable stiffness sheet. Additionally, we integrated the addressable

heating to selectively soften regions for on-demand shaping and folding.

6.4.1 Reversible Shape Change

To create reversible shape change (and shape holding), we bonded the heater sili-

cone to the PLA using a robust epoxy bond, resulting in a composite heater/variable

stiffness material (see Figure 6.6a, and Supporting Information S5 and S6 for more de-

tails) [62,65]. Since the bonded heater silicone can both stretch and compress without

loss of bond integrity or functionality, the system could maintain elevated temper-

atures for reshaping and then be cooled to hold the new shape (see Figure 6.6b,i).

It also allowed us to reheat the shaped PLA to reverse the shape change. Though

the heater silicone could heat the PLA sheet to 150◦C, when the PLA’s temperature
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Figure 6.6. Reversible shape change. a) Manufacturing the heater sil-
icone sheets with bonded variable stiffness elements (PLA). b) Heater
silicone bonded to PLA is Joule heated enabling shape changing and
holding operations in the PLA. b,i) The bond keeps the silicone con-
nected to the PLA even when compressed and stretched. b,ii) A 90◦

fold in the variable stiffness sheet. Inset shows the shape-memory
recovery of the material when Joule heated again. b,iii) The bonded
system is given a permanent twist, with IR images of the sample as
it is heated and cooled into the twisted shape. c) A second sample
of the material undergoing a much tighter twist & hold (360◦). After
reheating, the PLA showed permanent warping. The heated system
was then was crumpled to produce additional folds, twists, and bends,
demonstrating the continued functionality of the heater silicone.
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increased above 65◦C we could begin to reshape the sheet (see also Supporting Infor-

mation S7). Various shapes were imparted onto the sheet including smooth curves

(Figure 6.6b,i), 90◦ angles (Figure 6.6b,ii), and, permanent twists (Figure 6.6b,iii).

This last demonstration goes beyond traditional origami folding, showing that this

variable stiffness material is capable of twist-and-hold as well as bend-and-hold oper-

ations (see also Supplemental Video 4). We made several of these samples to test the

ability of the material system to undergo several different shape changes, like tighter

twists and being crumpled by hand (Figure 6.6c). Though these shape-changes could

be reversed, the 3D printed PLA did not prove to be a very good variable-stiffness ma-

terial in this regard as it remained permanently deformed from where it was forced to

stretch. Taylor, et al.recently demonstrated a simple chemical platform that enables

the bonding of many types of commercial polymers (with glass transition tempera-

tures < 150◦C) to pure silicone [169].

In Figure 6.6b,ii we also show that, due to both the elasticity of the silicone and

the shape memory effect in the PLA variable stiffness sheet [170, 171], the material

is able to recover some of the set shape when reheated after shape fixing. The ∼90◦

bend flattened itself, recovering 69% of its bend, and the twisted 180◦ sample was

able to recover 66% of its twist (see also Supplemental Video 4). Though this effect

is relatively weak, it is valuable to note that the bonded heater silicone can instigate

this self-reversing shape change.

6.4.2 Reversible Hinges

To create reversible on-demand hinges in a stiff sheet, we combined the heater sili-

cone, liquid metal wiring, and silicone-PLA bonding into a one-dimensional, address-

able, heating array with 5 liquid metal channels bonded to a variable stiffness sheet,

creating 4 addressed variable stiffness “pixels” in a straight line (see Figure 6.7a,c).

Each 1D pixel heating area in the heater silicone can be activated (i.e., the temper-

ature raised to above 65◦C) independently or concurrently with other active pixels
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Figure 6.7. 1D pixelized addressable variable stiffness system. a)
Schematic of the system demonstrating the various components al-
lowing for addressable variable stiffness. b) IR images of the PLA
side of the functional system with each pixel heated above the glass
transition temperature (∼62◦C), showing the capability of a digitally
controlled system to heat various pixels simultaneously. c) Visible
light photo of the addressable system. d) The system undergoing
shape-changes into two load-bearing forms (see ii. and iv.) through
heating of individual pixels. Insets in ii. and iii. show that the ad-
dressed pixel is the only heated point, allowing the system to be folded
by a single finger. e) All pixels activated allowing the system to relax
and be flattened into its original shape. f) The system, once cool, is
again load bearing.
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(see Figure 6.7b). This capability enables folds-on-demand in high-modulus thermo-

plastics. In Figure 6.7d, we show that by selectively engaging an individual pixel, we

can bend the system on-demand at targeted locations while contacting the system at

only a single point (i.e., a single fingertip). Since the rest of the system is rigid, only

the targeted location bends under the input force (see inset to Figure 6.7d,ii-iii).

To demonstrate the versatility of a pixelized variable stiffness system, we formed

several functional structures. We first formed the planar sheet into a load-bearing,

raised cantilever (Figure 6.7d,ii). We then improved the load bearing design by adding

another bend, turning the whole sheet into a raised table (see Figure 6.7d,ii and also

Supplemental Video 5). Finally, we demonstrated that the reversibility of the pixels,

as enabled by bonding the heater silicone to the variable stiffness sheet, allows the

whole system to revert to its original shape. We did this by activating all the pixels

simultaneously, and then manually flattening the system back into a straight plank

(Figure 6.7e). It should be noted that the PLA sheet does not return to a pristine

condition, as the heating and folding process naturally causes some warping in the

re-flattened sheet, but regardless of this, the re-flattened plank could still support a

mass (Figure 6.7f). This demonstration shows the possibilities for addressed fold-on-

demand systems, as none of the load-bearing structures were preprogrammed into the

material but formed by selectively heating one (or more) of four pixels. This concept

can be further extended to joints-on-demand which has ramifications for controlling

the active workspace of continuum manipulators.

6.4.3 2D On-Demand Hinges

Finally, returning to our initial motivation of ‘blank-slate’ fold-on-demand, shape-

changing structures, we used our 2D heating arrays to create some origami-like folding

structures both adjacent to and bonded to the heating arrays (see Figure 6.8). In

our first demonstration, we used the 4x5 addressable heater to fold a 2D sheet of

PLA into a 3D “paper” airplane (see both Figure 6.8a-b and Supplemental Video 6).
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Figure 6.8. a-b) An unprogrammed variable stiffness sheet is heated
using the 4x5 pixel heater to create artificial folds. a,i) The sheet
laying on the heater. a,ii-iv) Top-down IR images showing the heated
folds on the sheet. b) Images of the sheet in i) its initial state, ii-
iii) intermediate states, and iv) final airplane-like shape after being
cooled. c,i) PLA sheet bonded to a 6x6 pixel heater silicone sheet. c,ii-
iv) The PLA sheet is bent (and flattened) along lines not previously
defined in the polymer block, simply by heating a selection of pixels
that make up a line with the heater silicone sheet. In both ii) and
iii) the top view and a side-profile view of two successive bends are
presented, along with an IR photo just before the bend occurred with
the PLA sheet outlined. iv) An isometric view showing multiple bends
in the same sheet, as well as an isometric view of the initial straight-
line bend on the bottom (with its associated IR image). All IR images
show temperatures up to 90◦C. All PLA sheets are 4 cm x 5.5 cm.
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This was made possible by selectively heating both straight and diagonal lines using

individual pixels in the heater, while the PLA sheet was placed on top of the silicone.

We did not bond the array to the variable stiffness sheet, simply to allow for sharper

folds in the variable stiffness sheet.

To further illustrate the possibilities of a system that allows for folds-on-demand,

with reversible folds, we bonded a sheet of PLA to the 6x6 addressable heater. This

allowed us to use the 2D pixel array to create localized folding lines in the PLA sheet

in multiple directions, as demonstrated in Figure 6.8c. As visible in the IR images in

Figure 6.8c,ii, we observe that the pixels heated (∼62◦C) a spot with diameter 0.87

± 0.11 cm. The spot size variation was due to the open-loop nature of the heating

controller used. The center-to-center distance between diagonally adjacent pixels was

1.27 cm. Though the pixel density can be modulated, for our purposes the density

of our 6x6 pixel array provided a good balance between the temperature required

to heat each spot and the overlap between each pixel creating a continuous heated

(softened) region. We demonstrate adding folds to the planar, stiff sheet, removing

them to add additional folds, bi-directionality of the folds (a fold able to bend in

both directions) and adding multiple folds at a time to a single sheet. For the sake

of visibility, we held each fold partially open rather than having them completely

flattened as in Figure 6.8b. These are just two demonstrations from the myriad

possibilities of fold-on-demand sheet shaping via selective Joule heating.

6.5 Conclusion

We have developed a materials-based tool to fill the need of a stretchable, ad-

dressable heater useful for controlling thermally responsive soft materials. We demon-

strated a conductive heater silicone composite sheet that can heat an adjacent mate-

rial to 150◦C and can be cyclically strained 1000 times at 40% strain while heating, due

to reinforcement of the conductive silicone composite with an all-silicone backbone.

This backbone became the key to successful implementation of localized, addressed
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heating within the heater silicone sheets, as well as both extend-and-hold demonstra-

tions and fold-on-demand (shape changing) structures. The backbone was critical to

successful implementation of addressed heating pixels as it carries stretchable liquid

metal electrode channels out-of-plane, until the electrode is ready for interfacing at

specific locations in the heater silicone. We demonstrated a 6x6 array of heating

pixels with a density of 1.9 pixels/cm2, with each pixel able to (via open-loop con-

trol) heat up and soften an approximately 0.87 cm diameter spot in adjacent PLA

sheets. By introducing closed-loop control on the power being passed through each

addressable pixel (rather than the current open-loop state) we envision future work in

which the local temperature can be far more precisely controlled, enabling uniform,

gradient, or targeted heating. Although the backbone underpins the stretchability of

the heater silicone, manufacturing of the composite layer also had a large impact on

the uniformity of the heating and the stretchability of the sample. In future work,

we aim to improve the thermal conductivity of the system so that the heater silicone

is able to self-regulate the heat and distribute it more evenly around each point and

swath.

The silicone backbone also allows for strong bonding to both a wax silicone com-

posite and variable-stiffness polymer sheets to create composite material sheets which

can change their stiffness on-demand. With the wax silicone, we were able to il-

lustrate the potential of an all-silicone, bulk material, planar heater by performing

stretch-and-hold operations which can potentially open a whole new frontier of pla-

nar material reconfiguration in which parts of the plane can be made stretchable.

Future work in this area will involve balancing the force the wax-silicone exerts when

in its extended-and-held state with the heater silicone’s restoring force, so the system

can remain both elongated and flat. We envision the methods presented here used

to create ready-to-use slates that can be stretched, folded, twisted, and formed into

complex 3D structures using pixel-controlled soft ‘origami’ folding in an otherwise

blank material.
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6.6 Experimental Section

Materials: Dragonskin 10(r) (Smooth-On Inc.) was used as the silicone for all

experiments. Variable stiffness sheets were FDM 3D printed polylactic acid (PLA)

sheets. This allowed for control over all three dimensions (length, width, and height)

in the variable stiffness sheets for the various applications and demonstrations. Paraf-

fin wax (melting temperature 60-65◦C) was used as the stiffness changing filler in the

stretch-and-hold silicone examples. It was mixed into the silicone matrix in a 1:2

ratio (33.3% wax by weight).

Expanded intercalated graphite composite was prepared by first exfoliating

graphene sheets from graphite flakes and second, mixing it into the composite via

a solvent carrier. 10g of dry expandable graphite (Sigma-Aldrich) was heated in an

oven at 800◦C, causing the exfoliation of the graphene flakes into noodle-like, ultra-

low-density structures in approximately 20 seconds. These noodles were soaked in

cyclohexane (BDH1111, VWR) and sonicated for 4 hours (Q700 sonicator fitted with

1/2” tip, QSonica, 20kHz, 36 µm (30% setting) amplitude) creating a slurry of solvent

and individual EIG particles. The slurry was allowed to settle, and excess solvent was

decanted off until the solution had a ratio between 3-5 wt% EIG, giving it a paste-like

consistency. To finish the composite, equal parts A and B of the silicone elastomer

were pre-mixed and chilled to prevent premature crosslinking. A few grams of this

mixture were added to the EIG, according to the final desired mix ratio and volume

of composite, and the whole solution was mixed thoroughly. The composite was then

rod-coated into sheets, allowing the remaining cyclohexane solvent to evaporate away.

Subsequent layers were rod-coated after the previous layer had fully cured.

Thermally responsive color-changing silicone (for Figure 6.3c) was made by

adding a thermochromatic additive powder (Hali Industrial Co., Ltd.) to the silicone.

The material begins to exhibit a visible color change at approximately 30◦C, though

higher temperatures cause a more distinct change.
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Strain testing: A heater silicone specimen was cyclically strained in an Instron

3345 materials tester while measuring the resistance across the sample. The active

(stretched) area of samples tested was 10 cm long, 1 cm wide, with a conductive layer

< 300 µm thick. The strain test procedure was as follows: samples were cyclically

strained to 10% strain 200 times at 200mm/minute. The samples were then strained

at incrementally higher strain values for 50 cycles per increment (5% strain increase

per increment, making the test 15%, 20%, 25%, etc.) for 50 cycles at each strain

value up to 50% strain.

Cyclic Heat Testing: Heater silicone was cyclically strained in a custom test ap-

paratus, while maintaining an elevated, Joule heated temperature. The electrically

active area (between two liquid metal electrodes) was 3 cm x 1 cm, and was strained

at a strain rate of 35mm/min.
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7. UNIFORM CONDUCTIVITY IN STRETCHABLE SILICONES VIA

MULTIPHASE INCLUSIONS

The following chapter is based on work previously published as [172] R. A. Bilodeau*,
A. Mohammadi Nasab*, D. S. Shah, and R. Kramer-Bottiglio, “Uniform Conductivity
in Stretchable Silicones via Multiphase Inclusions,” Soft Matter, 2020.
* indicates co-first-authorship

Contributions: This chapter was worked on primarily by two individuals: my-
self and Dr. Amir Nasab. Original inception of the composite’s components came
from me, whereas Amir studied and determined the exact composition required to
ensure a very high success rate. Amir performed most of the materials characteri-
zations while I continued to refine the manufacturing techniques such that we could
make the composite in a variety of sizes and shapes (including reducing the thickness
to sub 250 µm, and still connect to it electrically. I developed, manufactured, and
implemented all of the applications, but credit for testing the sensors and capturing
the sensing data goes to Dylan Shah.

7.1 Introduction

Soft robotic technologies have achieved increasing success in a wide range of actu-

ation domains including robotic grippers [3,173], wearable assistive devices [174–176],

and robot arms [177]. Simultaneously, stretchable electronics have shown success in

a variety of use cases, including as biocompatible devices [178, 179], wearable tech-

nologies [176, 180], and, of course, soft robotic electronics [181, 182]. Though there

are many ways to create mechanically compliant stretchable electronics (patterning,

printing, etc.) [183, 184], within the context of soft robots it is often architecturally

simpler to embed conductivity into a bulk stretchable material that matches the ma-

terial compliance of the other soft robot components [185]. Recently, researchers

have integrated stretchable, electrically conductive materials into soft robots to add
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sensing [123], heating [149,186], or signal and power lines [127], while reducing man-

ufacturing complexity of the overall system [28].

To create high-strain, bulk conductive composites, many groups have embedded

rigid conductive inclusions into stretchable materials. Only a few of these types of

composites can handle linear strains of up to 100% [185, 187], and those composites

often require specialized composite filler materials with complex manufacturing tech-

niques [188,189] or require specialized rubbers [190]. Even so, conductive composites

can be used for electrical signaling and sensing, but when their conductivity is not

spatially uniform under strain, they experience uneven energy dissipation while Joule

heating, creating “hot spots” in the material. This non-uniform conductivity pre-

vents them from being an embedded heat source for thermally triggered soft robotic

components, such as volumetrically expanding silicones [133, 137], stiffness-varying

stretchable silicones [122], and liquid crystal elastomer actuators [191]. In a recent

work, we showed that adding expanded intercalated graphite (EIG) [59] into a silicone

matrix in high enough concentrations (> 7 vol%) creates a composite with uniform

electrical conductivity capable of Joule heating up to 150◦C [128]. However, due to

the high quantity of stiff EIG inclusions, the composite could not be stretched higher

than 40% strain without cracking internally, creating thermal hot spots for Joule

heating (although the material retained its electrical conductivity).

To improve material performance beyond the current limits of rigid inclusions, we

draw on principles from a new class of liquid metal embedded elastomers (LMEEs).

LMEEs are made by mechanically mixing a room temperature liquid metal (eutectic

gallium-indium, or eGaIn) into uncured silicone at high volumetric ratios (> 30%),

which creates a highly-stretchable thermally-conductive composite that maintains the

elastomer’s mechanical properties, while often improving other characteristics, such

as dielectric strength and thermal conductivity [192–194]. Although non-conductive

as cast, LMEEs easily integrate with other elastomers to improve current soft robotic

actuator technologies [195,196].
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LMEEs can be activated using mechanical “sintering” techniques which cause

the liquid metal inclusions to flow together and create channels with high electrical

conductivity [127]. Sintering has been achieved by applying localized pressure on the

composite [127, 191] and freezing the system to simultaneously activate the entire

composite [197]. Hybrid composites exist in which liquid metal and a solid conductor

are blended in the same silicone to create a composite that is conductive as-cast [198–

200]. So far this has been primarily to use the liquid metal to enhance the functionality

of the solid conductive filler, as evidenced by low volume fractions of liquid metal.

Wang et al., recently reported a high strain elastomer composite (> 700%) using

rigid particles and liquid metal inclusions [201], but the composite requires over 1000

cycles to stabilize its resistance, and exhibited relatively low conductivity compared

with other liquid metal-silicone composites [26, 202].

In this paper, we show that the addition of a small amount of rigid EIG filler

enables highly stretchable LMEEs to self-activate, becoming highly conductive and

Joule heating-capable composites. This novel multiphase composite (MPC) self-

activates under high linear strains (> 200%), which drops its electrical resistivity

by up to five orders of magnitude to ¡ 4× 10−5 Ω·m. The MPC maintains a uniform,

low resistivity while undergoing 200% linear strain, even when cycled 10,000 times.

MPC silicone can be used in a wide range of applications, including Joule heating (Fig-

ure 7.1) and strain sensing. We show that, because of its high deformation capability,

MPC silicone is highly compatible with other new soft robotic silicone composites

and enables the creation of solid-state soft actuators that are robust to damage, and

multifunctional thin film pneumatic bladders that can dynamically change their tra-

jectory while providing sensory feedback. With its high conductivity and high strain

capacity, MPC silicone is a step towards versatile soft robotic components which can

change their shape and sense their deformations, using the same material.
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Figure 7.1. An activated 4 × 16 cm sample of MPC being simultane-
ously twisted and stretched, while maintaining a consistent, uniform
Joule heating profile. The sample is fully encapsulated in silicone.
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7.2 Principles of Operation

MPC silicone has three main components: eGaIn as the liquid metal (LM) alloy;

EIG as the rigid conductive filler; and silicone elastomer (SE) as the composite matrix.

In brief, it is manufactured by shear mixing 60% LM with 40% SE by volume, and

then adding 1% vol EIG filler to the mixture (Additional details in Materials and

Methods). As cast, the EIG fillers bridge the LM particles in the silicone matrix, and

the material is electrically conductive, and stretchable up to ∼100% strain, but it has

a high electrical resistivity (1.28 ± 0.57 Ω·m).

To activate the composite and increase its electrical conductivity, the material is

strained to such a degree that the silicone matrix tears locally, allowing the LM inclu-

sions to flow and coalesce into a low resistance network percolating throughout the

composite (see Supplemental Videos 1 and 2). This strain-based activation requires

the MPC to be supported by an extensible backing layer that adheres to the MPC

to prevent catastrophic failure, by absorbing some of the energy released when the

matrix tears. The supportive backing layer can be another silicone layer or even a

stretchable adhesive tape (3M VHB tape) which is removable after activation (Fig-

ure S1). Most of the samples in this paper use some form of silicone backing layer,

to improve mechanical robustness and facilitate the addition of electrodes.

Thrasher et al., recently demonstrated a similar strain-activated mechanism in

so-called “polymerized liquid metal networks” [203]. Acrylate ligands were bound to

the surface of liquid metal particles, then cast and polymerized together, forming a

99% LM particle film on a substrate. Similar to the mechanism shown here, strain

caused the initially isolated LM particles to rupture, allowing the liquid metal cores

to flow and coalesce into a percolating conductive network. Our work differs from

this in that we use a lower concentration of liquid metal, and our silicone matrix is

typically more compatible with other traditional materials used in soft robots [23].

To demonstrate MPC silicone’s activation mechanism, we compared the activation

(i.e., first-strain behavior) of a LM-SE-EIG composite with that of LM-SE and SE-
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Figure 7.2. Principles of operation of the MPC. a) Schematic com-
pares pre- and post-stretch structures of three composite materials of
LM-SE [192, 204], SE-EIG [128], and LM-SE-EIG (left to right). In
the left column, although some microcracks appear on the surface of
the LM-SE composite while being stretched, a conductive pathway
through the whole structure does not form. In the middle column,
the majority of conductive pathways in the SE-EIG composite are
lost due to macroscopic cracks forming in the material. In the right
column, the EIG facilitates microcracks in the LM-SE-EIG composite
during stretching, which creates conductive pathways throughout the
structure (activation). b) mm- and µm-scale images show the surface
features of the three composites as cast, while stretched, and relaxed
post-stretch. Light reflections from the microscope are visible on the
LM beads expelled from the LM-SE-EIG surface. c) Optical and ther-
mal images of samples of the three aforementioned composites Joule
heated with electrical current at rest and stretched states, after a
one-time ‘activation’ event. Temperature variance is used to view the
resistance uniformity, as higher resistance areas generate more heat
when a current is passed through the system.
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Figure 7.2.
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EIG composites (Figure 7.2). When 60% LM and 40% SE by volume are shear-mixed

and cured (Figure 7.2a-c, left column), the material is neither electrically conductive

as cast, nor after being stretched, even with the high volume fraction of conductive

LM. With no internal stress concentrators (i.e., rigid particles) to incite microscopic

failures in the silicone matrix, the liquid metal cannot coalesce into a conductive

network. When 90% SE is mixed with 10% EIG by volume (Figure 7.2a-c, middle

column), the material is electrically conductive as cast, but also comparatively brittle

(failure at 40% strain) due to the rigid inclusions. When the two composites are

combined to create LM-SE-EIG composite, the MPC silicone develops a uniform

distribution of microcracks both internally and visibly on the surface after stretch

(Figure 7.2a-c, right column). The LM particles coalesce through these pathways

creating a continuous conductive network (seen as reflective pools forming at the

microcrack sites, visible in Supporting Video 2), uniformly lowering the resistivity

by several orders of magnitude. Additional evidence of a continuous internal liquid

metal network is presented in Figure S2, where liquid metal drains out the bottom of

a vertically-oriented MPC sample over a period of 40 minutes.

Figure 7.2b presents optical images of the surface of the three composite structures

pre- and post-stretch. In the LM-SE composite (left column), LM particles maintain

their boundaries, even at 200% strain. Some minor microcracks form on the surface

of the LM-SE composite, but these are insufficient to create a conductive pathway

through the whole structure (Figure 7.2c, left). This same microscale robustness holds

when the LM-SE composite is compressed, a technique used in other works to create

conductive pathways using silicones with lower yield strains [127]. In contrast, the

SE-EIG composite exhibits brittle behavior from macrocracks on the surface when

stretched to only 40% strain (Figure 7.2b, middle column). These cracks cause a

rapid rise in the electrical resistance of the structure and a non-uniform electrical

conductivity (Figure 7.2c, middle). Neither of these composite mixtures generate the

desired high stretchability with uniform conductivity that is shown in our final MPC

mixture.
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Combining the fillers for the two non-functioning composites, microcracks are

formed in the LM-SE-EIG silicone matrix when stretched (Figure 7.2, right column),

resulting in a low, uniform electrical resistivity (Figure 7.2c, right). When released,

some LM inclusions are displaced from inside the system and LM beads form on

the surface of the MPC (Supplemental Video 2), a phenomenon previously observed

in other strain-activated liquid metal composites [203]. We hypothesize that the

displaced LM is due to the plastic deformation of the MPC (see Figure S1) relative

to the elastic deformation of its backing layer during strain, which induces buckles

and wrinkles throughout the MPC when relaxed [33]. Such wrinkling is visible in

Figure 7.2b and Supplemental Video 2, and explains the displaced volume of LM

during strain activation. To aid in transporting or attaching the MPC to another

material system, we simply remove the excess LM beads by gently wiping the surface

of the material with a cloth infused with Simple Green (Sunshine Makers, Inc) or

another acidic or basic cleaning agent.

Figure 7.2c shows 10 × 20 mm samples of three composites at rest and in stretched

states while they were Joule heated. MPC silicone shows a uniform temperature

distribution on its surface as an indication of uniform electrical conductivity. Note

that cool spots on the thermal image are not actually lower in temperature. They

are the LM surface beads causing the IR camera to misreport their temperature as

cooler, since LM has a lower emissivity than silicone.

7.3 Material Characterization

As previously noted, the primary MPC mixture we use is initially mixed to 60%

LM and 40% SE by volume, with subsequent addition of 1% EIG by volume (sus-

pended in cyclohexane as a carrier solvent). Although this makes a composite that

is 59.4%-39.6%-1%, we use a shorthand convention to simplify notation, as 60-40-1.

This notation is used for all other mix ratios tested.
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Figure 7.3. Electrical and mechanical characterization of MPC sil-
icone. a) Electrical resistivity of the MPC after stretch as a func-
tion of LM and EIG volume fractions. Truncated pyramids show
the compositions with electrical conductivity and full pyramids show
the non-conductive compositions. b-c) Electrical resistivity of MPC
silicone pre- and post-activation. b) LM 60%-SE 40% composition,
varying the EIG volume fraction. c) EIG 1% composition, varying
the LM-SE volume fraction. d) Mechanical testing of unactivated
MPC (LM 60%-SE 40%, no backing layer), with 0.5%, 1.0%, and
2.0% volume fractions of EIG showing the elongation at break. e)
Cyclic loading of MPC silicone (LM 60%-SE 40%) with 1.0% volume
fraction of EIG. The material displays a Mullins effect at the first
loading cycle at each strain. The stress is significantly smaller in the
next cycles at the same strain level. f) Activation process of the MPC
at two strain rates of 5%/s and 25.0%/s. Five samples at each speed
are stretched up to 250% strain for the first time and the resistivity
change is recorded. The material begins activating at lower strains
when stretched with a higher strain rate. A representative plot of
resistance drop for a sample is shown in Figure S3. Error bars in b
and c, and shaded regions in d and f represent ±1 standard deviation.
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7.3.1 Electrical and Mechanical Properties

Volume fractions of LM and EIG were varied in the MPC compositions to in-

vestigate their role in the electrical conductivity of MPC silicone (Figure 7.3). For

the tests evaluating the electrical resistivity, the MPC samples were supported with a

pure silicone backing layer. Figure 7.3a shows the electrical resistivity of the activated

(post-stretch) samples of MPC silicone for various volume fraction of LM and EIG .

The electrical resistivity ρ, was calculated by measuring the electrical resistance R,

thickness t, length l, and width w of MPC silicone samples using ρ = R(tw)/l.

As volume fractions of LM or EIG increased, the electrical resistivity of the MPC

decreased. We found that there is a lower-limit to filler concentrations that, if the

combination of LM and EIG is too low, the material does not activate (black pyramids

in Figure 7.3a). If the material is filled with 60% LM volume fraction, even adding

just 0.5% EIG will make the MPC electrically conductive. This concentration is close

to the theoretical upper limit based on the maximum packing fraction in a randomly

dispersed 3D mixture for fillers with aspect ratio close to one (about 64% [205]). Since

the LM does not have an aspect ratio of exactly one, it might be possible to increase

the concentration beyond 60% LM, but we discovered that any more LM made the

materials very difficult to mix together uniformly.

Figure 7.3a shows that for compositions with LM volume fraction of 50%, increas-

ing the EIG content from 1% to 2% decreased the electrical resistivity of the MPC

after activation by 66%. However, for MPC compositions with LM volume fraction

of 60%, that same increase in EIG content only decreased the electrical resistivity

of the MPC by 22%. This indicates that the EIG, as a conductive filler, contributes

relatively little to the material’s activated conductivity for compositions with a high

(> 50%) LM volume fraction.

Figure 7.3b-c is a before and after comparison of the electrical resistivity of MPC

silicone for various material compositions. Varying the volume fraction of EIG in the

MPC, the resistance drop after activating the material is 5, 4, and 3 orders of mag-
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nitude for 60-40-0.5, 60-40-1, and 60-40-2 compositions, respectively (Figure 7.3b).

Notably, the electrical resistivity of the activated 60-40-1 composition is about one

order of magnitude lower than that of the activated 60-40-0.5 composition. This no-

table drop in electrical resistivity is likely due to an increase of microcrack nucleation

sites in the composite matrix from the increased EIG content (rather than a direct

result of the EIG being conductive) enabling an improved LM network in the final,

activated composite. The pre- and post-activation electrical resistivity of different

MPC compositions with varying LM concentrations and 1% EIG is shown in Fig-

ure 7.3c, with a more gradual downward trend in the resistivity as LM concentration

increases.

It has been shown that solvents trapped in silicones can influence mechanical

properties [206]. Cyclohexane is a relatively volatile solvent and it evaporates during

the process of mixing the material and casting it into thin sheets. However, a small

amount of solvent still evaporates after the MPC is cured leaving some voids behind

in the structure of the composite. To investigate the effect of the EIG carrier solvent

(cyclohexane) volume fraction on the mechanical properties of the MPCs, evaluations

were performed for two mixture ‘recipes’: 1) the ratio of EIG to cyclohexane kept

constant while the EIG content is varied in the mixture, and 2) the volume fraction of

cyclohexane kept constant in the mixture disregarding variations in the EIG content,

which resulted in a higher fraction of cyclohexane to silicone in the uncured mix-

ture. Figure 7.3d shows the tensile mechanical behavior of unactivated MPC silicone

samples (with no backing layer) for compositions 60-40-0.5, 60-40-1, and 60-40-2 as

samples were stretched to failure. Increasing the EIG volume fraction in the compo-

sition increases the elastic modulus and decreases elongation at break. In the first

recipe, MPC silicone with 0.5%, 1.0%, and 2.0% EIG volume fractions break at 216%,

120%, and 31% strain, respectively. For the second recipe, the elongation at break is

only slightly lower at each composition, although the elastic modulus is reduced, as

expected [206]. These observations support our hypothesis that elongation at break

is strongly dependent on EIG content after curing and only weakly dependent on the
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solvent content during mixing. Additionally, the ultimate strains recorded here pro-

vide minimum strains required to begin activation of each material composition such

that there will be internal microcracking, and demonstrate the need for the backing

layer (so the system can stretch to 250%) during activation.

MPC silicone displays a Mullins effect at the first loading cycle to an elevated

strain value (Figure 7.3e). The stress is significantly smaller in the next cycles at the

same strain level. This response to the initial loading is expected in liquid-composite

elastomers [192], as it is observed in most elastomers. If the MPC is stretched to the

same strain after the first loading, the Mullins effect disappears, but returns if the

MPC is stretched more than its previous maximum strain.

MPC silicone also exhibits viscoelastic properties (i.e., strain rate dependencies),

as would be expected by a silicone elastomer system. This viscoelasticity results

in higher stresses in the composite when the material is strained at higher rates,

triggering the nucleation of microcracks at lower strain levels. Therefore the MPC

activates at a lower strain level when stretched at a higher strain rate, as shown in

Figure 7.3f. Figure S3 shows the representative resistance-strain activation curve for

a single sample strained up to 250% strain.

Among all the compositions evaluated in Figure 7.3, 60-40-1 and 60-40-2 MPC

silicone compositions always result in uniform electrical conductivity when strained

to 250% strain. We suspect the reason to be that the increased volume fraction of

LM increases the statistical uniformity of the distribution of LM inclusions, as well as

their local proximity to each other. This uniform distribution of inclusions, combined

with slightly elevated quantities of EIG, likely ensures that there is simultaneous mi-

crocracking throughout the composite during activation. We note that other factors

influence the uniform conductivity of the MPC as well. Such factors include con-

stant sample thickness, activation strain value (mature vs premature activation), and

uniformity of the activation strain field, as shown in Figure S4. We chose a 60-40-1

MPC silicone composition for the applications shown in the paper, to keep uniform

electrical conductivity after activation.
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Figure 7.4. Thermal characteristics and cyclic robustness. a) Tem-
perature of a 40 × 10 × 0.4 mm activated MPC silicone sample sup-
ported with a 1 mm thick backing layer while being Joule heated
with 0.5 A, 1.5 A, and 2.5 A for four minutes at 0% strain. The
sample was then allowed to cool for six minutes at room temperature.
Additionally overlaid is the same sample heated with 2.5 A at 100%
and 200% strain. b) Resistance change of a MPC silicone sample
(30 × 10 × 0.4 mm) cycled 10,000 times to 200% strain. Inset shows
30 s of cycling. c) IR images of the sample heating up with electrical
current of 2.2 A before and after the cyclic test, showing no visible
decrease in uniformity inside the main body.
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7.3.2 Thermal Characteristics and Cyclic Robustness

Conductive silicone composites have been previously used as Joule heaters, trading

off between high temperature-change capabilities [207] or improved stretchability [128,

142, 149, 186]. In order to be easily integrated into soft robots, desired properties

include high temperature change capability, stretchability, and uniform resistivity

(leading to uniform heating capabilities). Here we aim to quantify the suitability of

the MPC as a heater material, while identifying potential limitations and advantages

of our material.

Specifically, we used 60-40-1 MPC silicone as a heater, and evaluated its thermal

response to different electrical inputs. Figure 7.4a shows the surface temperature of a

40 × 10 × 0.4 mm MPC sample supported with a 1 mm thick silicone backing layer.

The initial resistance of the sample at 0% strain was 1 Ω. The sample was stretched

to 100 and 200% strain and still demonstrated a uniform heat distribution over its

surface, though the resistance increase caused the maximum achievable temperature

at a fixed electrical current input (2.5 A) to decrease. Reducing the thickness of the

backing layer allows the material to heat up faster, since there is less mass to absorb

the thermal energy. An example is shown in Figure S5, in which an activated MPC

silicone and its silicone backing layer have a total thickness of less than 250 µm.

To further characterize MPC silicone’s robustness as a heater, we coated neat

silicone on both sides of 30 × 10 × 0.4 mm MPC samples and cycled them 10,000

times to 200% strain. In Figure 7.4b we show electrical resistance over the whole

test on one sample, with an initial settling in the resistance for 300 cycles followed

by a plateau in the sample’s resistance. Mechanical strength after 10,000 cycles was

observed to be similar to the original material, consistent with prior work in which

robust cyclic mechanical testings have been performed on similar materials [59, 195].

IR images of the sample Joule heated at 0 and 200% strain with 2.2 A electrical current

is displayed in Figure 7.4c, showing negligible difference in heating performance of

the sample before and after the cyclic test.
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We performed additional cyclic tests on samples that were coated with only a

single backing layer of neat silicone (i.e., ‘one-sided’ backings). These samples could

only achieve 10,000 cycles if the strain was reduced to 150% (Figure S6). If they

were strained cyclically to 200%, the one-sided samples would fail between 3000 and

5000 cycles. We therefore conclude that the highest cyclic performance is enabled

by coating neat silicone on both sides of the MPC, which agrees with more detailed

investigations done in prior work [128].

7.4 Applications

In the previous experiments, we have shown that MPC silicone can be used to

make planar, skin-like sheets with high stretchability and uniform conductivity. We

now use the material as a key component in three distinct systems, achieving multi-

ple functions while reducing system complexity. The first application leverages the

high conductivity of the MPC to enable high-strain sensory feedback with low noise.

We then apply the MPC as a “skin” around a solid silicone composite that increases

in volume when heated, producing a solid-state, all-soft actuator. Finally, we inte-

grate it into the walls of a pneumatically inflating bladder with thermally controlled

stretchability, allowing a single-bladder pneumatic actuator to attain multiple mo-

tion trajectories via electrical stimulus, all while using the MPC to simultaneously

measure the actuator’s state.

7.4.1 High Deformation Sensing

We used activated 60-40-1 MPC silicone to create capacitive strain sensors which

exhibit a repeatable linear response over strains as high as 200%. Capacitive strain

sensors have been deployed in numerous applications ranging from measuring human

body motion [208, 209], reconfigurable robotic skins [210], robot grippers [28], and

numerous other applications [211,212]. The classic 3-layer design (used in this work)

has stretchable planar electrodes on the top and bottom of a stretchable dielectric



154

material. Capacitive sensors provide a more consistent response than resistive sensors,

where comparisons between the capacitance and resistance of sensors of the same

material are available [59, 208]. Measuring the capacitance of such sensors (typically

on the order of 1-100 pF) is a challenging task however, and several methods have been

employed [213]. Each proposed method has benefits and drawbacks, but generally low

electrode resistance and high capacitance are desirable, giving our new MPC silicone

an opportunity to improve current sensor systems.

One drawback to capacitive sensing methods is that they are relatively susceptible

to external noise. Noise can come from many sources, including an unstable ground

or supply line. Additionally, the sensor will pick up external electromagnetic noise

in the form of an unstable electrode voltage and correspondingly noisy capacitance

measurements. Filtering can be used to mitigate the effects of such noise, for example

using analog low-pass filters [52], or using digital signal processing methods (as is

done on the MPR121, manufactured by NXP Semiconductor). Here, we found that

our sensor paired with the MPR121 results in a stable system, with resting noise

standard deviation σ of only ∼ 0.05% of the full scale range of the sensors’ response

over 200% strain, or σ = 0.1% (further analysis presented in Supplemental Materials

as Table S1).

To investigate the advantages and disadvantages of various combinations of sen-

sors and sensing circuits, we compared the MPC sensors to SE-EIG sensors [59]

(i.e., sensors made from the conductive graphite composite without the added liq-

uid inclusions) using two sensing methods: a commercial charge integration circuit

(MPR121), and an in-house designed charge integration circuit described in prior

works [52] (Figure 7.5). This second circuit was designed to work well with the rel-

atively high resistance of the graphite sensors (∼1-10 kΩ initially, and increasing to

∼100-1000 kΩ at 200% strain). The low resistance of MPC silicone was predicted

to result in more stable sensor response, which was confirmed experimentally in Fig-

ure 7.5a and Figure S7. The low, stable resistance over large strains results in stable

capacitance readings when MPC is used as the electrode material (Figure 7.5). In
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Figure 7.5. Response of MPC strain sensors. a) Comparison to SE-
EIG capacitive sensors [59], as measured using our charge-integration
capacitance measuring circuit over 10 cycles. Normalized response is
highly stable across all eight MPC sensors, while each of the three
graphite sensors behaved similar over strains lower than ∼ 60% but
had large inter- and intra- specimen variation at high strains. b) MPC
sensors stretched to 200% for 1000 cycles. Three sensors are plotted
individually, showing high linearity and that they mainly differ in
their intercept and slope. Dashed lines represent the mean over 10
cycles. Shaded regions in both plots represent ±1 standard deviation.
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contrast, the graphite sensors experience cracking of their electrodes after around 60%

strain, making them difficult to use as a strain sensor. MPC sensor readings S were

normalized as S = S−S0

Smax−Smin
, where Smax and Smin are the maximum and minimum

reading over 10 cycles, respectively. Once this is done, the data from all eight MPC

sensors that we tested collapsed into a single, linear response curve. Graphite sensors

were normalized as S = S−S0

10000
, and plotted individually due to the high inter-sensor

and intra-sensor variability at strains greater than ≈ 60%. Raw data for each sensor

are plotted individually in Figure S7.

In addition to yielding stable readings, low electrode resistance makes it possible to

utilize commercial off-the-shelf components. Here we used the commercial MPR121

circuit to measure capacitance over 1000 cycles to 200% strain, for three sensors

separately (Figure 7.5b). The relatively high resistance of the graphite sensors made

them impossible to reliably read using the MPR121, giving an essentially flat curve

after an inconsistent initial increase (Figure S7).

7.4.2 Solid State, Damage Resilient Actuation

Recent developments in solid-state soft actuators have been boosted by the devel-

opment of other liquid-inclusion silicone composites, such as the ethanol silicone blend

developed by Miriyev et al. [133,214]. This composite operates on a simple principle:

heating the ethanol above its boiling temperature causes expansion via the liquid-gas

transition. This in turn causes the silicone to increase in volume, up to 900% [133]. It

is possible to harness this volumetric expansion inside of a McKibben-like mesh sleeve

to control the direction of motion and the output forces, resulting in similar behavior

to pneumatic actuators. The authors of the original work note that although the

system can be rejuvenated by soaking in an ethanol bath for a period of time [215],

Joule heating the system with a Nichrome wire often results in localized burning of

the silicone and eventual degradation of the silicone system beyond recovery.
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Joule heating ethanol silicone with a soft, stretchable heater is difficult due to

the large expansion of the system. One work has embedded kirigami-cut conductive

fabrics inside of the ethanol silicone to distribute heat throughout the core [216]. We

previously used our conductive SE-EIG composite as a Joule heating core inside these

solid-state actuators to generate high contraction forces (> 200 N) [137], but due to

the low strain capacity of the initial heating composite (Figure 7.2), we could only

show contraction actuation.

Because the ethanol silicone composite is a closed-cell foam-like composite with

millimeter sized ethanol capsules [133], it is relatively agnostic to damage. If the

silicone is sliced or pierced, the material will continue to expand so long as it has

a heat source. This adds an additional layer of complexity to heating the system:

finding a heat source that is both compatible with the large expansion and also

agnostic to damage received while operating.

Since the MPC is a bulk composite material, it can be damaged and continue to

function. Figure 7.6a shows an activated 4 × 16 cm strip of 60-40-1 MPC silicone

(on a silicone backing layer) Joule heating before and after being cut with a blade.

As long as the electrodes are reinstalled, the system continues to perform as it did

prior to being damaged, with each segment showing uniform Joule heating.

As shown in Figure 7.6b-d (and Supplemental Video 3), we created a directional-

controlled, damage resiliant expansion actuator by wrapping an ethanol silicone core

in a fiber-reinforced silicone composite and then our MPC silicone. The fiber-reinforced

silicone is similar to the material found here [217], and prevents radial expansion of

the ethanol-silicone tube. Figure S8 shows that this can enable both extension and

rotation actuation, although we focused on the high-strain extension actuation case,

activated by the MPC layer wrapped around the outside.

Since the system is solid state (i.e., actuating with no parts moving relative to each

other), and MPC silicone is robust to damage, we added electrodes by simply piercing

the tube with pins (see Figure 7.6b,c insets). The pins provided a mechanical anchor

for electrical clips, such that there was no concern of the clips loosing connection
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Figure 7.6. MPC silicone damage resilience. a) MPC silicone shown
to be conductive before and after being cut into pieces. b) Cross-
sectional diagram of the actuator system, with photograph inset of
the same. c) Joule heating the MPC boils the ethanol trapped in
the silicone core. The resulting expansion is controlled by the fiber
reinforced silicone wrap, resulting in a 46% maximum elongation of
the actuator. (Inset) The solid-state nature of the system allows for
easy electrode creation by piercing the system with a pin. d) Both
the actuator and the MPC silicone heater are agnostic to being cut in
half, and, once the electrodes are restored, the system can continue
to produce a 25% elongation.
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to the heater during operation. After applying extra liquid metal to reduce contact

resistance between the pins and MPC silicone [128], we Joule heated the external

MPC could to over 140◦C, causing the actuator to extend over 45% in length.

We demonstrated additional damage resilience by cutting the actuator in half and

reactivating it (Figure 7.6d). Since both the heater and the actuator were made of

bulk materials, trimming them down with scissors only resulted in a shorter actuator.

Adding new electrodes near the cut re-established electrical conductivity and the

system could resume extension actuation via Joule heating.

Electrically interfacing with a highly deformable soft material is usually difficult

(See Materials and Methods for more discussion). Being able to run a pin through the

entire system is a simple solution to a traditionally complex interfacing problem [137].

The pin becomes a robust connection point for rigid electronics that bring the power

to the actuator (i.e., copper wires or cables). Even though the system is undergoing

large strains, the pins remain firmly lodged in the actuator. In this way, we gain the

benefits demonstrated in our prior work [137], with improved ability to interface with

the electrical heater and an actuator that can extend instead of just contract.

7.4.3 Multi-directional single-channel pneumatic soft actuators

In addition to functioning as the heat source for a liquid-to-gas phase change

(driving the silicone actuator), MPC silicone can also induce solid-to-liquid phase

changes, resulting in silicones with a variable material modulus. For example, it has

been shown that when Field’s metal is added as a composite filler into a thin film

of silicone, and attached to a pneumatic bladder, selectively heating the walls allows

for a trajectory change as the pneumatic bladder inflates [122, 218]. This Field’s

metal silicone composite (FMSi) experiences a change in its stretchability when the

Field’s metal is melted (Tm = 62◦C). Additionally, it has been shown that this phase

transition allows the FMSi to experience a type of “shape locking”. If the silicone is
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Figure 7.7. MPC silicone applied as a heater on a stretchability-
changing pneumatic bladder. a) Front view of the pneumatic bladder,
along with an IR image showing the MPC increasing the temperature
sufficiently to melt the metal particles inside the Field’s metal silicone
(FMSi) bladder wall. b) Cross-sectional diagram of the actuator. c)
Still frames (both IR and visible light) of the trajectory-changing
pneumatic bladder cycling through different trajectories enabled by
selectively heating the bladder’s walls.
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cooled while stretched, the inclusions will freeze and attempt to hold their deformed

shape. In both prior examples though, an external heat source was needed.

To create a self-activating trajectory changing actuator, we prepared a demon-

stration similar to that shown by Buckner et al. [122], with an additional layer of

pre-activated 60-40-1 MPC silicone on the outside in order to allow for on-demand

Joule heating of the FMSi walls. Figure 7.7a shows a front view of the bladder, with

one of the MPC heaters clearly visible in a U-shape on top of the FMSi. We chose

this shape to allow for heating of the whole surface while also enabling us to access

both ends of the heater from the top of the pneumatic bladder. We attached heaters

to both sides of the bladder so that we could independently control the stretchability

of each side (Figure 7.7b). Stiffness control is derived from thermally controlling the

phase of the Field’s metal particles (solid particles below Tm, liquid inclusions above

Tm): melted particles increase the composite’s ability to stretch.

By patterning material stiffness on the surface of an inflatable actuator, the tra-

jectory of inflation can be changed on-demand. Figure 7.7c shows that selectively

softening one side of the bladder (by applying current to the co-located stretchable

Joule heater MPC sheet) influences actuator bending in the stiff-material direction.

Selectively softening the opposite side of the bladder influences bending in the oppo-

site direction. This demonstration shows that it is possible to achieve at least three

different actuation trajectories in a pneumatic bladder (straight, bending left, and

bending right) using only a single air input. The high-strain, highly electrically uni-

form MPC silicone on the outside of the bladder enabled Joule heating of the bladder’s

walls, yielding a way to electrically control the actuator’s inflation trajectory..

7.4.4 Pneumatic bladder trajectory change with sensor feedback

Embedding sensors into pneumatic actuators is difficult due to the noise generated

by the pneumatic inflation against the sensor. Often, researchers resort to using

flexible (but not stretchable) sensors [28, 48, 219]. Stretchable sensors added to the
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Figure 7.8. MPC silicone applied as a heater and a sensor on a
stiffness-changing pneumatic bladder. a) Schematics and photographs
of the cross section of the pneumatic bladder. Inset scalebar is 1 mm.
Silicone glue layers are not shown in the schematic unless they serve
an additional functional purpose b) Visible light and IR photographs
of the sensorized bladder at various times, along with graphs of the
raw sensor response as the system undergoes both temperature and
pressure changes.

system require careful planning of sensor location so as to reduce the noise generated

by the pneumatic inflation on the sensor’s response to the curvature in the actuator [1].

In this work, our MPC silicone is capable of withstanding high strains and, when used

as a capacitive strain sensor, provides a low-noise signal. In Figure 7.7, we show that

the synergy between heating and strain capabilities allowed the variable-trajectory

actuator to sense its motion. Specifically, we added a second layer of MPC onto the

outside of the bladder (see diagram and cross-sections in Figure 7.8a), and observed

the sensor response as the system underwent inflation, trajectory change, and shape

recovery (Figure 7.8b, and Supplemental Video 4).

To minimize system complexity, we used the heater MPC silicone layer as the

ground plane of the capacitive sensor (Figure 7.8a). This allowed us to reduce the

thickness to approximately 3.25 mm per wall. Each layer of MPC silicone on each wall
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is relatively thin (120 µm each, for a total of ∼ 240 µm), while the remaining thickness

came from the glue layer between the MPC silicone and the FMSi, in addition to the

dielectric layer. For this reason, we used a stiffer silicone for the FMSi, so that the

glue layer’s thickness would not dominate the wall’s stretchability (see the Materials

and Methods section for more details). Note that the FMSi is not conductive, and

so it could not be used as part of the sensor.

Figure 7.8b shows the data, as well as the experimental steps used to test the

sensor response. First, the system was inflated partially, to engage the sensors. Then,

we heated up the right wall (from the perspective shown throughout Figure 7.8),

using the MPC heater. As the Field’s Metal particles melted, the system subtly

shifted the direction it was pointing and both sensors on the bladder responded to

the positional shift in the expected manner: As the right wall heated up and softened,

the whole wall expanded from the constant air pressure in the bladder. This caused

the corresponding sensor to increase its capacitance. Furthermore, the sensor on the

left (the cold wall) dropped its capacitance as the wall was able to contract slightly

from its initial stretched state as the softer right wall expanded further.

After initiating trajectory change, we followed a similar method to that of the

demonstration in Figure 7.7c. First, we inflated the actuator the rest of the way,

observing that the sensor on the heated wall experienced a much greater change in

capacitance. Then, we cooled the wall down and deflated the actuator, noting that

the sensors detected the pressure change. Once the bladder was deflated, the right

wall was holding an “expanded” shape, and so the sensor did not return to its original

value. We used the MPC silicone heater to re-melt the Field’s Metal particles in that

wall and the sensor values dropped back to their relaxed states. Since the pressure in

the bladder was in equilibrium with atmosphere, the left hand sensor did not respond

to the heating and restoration of the original shape, as the left wall was already

relaxed. This sequence showed that it is possible to use MPC silicone to create a

thin, sensorized, trajectory changing, single-air-input pneumatic bladder.
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7.5 Conclusions

We have presented a liquid-composite silicone with a high, spatially uniform con-

ductivity (as demonstrated by Joule heating), which is robust to high deformations

(200% strain) at high cycles of use (over 10,000 cycles), and has only a 2× increase

in resistance at 200% strain. All these properties together in a thin film enable many

applications, some of which we demonstrated, including a stretchable Joule heater

and a capacitive sensor responsive to strains up to 200%. We also showed both the

heater and sensor being applied to drive high-strain linear actuation and stretcha-

bility change in high-deformation, shape-locking silicone composites. Furthermore,

we showed that this material is robust to damage—if the system is cut, one must

simply add a new electrode and it will continue to function as normal—a potentially

impactful trait for a new soft robotic material.

In the future, we hope to continue to explore new activation methods, as well

as new rigid filler materials. We do this with the goal of slightly increasing the

overall material resistivity while maintaining the current manufacturing reliability

and uniform conductivity. A higher resistivity would help us to scale-up the system

to larger areas (geometrically reducing the resistance), so that we can Joule heat

the MPC silicone using higher voltages and lower currents. By choosing a different

activation stimulus (such as freeze activating [197]) or non-conductive rigid fillers, it

may be possible to reduce the volume fraction of liquid metal in the MPC silicone

so that the system could have both a lower mass and a higher resistance, while still

maintaining a highly reliable activation mechanism.

7.6 Addendum about Generalizability

The material system that we made is potentially more generalizable for broader

use than the specific formula presented herein, since it is the activation technique

that enables the material functionality and applications. The holistic overview of the

material is three basic components: a stretchable matrix with two composite fillers,
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one a solid and the other a liquid. The solid induces stresses in the matrix, so that

the matrix experiences localized failures as it is strained higher than 100%. These

failure points are then filled in by the liquid, creating a continuous path of liquid

throughout the body of the material, essentially converting a closed-cell stretchable

foam into an open-cell foam, already fully saturated with the liquid. This materially-

enabled activation technique could allow for a new class of materials, where one (or

more) chemically or electrically responsive fluids could be contained in a stretch-to-

activate silicone matrix (e.g., stretchable glow-sticks, but as a patch that you stretch

to activate then can wrap around an object of interest).

Exploring the idea of generalizability, each of the three elements of the material

need specific traits for the system to work. The matrix needs to be highly stretchable

or it will not be able to withstand strains up 200% (even after activation-induced

wrinkling provides some geometric stretchability). This general property can apply

to many different material classes, including silicones, stretchable acrylamides, or

even thermoplastic elastomers. The liquid needs to be able to flow freely, likely with

a low viscosity: since that the stretchable matrix is only 40% of the total volume of

material and the system needs to reliably stretch to 200% strain without failure after

activation, a low viscosity fluid facilitates the high-stretchability of the system as it

flows more easily while experiencing high shear strains. Finally, and most importantly,

the solid particle additives need to be a size and shape whereby they can generate a

large quantity of stress concentrators, without needing to occupy a significant volume

in the matrix. I suspect that the properties of the solid filler are more of geometry

and material rigidity, rather than a specific chemical makeup (except that they should

not react with the liquid), though this hypothesis would require additional modeling

or investigation to validate. To create stretchable Joule heaters, we need to add one

more requirement: the liquid must be conductive.

Generalizability aside, the materials used in the work presented herein have some

useful secondary properties that enhance the material performance for the desired task

(highly stretchable, uniform electrical activation). The silicone is compatible with
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many existing soft robotic systems, while still being highly stretchable and enabling

direct integration of the filler materials via mechanical mixing before curing. The

compatibility and ease of manufacture allows for the material to be made relatively

quickly, and is what enabled the enhanced-system demonstrations at the end of the

chapter. The liquid metal is very conductive compared to most other conductive

fluids (ionic liquids), and it can carry both alternating current (AC) and direct current

(DC), whereas ionic liquids can only carry AC continuously. The gallium oxide layer

that forms nearly instantly around the liquid metal also stabilizes the material during

activation. When beads form on the MPC surface, the solid oxide layer prevents the

beads from running off the material. It also prevents leakage when the material is

moved and manipulated post activation. The EIG is a great solid additive as it is

inexpensive and relatively easy to make in bulk. Additionally, it has a very high

aspect ratio, disk-like shape (the diameter of EIG flakes is on the order of microns,

with a thickness in the 10s of nanometers), making it an ideal stress concentrator (its

extremely sharp edges encourage internal crack formation). Another, less important

property is that the EIG is conductive, making the as-cast MPC conductive as well.

This doesn’t have much impact on the final conductivity, but it did prove useful in

enabling electrical observation of the real-time activation (via the strain-resistance

curves, as discussed in the chapter).

7.7 Materials and Methods

7.7.1 Materials and Material Preparation

Silicone.

Ecoflex 50 (Smooth-On Inc.) was used as the primary silicone elastomer for all

experiments, as both matrix for the liquid inclusions and the reinforcing backing layer.

Dragonskin 10 (Smooth-On Inc.) was used as the matrix silicone for the Field’s metal
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silicone (FMSi), to ensure that the stiffness of the FMSi sheets dominated the effects

of the glue layers in the composite system.

Composite fillers.

Expanded intercalated graphite (EIG) was prepared using the techniques detailed

in previous works [59, 128]. Expandable graphite (Sigma-Aldrich) was roasted at

800◦C, added to a carrier solvent (cyclohexane, BDH1111, VWR), then sonicated to

break the graphite into microscopic, graphene-like particles. Once the excess solvent

was decanted, the solution was weighed and mixed into silicone precursors.

Eutectic gallium-indium (eGaIn) was prepared in-house by mixing 1 kg of indium

(99.9% pure, RotoMetals) with 3 kg of gallium (99.99% pure, RotoMetals) in a beaker

heated to 150◦C overnight on a hot plate. Once mixed, any residual solids were

scraped off the top of the liquid alloy, then the alloy was allowed to cool back down

to room temperature. Once cooled, the eutectic components were decanted off from

the remaining residual solids and stored for later use.

Field’s metal alloy (Roto144F Low Melt Fusible Ingot Alloy, RotoMetals) was

reduced into microscopic filler particles (size range 100 - 375 µm) using the same

techniques detailed in previous works [122]. The alloy was melted in a beaker of hot

water (80◦C), mixed with a homogenizer for 2.5 min to break the liquid alloy into

particles. When the cycle finished, cold water was immediately added to reduce the

ambient temperature around the particles to less than 62◦C, solidifying the particles

and preventing them from fusing. The particles then sink to the bottom and are

sieved out of the water, dried, and stored for later use.

Composites preparation.

LM-SE-EIG multiphase composite (MPC) silicone was manufactured in the fol-

lowing steps: 1) both parts of a two-part silicone elastomer were premixed, ensuring a

proper 1-to-1 ratio of the two components. 2) LM was carefully shear-mixed with sili-
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cone elastomer manually for several minutes, until no visible droplets of LM remained.

3) The EIG/cyclohexane solution was added to the LM-SE mixture in sufficient quan-

tity so that the amount of EIG remaining in the system after the cyclohexane evap-

orated would be the desired volumetric ratio. 4) Once all parts were mixed together,

if the system’s viscosity was higher than desired, additional cyclohexane was added.

A mask was cut out of 20 µm thick paper, and placed on a flat acrylic sheet. The

final composite mixture was poured at one end of the mask and coated over the whole

mask using custom made drawbars of 300 µm, 500 µm, and 1 mm thickness. After

the mask was removed, the composite was left at room temperature to dry and then

cure. At this point, the composite could be lifted and removed from the acrylic, or

the first silicone elastomer reinforcing backing layer could be draw-coated over the

top, depending on the sample being made.

LM-SE, and SE-EIG were manufactured using the same steps as the MPC silicone,

withholding only the material that needed to be omitted.

Ethanol Silicone was prepared using the same techniques detailed in previous

works [137]. Parts A and B of a two part silicone and pure ethanol were mixed in a

2-2-1 ratio (by volume) resulting in a final composite of 20% vol ethanol. The silicone

was mixed slowly at first by hand to trap the ethanol in small bubbles internal to

the system (approximately 1 minute of mixing). Once all the liquid ethanol on top

of the silicone was mixed in, the composite was mixed at 2000 RPM in a planetary

centrifugal mixer machine (Thinky Mixer, Thinky USA) for an additional minute in

order to reduce the size of the ethanol bubbles. Then, the silicone was cast into its

desired shape (a tube), and sealed to prevent the ethanol from escaping during the

curing process.

The fiber reinforced silicone was manufactured using methods similar to those

recorded in previous works [217]. A 0.3 mm diameter polyester fiber (sewing thread)

was wound around a large drum (6 in [15.24 cm] diameter) with a spacing of approx-

imately 0.8 mm between fiber centers. Then, while the drum continued to rotate,

uncured silicone was coated over the fibers using a flat surface to ensure an even
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coating of silicone over all the fibers. Finally, the drum was allowed to spin gently

for several hours as the silicone cured to ensure a uniform thickness of silicone. Once

cured, the sheet was removed from the drum. This resulted in a thin sheet of fiber

reinforced silicone (0.75 mm thick).

The directional controlled solid-state actuators were made by cutting the fiber

reinforced silicone into appropriate sizes, wrapping it twice around the ethanol silicone

tubes, and gluing it together with additional uncured silicone.

Field’s metal silicone was manufactured by mixing 30% Field’s Metal particles

by volume into Part A and B of Dragonskin 10 (SMooth-On Inc.). The uncured

composite paste was then coated on a flat acrylic sheet with a 1 mm drawbar. After

curing for 4 hours, appropriate sized sheets were cut and glued to each side of the

silicone pneumatic bladder using an additional thin layer of silicone.

7.7.2 Mechanical and Electrical Characterization

Elongation at break and cyclic loading of LM-SE-EIG rectangular specimens

(40 mm gauge length by 10 mm width and between 0.2 to 0.4 mm thickness) were

evaluated in Instron 3345 testing machine equipped with a 50 N load cell (Figure 7.3d

and e). Electrical characterization specimens included active dimensions of 20 mm ×

10 mm × 0.2-0.4 mm thickness, and were supported by an additional backbone layer

of pure silicone to prevent premature failure. Resistance change in the activation

process of MPC silicones (Figure 7.3f) was evaluated by measuring the voltage across

the specimens while simultaneously straining them in the Instron testing machine.

We also measured the resistance of two samples (1-sided and 2-sided backbone) with

50-50-2 composition over a period of 90 days (Figure S9). After an initially sharp rise

in resistance over the first 7 days, both samples settled into a very gradual increase

for the remaining time.
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7.7.3 Electrodes and Interfaces

For the simplest demonstrations, a bead of LM was placed on the surface of the

MPC silicone and copper wires gently connected to the beads. The bead of LM

reduced contact resistance between the copper wires and the MPC [128], enabling

the demonstration of uniform conductivity through the MPC itself.

For the more detailed demonstrations (including the activation testing done in a

vertical testing apparatus (Figure 7.3), as well as the cyclic testing (Figure 7.4)), a

low-resistance, high stretchable electrode is a technical challenge. Often, the biggest

challenge is the interface between the soft, high-deformation material and inextensible

copper wires [220]. To create most of the electrical interfaces in this paper, we followed

a similar tactic used in our previous works [128] where a bead of LM was placed

directly on the MPC, and a copper wire (or film) was interfaced into that bead.

Then, the electrode was sealed with silicone and an inextensible layer (porous muslin

fabric tabs) that significantly reduced the strains in the joint between the liquid metal

and the copper. This method is also supported by recent literature [221].

The only deviance from these two methods was in the solid-state actuator demon-

stration, where a pin was simply driven through the actuator, and a small layer of

LM wrapped around the MPC to create an electrode with uniform conductivity along

the entire circumference of the heating skin.

7.7.4 Capacitive Strain Sensors

Two types of three-layer sensors (electrode, dielectric, electrode) were manufac-

tured using a conductive SE-EIG composite made with 10 wt.% EIG [59], and the

new MPC as electrodes materials. The active region of both types was 10 cm by

1 cm.

Two capacitance measuring devices were used: MPR121 (by NXP Semiconductor,

used as a component in a breakout board sold by Adafruit, Inc.), and a customized

charge-integration circuit developed by our lab (described in [59], theory elaborated
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in [52]). This custom circuit charged the sensors’ top electrode for a constant time,

then measured the time it took to discharge through a 10 MΩ resistor to a known

voltage reference. Importantly, the MPR121 is designed for capacitors with low elec-

trode resistance, while the custom circuit was designed to be used with capacitive

sensors with a wide range of resistances. Three test protocols were considered: 1) the

sensors at resting length (ε = 0%) with no noise intentionally injected; 2) the sensors

at resting length with a DC motor placed 3 cm away and ran at 12 V (resulting in ∼

100 RPM; item number 2826 from Pololu); 3) the sensors with no noise intentionally

injected, pulled (using an Instron 3345) at 200 mm/min until 200 mm (ε = 200%)

for 10 cycles. Data were collected for all combinations of sensor type, measuring

device, and these three test protocols. Finally (test protocol 4), three MPC sensors

were tested with the MPR121 and pulled at 200 mm/min until 200 mm for 1000

cycles. Key findings were presented in the main text, while noise characterization

and complete raw data are presented in the supplementary materials.
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8. SUMMARY

In order for soft robots to achieve their true potential as feature-complete robotic

devices, they are going to need to continue pulling in multifunctional material com-

ponents that both reduce design complexity and enhance performance. While tra-

ditional, rigid robots often rely on computer controls to enable self-adaptability, en-

vironmental conformability, as well as ‘softness,’ soft robots instead aim to produce

material composites with these features designed directly into the material. This

dissertation presents a few such multifunctional material systems that show the ca-

pacity to actuate, adapt, and even provide state feedback, with each of these systems

designed to work in tandem with each other.

In chapter 2, I present a fluidically functionalized soft-bodied robot that inte-

grates both sensing and actuation. Rather than combining these functions as an

afterthought, I designed sensors and actuators into the robot at the onset, both

reducing fabrication complexity and optimizing component interactions. I utilized

liquid metal strain sensors and pneumatic actuators embedded into a silicone robotic

gripper. I show that the liquid metal strain gauges provide a repeatable resistance

response during robotic actuation. Building on this in chapter 3, I designed sensor-

controlled antagonistic pneumatic actuators (SCAPAs) that integrate soft robotic

actuators and sensors into a simplified, controllable design. The antagonistic actu-

ators together compose a bidirectional bending actuator with embedded capacitive

strain sensors. By designing the SCAPAs from the ground up for closed-loop control,

I was able to minimize both the number of constituent components and the types

of materials used, and further streamline the manufacturing processes. These im-

provements are embodied in the multipurpose use of a single conductive fabric sheet

for both actuation and sensing, integrated into an otherwise all-silicone device. I
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demonstrated that this design enables the use of simple control strategies to achieve

closed-loop position control over the actuator.

In chapter 4, I introduced active variable stiffness fibers made from shape memory

alloy and thermally responsive polymers carefully coated around each other, layer-by-

layer. This combines the actuation of shape memory alloy with the variable stiffness

of a thermoplastic using electric current as the stimulus. The multifunctional fibers

can move to a new position and stiffen to hold it without requiring additional power.

I integrated the active variable stiffness fibers into a fabric to demonstrate multifunc-

tional robotic fabrics that can control the motion of soft, compliant bodies from their

surface. Building on this work, in chapter 5, I showed increased functionality in ac-

tive fabrics with improved actuator wires, stiffening fibers, and substrate-embedded

sensors. Improved actuators allowed for pure-curvature bending motions to be devel-

oped in the fabric. Low-melting-point metallic alloy inclusions enhanced the stiffness

change of the stiffening fibers enabling the fabric to hold additional force once cooled.

Finally the fabric-embedded sensors allowed for closed-loop control over antagonisti-

cally paired actuation fibers sewn into the fabric substrate.

In chapter 6, I presented stretchable, addressable heating silicone sheets that can

control soft, thermally responsive materials. The sheets are created using layer-by-

layer deposition of a bulk conductive elastomer that can be Joule heated, with embed-

ded liquid-metal microchannels used as electrodes. This combination allows the bulk,

addressed material to be stretched and twisted while in operation. I demonstrated

the utility of these sheets to become a thermal control platform in many situations. In

chapter 7, I improved the overall functionality of the conductive silicone, enabling it

to maintain a uniform conductivity while experiencing 200% linear strains. I showed

how this material opens up possibilities for electrically controllable shape changing

soft robotic actuators, as well as all-silicone actuation systems powered only by elec-

trical stimulus. Additionally, I show that this stretchable composite can be used as

an electrode material in other applications than those of chapter 6, including a strain

sensor which attains a linear response up to 200% strain with near-zero signal noise.
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Chapter 5 is the first of two ‘capstone’ works in this dissertation. A capstone work

is one that integrates the intellectual contributions from a number of prior projects

and demonstrates their broad-range applicability. This chapter was the cumulative

result of the work, tools, and experience gained from prior chapters, although perhaps

less-so than chapter 7. First is the obvious reliance on previous experience with

fiber-based actuation and stiffness control in chapter 4. Next, the realization of

bidirectional tracking of an actuator using sensors that are near-to the neutral axis is

a key concept explored in chapter 3, and then brought over to the work in chapter 5.

Additionally, critical tools were developed for the work in chapter 3 to enable closed

loop control of an antagonistically actuated fabric system, and although the actuators

were different, in both chapters I show that it is possible to achieve feedback control

over a fabric-centered device.

Chapter 7, the final chapter of this dissertation, is the second of the capstone

works. Not only does the work in chapter 7 directly build on ideas presented in

chapter 6, but it also pulls from the materials, experience, and knowledge gained

(directly or indirectly) from most of the other preceding chapters. Specifically, it

culminates the experience in handling liquid metal in chapters 2 and Appendix A,

the experience with inflatable pneumatic devices from chapters 2 and 3, and the

ability to integrate Joule heating silicones with an active silicone in Appendix B.

Finally, chapter 7 also pulls inspiration from the multifunctional planar robotic fabric

systems, with sensor feedback and closed loop control, found in chapters 4 and 5.

As such, this chapter demonstrates the applicability of the scientific discoveries and

intellectual contributions presented in the previous chapters.

In conclusion, this dissertation presents both the materials and design concepts

required to craft multifunctional soft robotic components. It has shown that it is

possible to integrate sensing, actuation, structure, and electrical pathways into soft

robotic systems. It has introduced design guidelines to ensure that the integration of

these parts does not negatively impact the performance of the individual components,

or of the overall system. Additionally it has presented a novel composite material
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along with tools that enable the integration of this material into bulk, multifunctional

composites. This work paves the way for the future design of fully realized soft robots,

where much of the robot’s adaptive, reactive, and communicative functionality is

integrated directly into its body.
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A. LIQUID METAL SWITCHES FOR ENVIRONMENTALLY RESPONSIVE

ELECTRONICS

This appendix is based on work previously published as [222] R. A. Bilodeau, D. Y.
Zemlyanov, and R. K. Kramer, “Liquid Metal Switches for Environmentally Respon-
sive Electronics,” Advanced Materials Interfaces, vol. 4, no. 5, Mar. 2017. Copyright
©2017, John Wiley and Sons, reproduced with permission.

A.1 Introduction

More than six decades ago, liquid mercury was used to demonstrate the potential

of room-temperature liquid metals as soft circuit elements. [223] This sparked an

exploration into using liquid metals to conduct both heat and electricity in systems

that are either physically compliant or reconformable. General use of mercury is

impeded by its toxicity, so in the past decade gallium-based room-temperature liquid

metals have begun to replace mercury for use in conductive circuitry applications. The

value of flexible and adaptable liquid-metal conductors is probably best exemplified

in recent soft robotics design, development, and control applications. [1, 31, 51, 224]

In order to harness the full potential of liquid metal circuitry, more investigation is

necessary into the fundamental principles governing liquid metals’ behavior, as well

as possible applications for these liquid metals.

Gallium-based alloys can be found in a liquid form at both room and elevated

temperatures. At high temperatures (>600◦C), researchers have controlled the mo-

tion of liquid gallium arsenide via chemical decomposition of the alloy, controlling

the direction of motion via surface crystallinity of the substrate. [225–228] Other

high-temperature gallium alloys have been controlled and directed by surface rough-

ness. [229] This previous work demonstrates the feasibility of metallic droplet manipu-
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lation, but the high temperatures involved make it impractical for common, everyday

use.

Gallium-indium based room-temperature liquid metal alloys (usually eGaIn, a

eutectic gallium-indium alloy, or galinstan, a gallium-indium-tin alloy) have become

even more commonplace as researchers develop reconfigurable and soft electronic de-

vices. These gallium alloys have appeared in a number of soft electronics [9] including

self-healing electronics, [230] tunable electronics, [231] and stretchable sensors. [232]

In these examples, the liquid metal is manipulated through encapsulation inside of a

flexible polymer, enabling mechanical shape-giving and shape-changing of soft elec-

tronics.

There is also a growing interest in the ability to manipulate the geometry and

electric path of the liquid metal via non-mechanical techniques. By powder coating

small droplets, researchers created microscopic marbles, [233] [234] which Tang et al.

moved by shining a light on the powder-coated surface. [235] High frequency magnetic

fields can drive galinstan droplet motion, [236] providing a second system for non-

mechanical liquid metal manipulation. Zhang et al. fed aluminum chips to a galinstan

droplet as fuel for self-propulsion, [237] and have since developed non-contacting

magnetic controls for the droplet. [238] Finally, a large category of recent research has

used electricity to create relative motion and shape change in liquid metals, [239–241]

enabling non-contacting pumps for microfluidic flow [242] and cooling, [243] self-

destructive circuitry (path-destructive liquid metal droplet motion), [244] and most

recently as a source for rigid-body locomotion. [245]

It is well known that gallium oxidizes rapidly in normal atmospheric conditions, or

in any environment with oxygen levels above 1ppm, [9,13,246] forming a gallium-oxide

that has been studied in detail. [247–249] This oxide is solid at room temperature and

forms a nanoscale stabilizing shell around liquid gallium-indium alloys, enabling the

liquid metal to be patterned onto, and subsequently adhere to, many different mate-

rial surfaces (via a plethora of techniques). [250] If the oxide is removed, the liquid

metal loses its adhesion to the substrate and will reflow under the influence of gravity
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(or other forces), enabling a fixed liquid-metal pattern to change. In other words,

oxide removal enables real-time, non-mechanical manipulation of liquid metals. This

has typically been done either in nitrogen boxes (via passive oxide prevention) or in

chemical etchant baths (via active oxide removal). [236, 237, 239, 242–244] Unfortu-

nately, these methods require enclosed (air-tight or water-proof) chambers that limit

the practical applications for manipulation of liquid metal circuits on the fly, as the

circuits must remain inside the chamber.

The two main etchants used in aqueous oxide removal are hydrochloric acid (HCl,

a low-pH acid) [233,236,239,247,248,251] and sodium hydroxide (NaOH, a high-pH

base). [237,239,240,242–244] Both of these etchants mix readily with water and can be

contained safely at high concentrations. A non-aqueous alternative for oxide removal

comes though exposing the liquid metals to concentrated HCl vapor, [252–256] but

practical applications of this are generally limited to environments that can withstand

the presence of a highly corrosive gas.

In this work, we demonstrate control over the surface oxide of liquid metal droplets,

which in turn controls the wetting and adhesion of those drops on a substrate, us-

ing purely environmental stimuli. We compare HCl and NaOH (in solution) for use

in completely removing liquid metal droplets from substrates onto which they have

adhered, showing that NaOH performs this task faster than HCl. We then provide

evidence for the use of ordinary water as a means to regrow the surface oxide and

increase the thickness of the gallium-oxide layer, demonstrating the ability to ad-

here the droplets back to the substrate after having been freed. Finally, we apply

this depinning and repinning technique, demonstrating its viability for creating both

reconfigurable and reversible circuitry. These methods enable the use of simpler aque-

ous techniques for liquid metal manipulation, while subsequently permitting the final

liquid-metal morphology to be removed from the aqueous medium.
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Table A.1. Contact angles of galinstan droplets on various substrates,
immersed in either 1M HCl or 1M NaOH. ± value is one standard
deviation.

Contact Angle
Etchant Substrate (Degrees)

HCl (1M)
Glass 164 ± 1.6
Silicon 161 ± 1.3
PDMS 159 ± 4.6

NaOH (1M)
Glass 165 ± 0.8
Silicon 162 ± 0.5
PDMS 164 ± 2.1

A.2 Experimental

A.2.1 Depinning Droplets through Oxide Removal

Oxide Removal Rate Measured by Contact Angles

Since both HCl and NaOH have been used to remove the gallium oxide layer

surrounding liquid metal droplets, we begin by comparing the influence of the two

chemical etchants. We measured the contact angle of galinstan droplets on the surface

of various substrates while submerged in both HCl and NaOH solutions at room

temperature (see Methods and Materials section for details). Our results are presented

in Table A.1. All equilibrium contact angles were roughly the same (approximately

160◦ in 1M HCL and NaOH, which is lower than previously reported values. [247]) For

glass and silicon substrates, data variance was low; but with PDMS as the substrate,

the droplets had a noticeable variation in their final contact angles (with one droplet

never getting higher than 153◦). We suspect that this is due to chemical interaction

between the etchant and the PDMS, combined with batch variations inherent to

PDMS molding. [23] We also note that droplet buoyancy plays a role in contact angle

when measured in aqueous solutions. Therefore, the contact angles measured are

higher than reported contact angles of liquid metal droplets with the oxide removed

via HCl vapor treatment. [253]
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Figure A.1. The evolution of the contact angle and droplet profile
for a galinstan droplet placed on a flat PDMS in either a 1M HCL
or a 1M NaOH bath. It should be noted that the last frame of the
NaOH shows the droplet completely depinned (it has begun rolling).

Comparing time stamps for each profile photograph, we got an approximation of

the time-scale required to develop the maximum equilibrium contact angle for each

droplet. At the same concentrations (1M), HCl took much longer than NaOH to

develop the maximum contact angle, even though the treatment method was the

same. The time difference was largest on a PDMS substrate (see Figure A.1), likely

due to the softer and more porous nature of the substrate. When placed in an HCl

bath on PDMS, galinstan droplets consistently took several hours to develop their

maximum contact angle (like the droplet shown in HCl in Figure A.1). When placed

in NaOH, the droplets would achieve a maximum contact angle in a very short amount

of time (on the order of minutes).

In the context of reconfigurable electronics, this has immediate ramifications on

the configuration rate. The choice of chemical etchant seems to have a large degree of

influence on the speed at which an adhered droplet can be released from a substrate.

Since oxide removal is the key to releasing a droplet, we further investigated the speed

at which the surface oxide is removed by HCl and NaOH from a liquid metal droplet.
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Oxide Removal Rate Measured Optically

To the authors’ knowledge, there have been no studies on the chemical kinetics of

gallium oxide reacting with HCl and NaOH. To measure the time it takes to remove

the oxide by chemical etchants we developed a simple reflectance experiment, as

shown in Figure A.2. We coated small, chemically inert platforms with PDMS (for

adhesion) and then, using a syringe, we placed very large galinstan droplets (diameter

≈ 8mm) onto the PDMS. The droplets sat for 24 hours to encourage oxide adhesion.

We then removed the liquid metal from inside of the droplet with a syringe, leaving

the encapsulating oxide behind. As the surface area of the droplet decreased from

its original spherical area to an area approximately the size of the droplet’s circular

profile, the solid oxide skin buckled and wrinkled, developing a dull gray hue. The

buckled oxide scatters light instead of reflecting it as a fresh oxide layer or the pure

liquid metal does. Once the droplets are submerged in either NaOH or HCl baths,

the buckled oxide is chemically removed and a reflective surface is restored to the

droplet. Filming the process allowed us to record the time it takes to change the

droplets surface. This optical test confirmed the difference between the speed at

which HCl and NaOH remove the gallium oxide layer as observed when studying

contact angles.

We set up all of the droplets onto platforms simultaneously, and randomly selected

droplets for submersion in either a 1M HCl or 1M NaOH solution. Each bath was

prepared fresh and used only once, and the droplets were submerged with chemically

inert tweezers to prevent any interaction of the tweezers with the acid/base. Examples

of the droplets are displayed in Figure A.2, and a video of the tests is available in

the Supporting Information. The droplets submerged in HCl took between 9 and

13 seconds for their oxide layers to be removed (average 11.35s ± 1.7s standard

deviation). The galinstan droplets immersed in NaOH, however, had their oxide

skins removed in 0.58s (average) with a 0.045s deviation - most of the deviation and
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error being caused by the frame rate of the camera used to film the submersion instead

of the actual chemical reaction.

This test provides further evidence for a comparative advantage of using NaOH

over HCl in removing the gallium-oxide layer from gallium-based room-temperature

liquid-metals. With the initial success of comparing the 1M concentrations using this

technique, we then expanded our tests to include various concentrations of HCl and

NaOH. Since 1M NaOH was already very fast at processing, we proceeded to test

0.1M, 0.01M and 0.001M. Since 1M HCl was already acting slowly, we performed the

test on a range of molarities between 2M (to speed the process up) and 0.1M.

The final results of our optical tests are displayed in the log-log graphs of Fig-

ure A.2. Each data point is an average and the error bars represent a 95% confidence

interval on the mean time. We fit a simple power-law curve to the data (y = bxm),

where the constant b represents the speed of oxide removal at 1M concentration

and the constant m correlates the change of the etchant concentration and the time

required to remove the oxide. The HCl fitted parameter m is -1.417, indicating a

large change in oxide removal time for small changes in concentration. For NaOH

this parameter was found to be -0.268, an order of magnitude smaller than the HCl,

indicating minimal change in oxide removal times at even very low concentrations.

Although the trend lines do not contact all of the confidence intervals, it is important

to note that the plotted confidence intervals are representative of deviation in the

measured time only. They do not take into account any uncertainty in the molarity

of the chemical etchant baths.

To validate our procedure, we compared our data to the work performed by Xu

et al. [247] who used parallel-plate rheometry to characterize the influence of various

concentrations of HCl on gallium oxide. By actively removing the oxide with HCl

during the parallel-plate test, they were able to observe a change in the mechanical

properties of the oxide over time, until they observed complete mechanical breakdown,

suggesting oxide removal. Their results do not have the timescale resolution as our

simple setup does, but we interpreted their data to develop an oxide removal time
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Figure A.2. Experimental method for comparing galinstan oxide re-
moval rates by HCl and NaOH. Large droplets of galinstan are placed
on a PDMS substrate (a), and allowed to sit for 24 hours. The liquid
metal inside of the droplet is then removed (b), causing the solid ox-
ide layer to develop a visible texture (c). When the textured oxide is
immersed into a chemical etchant bath (d), the exterior of the oxide
begins to dissolve until the original, reflective surface is restored (e-f).
The time it takes to move from (d) to (e) depends on the chemical
etchant used, and the insets for (c) and (f) show examples of textured
droplets treated by either HCl or NaOH, along with the time required
to remove the visible oxide. We tested the removal rate of the oxide at
several concentrations, and present the data in logarithmically scaled
plots (g-h). The data gathered by Xu et al. using rheometry (in
HCl) [247] is presented alongside ours, as validation of our method.
Scale bar is 4mm.
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vs concentration curve, and plotted their data against ours. Via curve-fitting the b

and m constants of the power-law equation, we found that their data set and our

HCl-treated data set had nearly identical slopes (ours with m = −1.417 compared

to theirs of m = −1.501), with an offset on the b value likely because their setup

provided greater information about the complete oxide removal.

Combining this quantitative test with the qualitative work shown in Figure A.1,

we can conclude that, at the same concentration, NaOH will release a droplet of

pinned galinstan much more rapidly than HCl will by dissolving away the gallium

oxide faster. It is not until the concentration of HCl is increased to 2M that the oxide

is removed at a rate similar to very low concentration NaOH (0.005M).

Oxide Removal Rate Measured by Surface Tension

Surface tension is a key part of both liquid-substrate adhesion (in the contact

angles developed by a liquid) and droplet mobility. To compare galinstan droplets’

surface tension in either HCl or NaOH baths, we performed simple goniometry mea-

surements, and our results can be found in Table A.2. We started by measuring the

surface tension of galinstan droplets suspended in oxygen-rich air. The surface ten-

sion we measured was 593±46 mN/m (95% confidence), exhibiting a large variation,

but always greater than 500mN/m, as expected. [9]

Unlike in our contact angle tests, we were not able to have both the HCl and the

NaOH at 1M concentrations. When we extruded a galinstan droplet into a 1M NaOH

solution, the chemical reaction between the galinstan and the etchant was so vigorous

that the droplet would disconnect from the extrusion needle before we could begin

measurements. Decreasing the concentration to 0.1M enabled rapid oxide removal

and droplet stabilization, while permitting measurements to be made. This required

change in concentration for our goniometry tests provides a third demonstrable dif-

ference between HCl and NaOH in chemically treating galinstan.
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Table A.2. Surface tension on galinstan droplets in various environ-
ments. ± value is 95% confidence on mean.

Surface Tension Time to
Environment (mN/m) equilibrium

Air 593 ± 46 85min
HCL (1M) 470 ± 12 1.5hr
NaOH (0.1M) 486 ± 6 0s
H2O 230 - 350 6hr
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The final surface tension of galinstan in both the HCl and NaOH baths was

470±12mN/m and 486±6mN/m (95% confidence), respectively. Though the aver-

ages are slightly different, the confidence intervals overlap sufficiently to negate any

distinction between the two. We attribute the uncertainties of the values in Table

2 to the highly spherical nature of the droplets and therefore low bond numbers1

(≈ 0.1). Although bond numbers < 1 are desired when using drop shape analysis

to determine surface tension, [257] extremely low bond numbers (< 0.1) cause errors

in the fitting parameters when digital systems are in use. [258] Our droplets were

close to this range, causing a slightly larger variance in the measured values than we

would have desired. Regardless, we conclude that the surface tension measured in

both etchants is close enough to be equivalent.

A.2.2 Repinning Droplets through Oxide Regrowth

Oxide Regrowth and Transformation Measured by Surface Tension

Since a 1M solution of either HCl or NaOH has a significant water component,

we wanted to determine the influence of clean water on the surface tension of liquid

metals. This would help us determine if the chemistry of water was having a signif-

icant impact on the surface tension of the liquid metal droplets, or if the dissolved

acid (or base) was driving the measured surface tension values. Following the same

experimental procedure, we used for HCl and NaOH, we measured the surface tension

of galinstan droplets in both distilled and deionized water. In both types of water,

the droplets registered an initial surface tension profile at well over 500mN/m, but

over the period of hours it would drop between 40-60%, sinking to range anywhere

from 230mN/m to 350mN/m (see Table A.2). This surface tension range is nearly

half the value of the other mediums.

1The bond number is the non-dimensional parameter used to characterize the influence of surface
forces (surface tension) vs body forces (gravity) on a droplet. Bond numbers closer to zero indicate
spherical droplets, with surface tension dominating over the influence of gravitational forces.
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In goniometry, the time to achieve equilibrium surface tension depends primarily

on the chemistry between the droplet and the surrounding environment. [258] Droplets

extruded into 1M HCl took around 1.5 hours to come to an equilibrium whereas

droplets extruded in the 0.1M NaOH bath achieved an equilibrium surface tension

nearly instantaneously. In water, however, the droplets often took over 6 hours to

come to an equilibrium state. The extreme drop in surface tension over such a long

time can only be attributed to a slow chemical change of the surface properties of

liquid metal by the surrounding water. This finding is supported by the work of

Khan et al. who performed X-ray photoelectron spectroscopy (XPS) studies on the

oxide layer and noted the generation of a gallium-hydroxide alongside the normal

gallium oxide when the droplet had been exposed to water. [259] Using rheometry,

they demonstrated that the hydroxide layer has a much lower modulus of elasticity

than gallium oxide. This helps us to understand the results of our goniometry. When

we initially extruded a droplet of liquid metal into water, the liquid metal likely

used the dissolved oxygen in the water to create the characteristic thin gallium-oxide

layer. Over time, however, the water reacted with the surface of the droplet, changing

the surface into the softer hydroxide. Since the stiff, stabilizing oxide had been

chemically changed to a weak hydroxide, the droplet distends under its own weight

(see Supporting Information Figure 1). This explains both the long time required to

develop the final equilibrium surface tension and the large change in surface tension.

The long time was because of the slow chemical kinetics of the water reacting with

the gallium oxide (having to diffuse through the whole layer of gallium oxide), and

the large change in surface tension is due to the newly formed, weaker, hydroxide

exterior.

Previous studies into the effects of water on eGaIn-surface interactions have mostly

focused on the short-term effects of a thin ‘slip-layer’ of water. [241,259] Khan et al.

observed that oxidized eGaIn could slide across a surface that it would normally

stick to, when there is a layer of water present. [259] They also showed that as the

substrate dries, the oxide sticks to it again. During our experiments, we observed
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similar slipping of liquid metal droplets, but only on short time scales. Given longer

time scales, we observed that a droplet of gallium-based liquid metal will adhere to a

surface, regardless of the presence of water.

Oxide Regrowth and Transformation Measured by XPS analysis

We performed an XPS analysis to characterize the chemical effect of various sur-

face treatments on galinstan. We tested four different conditions: droplet submersion

in HCl followed by a quick rinse in water or a 24 hour immersion in water, and droplet

submersion in NaOH followed by a quick rinse in water or a 24 hour immersion in

water. Rinsed droplets were dipped in a clean bath for two seconds, and afterwards

were immediately dried. Soaked droplets were immersed for 24 hours to compare

the XPS results to the rinsed droplets and determine which surface properties were

caused by the chemical etchant and which results stem from the water baths. A list

of all the spectra analyzed for these results is contained in the Methods and Materials

section.

Figure A.3 shows the XPS results of the four different conditions over the In

4d/Ga 3d/Sn 4d region. With the rinsed droplets, we anticipated observing an effect

similar to that reported by Kim et al., [253] who demonstrated that eGaIn droplets

treated with HCl vapor grow a gallium-chloride and indium-chloride shell in place of

the gallium oxide. However, we did not find any trace these chloride shells. Instead, it

appeared that almost all of the influences of either chemical etchant (HCl or NaOH)

were completely removed when the droplets were rinsed in H2O, making the XPS

results nearly identical. We suspect that any alternative shells grown around the

galinstan droplets by either the NaOH or the HCl were completely removed during

the rinsing process. Notably, the surface concentration of gallium was slightly enriched

after the rinsing (85 atomic % vs 78 atomic % for ideal galinstan), and there was a

significant amount of oxygen present in the spectrum (not shown in the figure). Using

the ratio between the metal and oxide components in Ga 2p and 3d, we calculated the
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Figure A.3. In 4d/Ga 3d/Sn 4d XPS spectra obtained from the two
samples that were treated with NaOH (top panel) and HCL (bottom
panel). Two spectra in each panel obtained following short rinsing
(bottom spectrum) and soaking for 24 hours (top spectrum).
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thickness of the regrown gallium-oxide at about 3nm. The details of such calculations

can be found elsewhere. [260–263]

As seen in Figure A.3, both rinsed samples showed the Sn 4d (metal) peaks, but

the soaking treatment resulted in disappearance of tin from the surface of the droplet:

the Sn 4d (metal) peaks are barely visible. Indium concentration follows the same

trend: the amount of indium visible from the surface greatly decreased following

soaking in H2O. Inversely, there was an increase of covalently bonded gallium (shown

as a shift of the Ga 2p and 3d peaks from the pure-metal energy level), indicating more

oxide had grown on the surface. From this data, we estimated a new oxidized gallium

layer thickness at 7 nm. This doubling of the exterior shells’ thickness explains the

disappearance of the tin and indium, as they were no longer visible from the surface of

the droplet. Though the chemical composition of gallium oxide is mainly Ga2O3, [9]

the soaked sample showed much higher amount of OH groups as evidenced from the

O 1s spectra (not shown), confirming a chemical shift towards gallium hydroxide on

the surface of the droplet, as expected. [259,264,265]

From our XPS results, it is clear that gallium oxide thickness correlates with

water treatment: rinsing resulted in 40-44% of gallium on the surface in the form of

oxide, whereas soaking resulted in 90-93%. Furthermore, this shows evidence that

the droplets’ oxide layers, which had been chemically removed by the HCl or NaOH,

were completely restored by simply rinsing the droplets in water. This happened for

both the HCl and NaOH treated droplets, so we can easily conclude that the original

method of chemically treating the galinstan is unimportant when oxide restoration is

performed by rinsing with water. Finally, there is a time element involved in exposing

liquid metals to water: further exposure to water (beyond rinsing) results in the oxide

layer growing in thickness while changing partially into a hydroxide layer.



217

Oxide Regrowth and Transformation Measured by Contact Area

Since water removes the surface effects of HCl and NaOH, we could use it as a

method to reattach droplets that had been removed via the chemical etchants. We

tested this on a droplet through a simple experiment: we soaked a galinstan droplet

in NaOH to remove its oxide, and then placed it onto a glass substrate immersed

in distilled water. We tracked the profile of the droplet over a four hour period,

and recorded the radius of the droplet’s contact area on the substrate. From this

information, we calculated the contact area as it changed with time and present our

findings in Figure A.4. Although the droplet began to adhere on the order of minutes,

the increasing contact area improved the adhesion over the period of the test.

The contact angle did not change much during the test, but the contact area of the

droplet increased significantly with increasing time submerged in H2O. As is visible in

the inset images in Figure A.4, the original circular droplet shape collapsed down into

a flattened ellipsoid, maintaining a high contact angle as the droplet spread outward

and enabling a large contact area on the substrate.

As with the surface tension work reported previously, we hypothesize that the

changing contact area (and adhesion to the substrate) is due to the rapid triple-effect

during the initial submersion of the droplet. First, the water removed any influence of

the NaOH. Second, the dissolved oxygen grew a gallium-oxide shell. Third, the water

quickly changed the outer surface of the shell to a hydroxide, leaving the rest of the

oxide untouched. While continuing to soak in the bath, the hydroxide slowly diffused

through the whole thickness of the shell, weakening the droplet walls and causing

the spherical droplet to collapse under its own weight. This process resulted in a

pulsing/shape changing effect on the droplet, as evidenced from Figure A.4 between

minutes 50-150, and can be seen in Supporting Video 2 between timestamps 0:50 and

1:00.
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Figure A.4. Changing contact area between a galinstan droplet and
a glass substrate in water. The droplet was initially removed from the
substrate using a 1M NaOH solution. The NaOH was replaced with
clean water, and the droplet collapse was observed for 4 hours. The
inset shows the droplet’s initial and final states in the water.

We note that after the water was removed, the droplet had fully adhered to the

substrate. We tested other techniques (details in Supporting Information) to repin

the droplet, but they were not as successful as this method.

A.2.3 Applications

Liquid Metal Droplet Mobility

With droplet adhesion driven by the gallium-oxide layer on the liquid metal, we

can free the droplet by removing the oxide layer with either HCl or NaOH, causing

the droplet to roll freely on the substrate. Afterwards, we can repin the droplet to the

substrate by rinsing it with water, encouraging regrowth of either a gallium-oxide or

a gallium-hydroxide layer on the surface of the droplet. These two chemical tools are

all that is required to remove galinstan droplets from a substrate and then fix them
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Figure A.5. Controlling the location and fixity of a liquid metal
droplet. a) The droplet is pinned to the substrate in air. b) Sub-
merging the droplet in 1M NaOH causes the droplet to depin. c) The
depinned droplet moves under gravitational force. d) The droplet
is repinned to the substrate through an H2O bath. e-h) shows pho-
tographs of the active test, matching the diagrams in a-d). Inset boxes
are approximately 3mm x 3mm.

in a desired location, and we now demonstrate the potential for this to be applied in

manipulating liquid-metal based electronics.

Figure A.5 shows our results being applied for environmentally stimulated liquid

metal droplet mobility. We depinned a droplet from one location, enabling it to roll to

a new location, and then pinned the drop back to the substrate. Figure A.5(a) shows

the droplet of galinstan that has been adhered to a substrate in an initial position. The

droplet is then exposed to a 1M NaOH bath (Figure A.5(b)), which causes the droplet

to depin from the substrate and change location (Figure A.5(c)) by gravitational

forces. Finally, by replacing the NaOH bath with water, the droplet is able to re-

attach to the substrate in the final position (Figure A.5(d)). The high contact-

angle on the droplet enables extremely rapid droplet motion once the droplet has

been depinned. Furthermore, this droplet mobility is controlled by the environment

alone, with gravity being the only source of force. We see future opportunities to

combine this process with environmentally controllable surface morphology, which

would in turn enable control over droplet locomotion direction, as well as applications

in connecting/disconnecting circuitry for reconfigurable logic.
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Liquid Metal Switch

Using environmental stimuli, we also demonstrate the ability to repeatedly dis-

connect and reconnect a conductive pathway, as shown in Figure A.6. We connected

an LED and a droplet of galinstan in series in a circuit (visible in Figure A.6(e)).

The galinstan droplet was in a special environmental chamber with two conductive

tungsten leads emerging from the chamber walls for the droplet to rest on. We alter-

nately tested the resistance across the galinstan droplet and applied a power-source

to the whole circuit (Korad KA3005D DC power supply, set to provide either a max

of 3.3V or 10mA) to see if the LED would illuminate. For each test, we cycled the

fluid in the environmental chamber, starting with air and then filling the chamber

with a 1M NaOH bath, continuing on to distilled water, and then drying all the water

out of the chamber with air again. Figure A.6(a-d) is a schematic representation of

the cycle, showing a profile view of the droplet and how it contacts the electrodes

based on the chemical bath in the chamber. A video of the droplet profile during a

cycle is available in the Supporting Information.

We were able to disconnect and reconnect the LED using the NaOH bath to

lift the droplet up, disconnecting the electrodes, and the water bath to collapse the

droplet back down, reconnecting the electrodes. Figure A.6(f-g) describe the current

stage of the cycle and the resistance measured across the liquid metal droplet, while

(h-i) are a series of simultaneous photographs of the LED and the galinstan droplet

during each stage of the cycle. It is important to note that although the NaOH bath

disconnected the liquid metal droplet from the circuit, the NaOH itself was able to

conduct electricity via electrochemical means. This is why although the resistance is

very high with both the NaOH and the water baths, the LED illuminates (partially)

when power is applied during the NaOH portion of the cycle. Furthermore, the

electrochemical interaction is what causes the gas bubbles visible around the galinstan

droplet in Figure A.6(i) during this portion of the cycle (also visible in the video).

Once we rinsed the NaOH away with distilled water, the water no longer connected
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Figure A.6. Opening and closing a circuit via chemical manipula-
tion of a liquid metal droplet. a-d) Schematic representation of the
side profile of the droplet during one Air-NaOH-Water-Air treatment
cycle: a) initial state, b) submersion in 1M NaOH disconnecting the
circuit, c) replacing the NaOH with water encourages the droplet to
collapse, d) the droplet is dried reconnecting the circuit. e) A photo-
graph of the environmental chamber and LED used for this test (for
scale, the LED is 3mm dia). h) A series of photographs of the LED
with power supplied to the circuit during two consecutive cycles. i)
Close up views of the droplets in the chamber when power was sup-
plied, along with f) the chamber environment and g) a measurement
of the resistance across the chamber’s leads, during the two consec-
utive cycles. A video of the droplet profile during a third cycle is
available in the Supporting Information.
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the electrodes and the LED ceased to illuminate. We also note that, although not

shown in the figure, if we rinse out the NaOH from the chamber and then rapidly

dry the water from the chamber (with a small fan) the droplet holds its new shape,

keeping the circuit open. The circuit can then be closed at any time by soaking the

droplet in water.

Having successfully developed a system where we were able to completely discon-

nect and reconnect the circuit via environmental stimulation, we cycled the circuit to

ensure repeatability. In Figure A.6 we show two consecutive disconnect and recon-

nect cycles, without changing the liquid metal droplet or any other part of the circuit.

We cycled it a third time, while recording the video found in the Supporting Infor-

mation. In the video we demonstrate the mobility of the chamber after the droplet

had dried, proving that liquid metals can be manipulated, reconfiguration, and then

pinned in place so that circuits built from these liquid metals can be removed from

environmental control chambers.

A.3 Conclusion

In this paper, we have quantified the influence of acidic (HCl), alkaline (NaOH)

and neutral (water) aqueous environments on liquid metal droplets prone to surface

oxidation. Our results demonstrate the use of environmental stimuli to control the

removal, formation and transformation of surface oxide on liquid metal droplets,

thereby controlling the adhesion of the droplets on various surfaces. While previous

studies have shown liquid metal oxide removal in HCl and NaOH baths, our results

indicate the time scales for these removals differ by orders of magnitude at similar

concentrations, with NaOH emerging as the more aggressive etchant. Furthermore,

we have shown that rinsing the liquid metal droplet in water reverses the effects

of HCl and NaOH, allowing formation of a surface oxide at short time scales and

surface hydroxide at long time scales, which differ in mechanical properties but both

encourage liquid metal adhesion to the substrate. Finally, we have employed our
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findings to demonstrate liquid metal droplet mobility on-demand and environmentally

responsive liquid metal switches.

A.4 Methods & Materials

The three types of substrates primarily used were P-type silicon (Wafer World),

microscope slide glass (Home Science Tools) and Sylgard 184 as PDMS (Dow Corn-

ing). These substrates were used as they are representative of substrates typically

utilized for liquid metal patterning since galinstan readily adheres to them. Galinstan

(68.5% Ga, 21.5% In, 10% Sn by weight) was obtained from Sigma Aldritch, and used

as-received from the manufacturer. HCl (Fisher Chemical) and NaOH (Macron Fine

Chemicals) were obtained in either concentrated or dried forms and mixed with water

to get the desired concentrations.

A.4.1 Contact Angles

To measure contact angles, galinstan droplets were set on a cleaned substrate for

3-5 minutes, covered. This setting time allowed the droplets to adhere to the surface,

so that the droplet could be placed in the bath without dislodging it. The substrates

and droplets were then placed in a 1M bath of either NaOH or HCl. Photographs of

the droplet profile were taken regularly while the etchant slowly lifted the edges of

the droplet and the contact angle maximized. At least 3 different droplets of different

sizes were profiled and the results returned were an average of the different droplets.

HCl and NaOH were used in both 1 molar concentrations for the bath, and each

was tested on the following substrate types: glass, silicon and PDMS. To ensure that

the PDMS substrate was flat, uncured PDMS was spin coated onto small glass slides

(SCS G3-8 Spin Coater) at 2000RPM for 2 minutes, before curing them at 60◦C for

2 hours. Each substrate was used only once for a single galinstan droplet, to prevent

any acid/base etching of the surface from effecting subsequent results. All tests were

performed at room temperature (approximately 25◦C).
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A.4.2 Goniometry

Pendent drop shapes were recorded and measured in a goniometer (Ramé-Hart In-

strument co.) capable of performing oscillating pendent drop measurements (though

this feature was not enabled). Each test was performed in a similar manner, using a

non-air gap technique in which the water inside of the pipette tip directly contacts the

liquid metal. This removed any viscoelastic effects of a compressible air pocket while

extruding the liquid metal droplets. 5-8 µL droplets of liquid metal were extruded

directly into the medium being used for the analysis (air, water, HCl or NaOH) and

briefly allowed to stabilize for up to 30 seconds, to enable vibrations from the extru-

sion process to die off. At this point, the surface tension and volume of the droplet

were recorded at intervals between 10-30 seconds (depending on the total length of

the test) to allow the droplet to achieve equilibrium surface tension. The surface

tension was then recorded as an average of the equilibrium tail of the data. Initial

droplet volumes varied, but had a negligible impact on the recorded results.

Droplets extruded in both air and 1M HCl were allowed at least 2 hours to establish

an equilibrium tail, although liquid metal droplets extruded into air often did not

require as long of a time as those in HCl. Droplets extruded into 0.1M NaOH were

allowed to come to an equilibrium for at least 40 minutes, and upwards of two hours,

although this length of time was not necessary as the droplet had established its

equilibrium surface tension before the analysis even began. Liquid metal droplet

extruded into water were allowed at least 10 hours to come to an equilibrium, though

many were able to establish an equilibrium before this time, the additional hours

enabled a proper determination of equilibrium status.

A.4.3 XPS and Sample Preparation

X-ray Photoelectron Spectroscopy (XPS) measurements were performed using a

Kratos Axis Ultra DLD spectrometer with monochromatic Al Kα radiation (hν=

1486.6 eV). The high-resolution Ga 2p3/2, O 1s, Sn 3d, In 3d, C 1s, Cl 2p and Ga
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3d/Sn 4d/In 4d spectra were collected at constant pass energy (PE) with a PE of 20

eV. A built-in commercial Kratos charge neutralizer was used to achieve better reso-

lution. Binding energy (BE) values refer to the Fermi edge and the energy scale was

calibrated using Au 4f7/2 at 84.0 eV and Cu 2p3/2 at 932.67 eV. The photoemission

peak positions were charge corrected to the adventitious carbon signal of C 1s at 284.8

eV. Spectra were analyzed using the CasaXPS software program, version 2.3.16 PR

1.6 (Casa Software Ltd.). A Shirley background was subtracted from each region be-

fore curve fitting; metal components were fitted with asymmetric Gaussian-Lorentzian

peaks with tail dampening (CasaXPS Lineshapes ≈ LF(1,1.4,20,50)) and oxide com-

ponents – with Gaussian-Lorentzian peaks (CasaXPS Lineshapes ≈ SGL(10)). Since

the Ga 3d/Sn 4d/In 4d region contains the contribution of all three metal of interest,

we focused qualitative/quantitative analysis on this region. Spin-orbit coupling dou-

blets of the Sn 4d (4d5/2 and 4d3/2), Ga 3d (3d5/2 and 3d3/2) and In 4d (4d5/2 and

4d3/2) electron levels were subject to spacing constraints of 1.10, 0.45 and 0.85 eV, re-

spectively. The intensity ratio of the spin orbit coupling doublets for the d levels (d5/2

and d3/2) was fixed to be 3:2. The atomic concentrations of the chemical elements on

the near-surface region were estimated after the subtraction of a Shirley type back-

ground, taking into account the corresponding Scofield atomic sensitivity factors and

inelastic mean free path (IMFP) of photoelectrons using standard procedures in the

CasaXPS software.

The following protocol was used to prepare samples for the XPS measurements.

(a) Glass substrates were exposed to oxygen plasma to encourage the Galinstan

droplets to adhere to the surface (see Surface Treatments for more info). (b) Droplets

of galinstan were immediately placed on the substrates, and were allowed to sit for

2 days to maximize adhesion between the droplet and the substrate (so the droplets

do not move during treatment and testing). (c) Samples were then briefly rinsed in a

chemical etchant bath of 1M NaOH or 1M HCl to alter the droplet’s surface chemistry

for 20 and 45 seconds, respectively. This is longer than is needed to create a visible

change of the droplets surface chemistry, but the extra time was to ensure that all
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oxide had been removed. (d) The two samples that were rinsed in water were quickly

dried first by wicking away the majority of the remaining water (via absorption), with

the remaining water forcibly evaporated by passing dry-nitrogen across the substrate

and droplet. As-prepared samples were loaded to the XPS spectrometer through a

load-lock.
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B. ALL-SOFT MATERIAL SYSTEM FOR STRONG SOFT ACTUATORS

The following chapter is based on work previously published as [137]R. A. Bilodeau*,
A. Miriyev*, H. Lipson, and R. Kramer-Bottiglio, “All-soft material system for strong
soft actuators,” in 2018 IEEE International Conference on Soft Robotics (RoboSoft),
Livorno, Italy, 2018, pp. 288–294. Copyright ©2018 IEEE, reproduced with permis-
sion. * indicates co-first-authorship

Contributions: This chapter was worked on primarily by two individuals: my-
self and Dr. Aslan Miriyev. Aslan provided experience and expertise in the novel
silicone actuator material that he had only just recently developed. I provided the
stretchable, solid-state heating silicone that could make his actuator work without
requiring an external heat source. Much of the design and manufacturing of the final
composite actuators was my work, including changing the shape of the internal heater
core to facilitate the systems’ activation.

B.1 Introduction

Soft-material robotics aims to provide robots with the compliance and large strains

necessary for performing natural and delicate tasks [36, 266]. Rigid robotic systems

have consistently had the advantage of high-speed, high-precision, and high-output

force actuation that allows them to carry both their own power supplies and control

circuits while performing autonomous (untethered) tasks. Developing all-soft actu-

ators for replication and amplification of natural muscle functionality so that soft

robots can compete with their rigid counterparts is an ongoing challenge for the soft

robotics research community [267].

Recently Miriyev et al. reported a self-contained, stimulus-responsive composite

material by simply mixing silicone rubber and ethanol [133]. This new soft, robust

composite can be used as a high-stress actuator at very low voltages (as low as 8 V),

with output linear strains of up to 140%. However, lacking a soft, robust Joule heater,

actuation of this material was demonstrated using an embedded, nickel-chromium (Ni-
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Figure B.1. All-soft heater/actuator being used as a McKibben-like
muscle. The actuator is lifting its DC power supply, whose mass is
greater than 200x that of the actuator.

Cr) spiral-shaped wire. Using a wire limited the ability to geometrically design an

internal heater and the ability to simultaneously 3D-print the entire heater/actuator

system [133]. A recent development of an electrically-conductive elastomer composite

for stretchable sensors [59] possesses a promising opportunity to address the need for

a soft, bulk-material Joule heater. The low-cost conductive composite, a silicone

elastomer matrix with an expanded intercalated graphite (EIG) conductive additive,

retains its performance even at large strains of up to 250%.

In this work, we fabricate an EIG-silicone conductive composite for use as a Joule

heater and encase it within the thermally responsive ethanol-silicone composite to

form an all-soft actuator. We demonstrate that at 15 wt% conductive filler, the

heater core is capable of stretching with the encasing actuator and has the low resis-
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tances required for Joule heating at low voltages. We characterize the heater core’s

capabilities with various geometries and demonstrate its application as a Joule heater

in a fully-soft artificial McKibben-like muscle that compares in force output to the

original variant with a Ni-Cr wire heater. Finally, as demonstrated in Figure B.1, we

show that this all-soft actuator can lift its own power supply (200x heavier than the

actuator itself).

B.2 Background

Many forms of soft actuators have emerged in recent years as partial solutions

to the need for high-force, high-deflection actuators, using a wide range of activation

methods. These include fluidic elastomer actuators (FEA) [2,4,43,268–270] and pneu-

matic artificial muscles (PAM) [271–273] which operate off of pressurized fluids, as

well as electrically active (and Joule-heated) solutions such as electroactive polymers

(EAP) (including dielectric elastomer actuators (DEA)) [274–278], ionic polymer-

metal composites (IPMC) [279,280], and shape-memory alloys (SMA) [281,282]. Each

of these actuator techniques has an advantage-disadvantage trade-off, making them

only partial solutions to the development of autonomous soft robotic systems.

Actuation methods combining high actuation stress along with high actuation

strain include FEAs, PAMs and DEAs [133]. FEAs and PAMs require compressors

and pressure regulating equipment to inflate and deflate elastomer bladders or cham-

bers. The required external equipment accompanying these types of soft actuators is

usually rigid, bulky and heavy, negating their high force output [266]. DEAs operate

at >1 kV to create electromechanical response of an elastomeric membrane between

two electrodes, requiring a high voltage converter and complicating the safety of

human-interaction with these devices [283]. Though SMA actuators can achieve high

strains through Joule heating at low voltages when properly programmed, even small

amounts of overheating causes a rapid degradation of the SMA programming [284].

Alternatively, monopropellant decomposition (and even combustion-based actuation)
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Figure B.2. All-soft actuator operation. Heating the core causes the
external silicone to expand as the ethanol droplets trapped inside boil.

has been reported as a light-weight fluid pressure source for completely soft pneumatic

robots [266,285]. Designing a soft robot with fuel-decomposition-based actuators has

resulted in moderate output forces and complex design challenges, since noise, high

temperature and toxic by-products need to be taken into account [286]. Furthermore,

despite the high actuation impact of a combustion-propelled robot, controlling such

actuators has been a challenge. Finally, actuation methods which show limited strain

but sufficient actuation stress include paraffin-based solid-liquid phase transition ac-

tuators (only 3% strain) [287] and piezo-polymers (less than 1% actuation strain).

These strain values are insufficient for most soft robotic applications, and therefore

do not meet current needs.

The silicone-ethanol actuator reproduced in this work has been shown to function

on a basic principle: By mixing the two materials together, the ethanol is distributed

throughout the silicone matrix in micron-scale pockets that are suspended in place

after curing. Upon heating to 78.4◦C, ethanol boils inside the micro-pockets, leading

to tremendous increase in volume of the entire composite (see Figure B.2). Ethanol

was chosen for its low toxicity, its good ability to mix with silicone, and its moderate

boiling temperature [133]. Previous work has succeeded in producing volumetric

strains of up to 900% and exerting a force sufficient to lift a weight over 1000 times

larger than the composite material.

Prior work with the EIG material has shown that it is possible to increase the

amount of additive in a silicone matrix, without loosing stretchability [59]. The EIG
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material has also already been demonstrated as a conductive filler enabling internal

heating in a rigid epoxy composite [121]. It enabled the Joule heating of the epoxy,

causing the composite to soften and change its basic shape. This previous success

motivated us to increase the concentration of EIG in the silicone composite and use

it as a soft heater.

B.3 Manufacturing

We note that, for clarity, the silicone-ethanol actuator mixture will be referred to

as the actuator composite, and the EIG-silicone mixture will be referred to as the

heater composite. The manufactured silicone composite with a heater core will be

referred to as the silicone actuator. Finally, when referencing the whole system (the

silicone actuator in a mesh sleeve like a McKibben actuator), the system is referred

to as a muscle.

B.3.1 Silicone Actuator Manufacturing

We used Ecoflex 00-50 (Smooth-On) for both the actuator composite and the

heater composite. It is received from the manufacturer in two parts (part A and B)

and we used it a 1:1 ratio. To create the actuator composite, we cast the silicone

ethanol mixture into a 20 mm dia. cylindrical mold, 50 mm tall with a central

shaft (see Figure B.3a and B.5a). We mixed both part A and B with ethanol (20

vol% ethanol) by hand for 1 min and then in a planetary centrifugal mixer machine

(Thinky Mixer, Thinky USA) for 1 min. Once the silicone cured, the 3-part mold was

removed, leaving an internal hollow core for later insertion of the heater composite.

For the heater composite, expandable graphite was purchased in a pre-prepared,

dry state from Sigma-Aldrich. It was expanded and sonicated into EIG through

a high-temperature oven roasting process (800◦C) previously detailed by White et

al. [59], with one key difference being the use of ethanol as the sonication solvent. We

made this change (from cyclohexane used previously) to improve compatibility with
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Figure B.3. Manufacturing the all-soft silicone based actuator. (a)
A silicone-ethanol mixture is poured into a mold to cure, creating a
cylindrical actuator with a hollow core. (b) To make the heater core,
part B is mixed with an EIG-ethanol mixture, set under an airflow
until nearly dry, and then part A is mixed in. Before it cures, the
silicone-EIG composite is injected into the hollow core of the actuator.
(c) The ends of the actuator are sealed with silicone and liquid metal
is injected into the joint at the end of the heater composite. Finally,
a pin (or copper wire) is inserted into the liquid metal bead to create
an electrical connection to the heater core.
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the actuator, with no noticeable degradation of the conductivity of the final silicone

composite. After preparation of the EIG-ethanol mixture (through sonication and

drying), the mixture is still mostly ethanol (only ∼4 wt% graphite). Part B of

the silicone was mixed with the EIG composite, and then air was blown across the

composite to force the evaporation of the ethanol (see Figure B.3b). This dries

the mixture down while still enabling dispersion of the EIG in the silicone. Once

the composite was dried to only 50 wt% ethanol, Part A was added and the entire

composite was mixed thoroughly to create a ratio of 15 wt% EIG-silicone. The heater

composite was then injected into the hollow core of the actuator composite using a

syringe, and allowed to cure.

B.3.2 Muscle Assembly and Electrode Contacts

We used eutectic gallium-indium-tin (galinstan, Sigma Aldrich), a room-temperature

liquid metal, to create a simple interface connecting the soft core heating composite

with rigid wires and electrical components (Figure B.3c). We sealed each end of the

silicone actuator with additional (stronger) silicone (Dragonskin Fast, Smooth-on)

and then injected galinstan into the ends of the actuator using a 25 gauge syringe

needle. On removing the syringe, we sealed the hole with additional silicone and as-

sembled the muscle by placing the silicone actuator into a mesh sleeve (Polyurethane

terephtatalate mono-filament yarn, Techflex) and tying it off.

In order to electrically connect to the core, we punctured a needle through the

mesh and into the liquid metal bead, allowing us to connect the heater to a power

source. In the case of experiments where free-expansion (or heating) was required,

the mesh sleeve was omitted. We note here that while these electrodes provided an

ideal electrical interface, they were susceptible to leakage under high pressures, which

manifested as electrical noise.
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B.4 Characterization

B.4.1 Manufacturing Implementation

Heating Core Resistance

The resistance in the heater silicone cores varied between 15-65 Ω, comparable

to the 15 Ω in the original Ni-Cr wires [133]. Two key factors in our design and

manufacturing allowed for such a low, uniform resistance in the composite material:

the use of the liquid metal electrodes and prevention of the ethanol from drying out

of the composite material during preparation. The liquid metal contacts decrease

the contact resistance between copper wire electrodes and the soft heater composite.

Without the liquid metal, the resistance in the heater core increases by 20-40 Ω,

often doubling the sample resistance and causing uneven Joule heating due to the

additional resistance concentrated at ends of the actuator. This is why the liquid

metal was used even though it leaked during actuation.

Preventing the ethanol from fully drying out of the heater composite before it

cures is the second key to maintaining low resistance. If the heater composite dries

completely before mixing in Part A (during the manufacturing, as previously ex-

plained) the resultant resistance of the core jumps 1-2 orders of magnitude (from

25-65 Ω to 800-2500 Ω, measured on cores with a diameter of 5 mm and 7 mm). It is

still possible to mix in Part A and inject the material, but the high resistance makes

the core unusable as a heater. We suspect that when the composite dries prematurely

the EIG flakes clump, resulting in poor dispersion throughout the composite. If the

silicone cures in the 50% ethanol mixture, the EIG flakes remain suspended in the

unmoving polymer after the ethanol dries off.

Heater Microstructure

We placed a silicone actuator into a scanning electron microscope (SEM) in order

determine the quality of the heater composite mixture and to visually observe the joint
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Figure B.4. Macro- and microstructure images of the all-soft material
system for actuators. (a) SEM image of the soft heater composite.
(b) SEM image of a silicone/heater interface cross-section. (c)-(f)
macrostructure of actuator composites after preparation with different
mixing modes and rates: (c) hand mixing for 4 min, (d) mixer machine
mixing for 0.5 min, (e) mixer machine mixing for 1 min, (f) mixer
machine mixing for 3 min (scale bars are 500 µm). All-soft actuator
composite before (g) and during (h) hand-stretching, showing 50%
linear strain extension in the core.

between the actuator composite and the heater composite. Figure B.4a,b are images

taken of both the pure heater composite and the heater composite interfacing with

a pure silicone exterior. We also prepared a sample without ethanol in the actuator

(to remove incompatibility with the high-vacuum SEM), and cut it with a knife to

expose an inner cross-section for imaging. The heater composite has a textured

microstructure topography on a scale from single microns to tens of microns, caused

by the conductive EIG additive (Figure B.4a). Although individual EIG flakes are

too small to be seen at this scale, no EIG clumps are observable, indicating a good

mixture of the EIG into the silicone. The interface between the heater composite

and pure silicone rubber is characterized by multiple micro-cracks, and a noticeable

difference in topography between the two materials (Figure B.4b).
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Actuator Macrostructure

To ensure that the ethanol was distributed evenly throughout the actuator com-

posite when machine mixed, we tested the effect of mixing the actuator composite by

hand or in a mixer machine on the bubble density of the composite. Four samples

of silicone-ethanol composite were inspected under a microscope to observe the den-

sity of air-pockets (or ethanol droplets) in the mixed composite. Each sample was

prepared with different mixing time/method. The first sample was mixed by hand

for four minutes. The other three were mixed by hand for one minute (to fold the

low-viscosity ethanol into the high-viscosity silicone) and then mixed in the mixer

machine for 0.5 min, 1 min, and 3 min respectively. All samples were then cast

into sheets 5 mm thick to allow the microscope to capture the images of the bubbles

through the sample. Figure B.4c-f shows that the largest amount of air bubbles was

achieved after 30 s of mixing in the mixer machine, whereas mixing for three minutes

resulted in the lowest density of air bubbles. This validates our mixing for 1 min, as

the actuator composite has a comparable macrostructure to the hand-mixing method

used in previous work [133].

Heater Stretchability and Interfacing

Although the interface in the all-soft material system was shown to have micro-

cracks (Figure B.4b), we still achieved a high bond between the heater composite

and the actuator composite. To demonstrate this, we cast a large, flat sample of

the actuator composite, with a small, 10 mm wide rectangular core, and filled the

core with the heater silicone composite (Figure B.4g). This enabled us to stretch the

external silicone and observe the reactionary stretching of the internal heater. As

Figure B.4g-h demonstrates, we could achieve both good adhesion between the dis-

parate composites and a 50% linear expansion of the heater composite. The ability to

both adhere the bulk composites together and for both to have high strain capacities

is vital for the success of these all-soft actuators.
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Figure B.5. CAD diagrams and photographs of the various heater
core geometries. (a) A cut-away of the CAD rendering of the
three-part mold. (b) Models of the four different cores used in the
mold. (c) Cross-sectional photographs of three of the resultant heater
core/actuator combinations.

B.4.2 Heating and Energy Distribution

Core Design

We used four different types of internal shafts in order to compare differences in

heater performance based on the geometry of the core (Figure B.5). Three actuators

had circular cores with diameters varying between 5 mm, 7 mm and 9 mm. We also

created a fourth core in the shape of an X, with the same cross-sectional area as the

7 mm circle (38.38 mm2, see Figure B.5c). This shape has the same volume of heater

composite as the 7 mm core, but a larger contact area with the actuator composite.

Ni-Cr wire (Remington Industries) heaters were coiled in a double-spiral and cast

directly into the actuator composite in order to compare the current all-soft system

to the original work employing this silicone-ethanol actuator technology [133].
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Core Performance

We used a thermal camera (Fluke TiX580, Fluke) to characterize the ability of

the heater composite to heat the surrounding actuator composite up to (78.4◦C),

the boiling temperature of ethanol. We started by heating a simple, pure elastomer

sheath around the heater core (to remove the effects of the expanding ethanol). All

four varieties of heater composite cores (5, 7, 9 mm, X-shape) and a Ni-Cr wire heater

were encased in the silicone rubber and Joule heated with 9 W of power (only two of

which are shown in Figure B.6a,b).

After two minutes of heating, the X-shaped heater composite shows better heat

distribution than any other composite (Figure B.6a). The X-shaped heater also

heated the entire outer surface to 78◦C two minutes faster than the other setups,

taking only 5.5 min. The X-shaped heater core proved to be the best Joule heater

design when power was controlled as it can heat the required volume both quickly

and evenly. Though it has a higher resistance than the 9 mm heater composite rod

and Ni-Cr wire spiral (also shown in Figure B.6a,b), those two suffered from localized

overheating near the heaters and/or peripheral under-heating. The higher contact

area of the X-shaped core with the actuator composite is more efficient as it nearly

eliminates localized overheating. Note that the slight expansion of the specimen with

the X-shaped heater composite core is caused by a small amount of ethanol trapped

in the heater core during the filling process.

The spiral-shaped Ni-Cr wire has the smallest volume of the heating cores, and,

though rigid, it causes significant expansion and shape deformation of the silicone

actuator due to the high flexibility of the wire spiral and local overheating (Fig-

ure B.6c). When heated, the X-shaped heater composite showed a smaller but more

even expansion of the surrounding silicone actuator (Figure B.6d). This difference,

however, does not prevent the X-shaped heater from producing large output forces

when constrained in a mesh (see next section).
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Figure B.6. IR images of several Joule heating experiments using
9 W of input power. (a)-(b) Two silicone heater composite cores are
compared with a Ni-Cr wire heater via encapsulation in pure silicone.
(a) At 2 min, the X-shaped core is distributing its heat better to the
exterior of the silicone, when compared to the other two systems. (b)
The same cross section achieves an external temperature of ∼78◦C
two minutes faster than the other systems. (c) The Ni-Cr wire heater
compared with (d) the X-shape core, encapsulated in the actuator
composite in their initial (cool) and final (heated) states. Scale bars
are 1 cm.
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Figure B.7. Blocked force setup and test. (a) A Ni-Cr wire heated
actuator. (b) The same actuator inside a mesh sleeve for use as a
McKibben-like muscle. (c) The actuator installed in a blocked force
test. Insets show the Joule heated actuator at its maximum force and
then after complete failure (due to melting the external mesh).

B.4.3 Force Output

In Figure B.7 and B.8, we show the potential of our all-soft material system to be

the actuator in a fully soft McKibben-like artificial muscle. When encased in a braided

mesh sleeve (Figure B.7a,b), the silicone actuator is capable of radial expansion in

the net, leading to axial contraction of the entire muscle. The muscle is activated by

supplying electrical power to the internal Joule heater. For comparison, the original

work, which also demonstrated the actuator as a McKibben-like muscle [133], was

also recreated (Figure B.7).

To determine the maximum pulling force of these muscles, we performed a series

of blocked force tests. We clamped a new artificial muscle in an Instron 3345 using

pneumatic grips (Figure B.7c) and Joule heated the actuator with 30 V and unregu-

lated DC current. We measured the force output of the statically-held muscle until
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Figure B.8. Blocked force test results for the McKibben-like muscles.
(a) The measured results of the force output of several all-soft muscle
designs, compared with a Ni-Cr wire heater. Error bars represent 95%
confidence. (b) Characteristic curves from the build up of force in the
actuator muscle over time for three examples of different heater types.
The 9 mm core and Ni-Cr wire, with nearly identical resistances, heat
up at nearly the same rate, whereas the 7 mm core (with a higher
resistance) takes longer to heat up.
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it either failed mechanically (Figure B.7c) or electrically. As the current fluctuated

while heating the actuators with heater composite cores, we were not able to record

a steady value and were therefore unable to calculate power consumption.

We tested all four configurations of the all-soft muscles and the original Ni-Cr

spiral-heated version in order to compare their maximum blocked force. The results,

shown in Figure B.8a, show that most variations of the all-soft muscles can consis-

tently exert more than 200 N of force, corresponding to more than 1000x the weight

of the entire artificial muscle (<0.2 N), as can the Ni-Cr heated version. On average,

the 9 mm heater composite performed best, exerting a blocked force of nearly 300 N,

significantly higher than that produced by the 5 mm cores (barely 60 N).

Both the 9 mm cores and Ni-Cr wire actuators failed mechanically. The pressure of

the expanding silicone actuator exceeded the strength of the mesh, typically resulting

in sudden and complete failure and force loss (see Figure B.8c inset). Though the

mesh failed for both types of actuators, the Ni-Cr averaged significantly less pulling

force before failing (nearly 100 N less). The Ni-Cr wires would consistently draw 1.5 A

of current, with the 9 mm cores drawing between 1-2 A during their testing. Although

they both were drawing similar power, the 9 mm cores isolated the incoming energy

as heat in the central core of the actuator, causing only an expansion of the ethanol.

In contrast, the Ni-Cr wire created localized hot-spots at the exterior of the actuator

(see Figure B.6) weakening the mesh, and causing them to fail prematurely. This

was especially true at the ends of the actuator, where the Ni-Cr wire leads entered

the mesh and where the wire turns around. Input power regulation (and therefore

temperature regulation of the Ni-Cr wire) might enable the Ni-Cr wire actuators to

produce higher forces by preventing overheating of these ends.

In contrast, the 5 mm dia., 7 mm dia., and X-section heater cores all failed elec-

trically, losing connection between the two electrodes. This reduced the power input

to near-zero, though only temporarily for the 7 mm dia. and X-section cores. After

cooling briefly, both types would typically regain conductivity. For the 5 mm diame-

ter cores, however, this loss-of connection was permanent, probably due to the small
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contact area in the thin cores and the heater material burning around the electrodes.

Between their high initial resistance and the permanent heater-core death, muscles

with these cores performed poorly.

Figure B.8b shows three typical curves of blocked force as a function of time. The

9 mm heater composite and the Ni-Cr wire heat almost at the same rate, while the

7 mm core heats up slower. This may be attributed to the similar initial electrical

resistance of the Ni-Cr wire and the 9 mm core used to gather these datasets (approx-

imately 15 Ω each), compared to the higher resistance of the 7 mm core (at about

25 Ω).

B.5 Results and Discussion

To demonstrate the potential of these light-weight, all-soft actuator muscles, we

used one to lift its own power supply (Figure B.1). The actuator had a 7 mm dia.

internal silicone heater core, and was strong enough to lift the power supply 5 mm

(10% the length of the actuator) straight up, even though the supply is over 200x the

mass of the actuator (see also Supplemental Video 1). Operating on a 15 V input, the

actuator lifted the power supply to its maximum height in 22 s, and held it suspended

for well over 1 min before being shut off.

The novel material combination of a silicone-EIG heater core with the silicone-

ethanol actuator opens up many new design parameters for exploration. Apart from

the entire system system being composed of elastomer composites (enabling bulk

stretchability), a bulk heating material gives way to numerous possibilities in geomet-

ric design choices for the heater, beyond the few presented here. This can improve

the way in which the heat from the heater core is distributed throughout the actuator

(as demonstrated with the X-shaped core), potentially preventing over-heating of the

ethanol and burning of the silicone immediately surrounding the actuator. By adding

larger volumes of the bulk-heater, it is possible to both speed up the force generation

(as demonstrated by the 9 mm cores), and increase the maximum blocked force pro-
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duced by the muscles. With this bulk system, it will be possible to optimize both the

size and shape of the heater core in order to improve the speed and efficiency of the

all-soft muscles.

There are other advantages of this all-soft system when compared to its predeces-

sor using the Ni-Cr wire. Although the Ni-Cr wire can have more coils looped through

the actuator to facilitate heating, the system short-circuits and will not heat if any of

the coils touch, a non-issue with a bulk silicone resistor. Furthermore, by limiting the

heater core to a system exclusively internal to the actuator, it is less likely that an

external mesh sleeve (or other materials) will heat up and weaken. Finally, because

we successfully removed the Ni-Cr wire from the actuator, both the actuator and the

heater are malleable in their uncured state, allowing for continued improvement to

the design and manufacturing of the system.

B.6 Conclusion and Future Work

In this paper, we have demonstrated that we can integrate a new, soft, stretchable,

central core material that removes the need for a Joule heating wire used in the

original system. We show that actuators powered with this soft composite heater are

capable of producing comparable blocked forces, while also being able to improve the

heat distribution by geometric design. Finally, we demonstrate that a single one of

these light-weight, all-soft muscles is strong enough to lift over 200x its own weight.

This is a big step forward for the soft robotics field, as the ability for a soft robotic

actuator to carry weight (such as batteries and control units) is crucial towards the

development of autonomous soft robotic systems.

This all-soft system is a significant advancement from the original work, as both

the soft actuator material and the soft heater may potentially be patterned using 3D-

printing. This would allow automated fabrication and endless varieties of actuator

(and heater) shapes, while retaining the actuator expanding performance. 3D-printing
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of the silicone actuator material was shown in the original work [133], while 3D-

printing of the heater composite will be explored as a part of a future work.

The accelerated Joule heating of the actuators came with a cost, reducing them to

one-time use, though the muscles have been shown to be repeatably actuated at slower

heating rates [133, 214]. We desire to improve both driving speed and durability by

continuing to improve the mix ratios of the composite materials in the core, optimizing

for stretchability, robustness, and printability. We will look to improve the interfacing

of the material systems, focusing on both the interface between the heater composite

and the actuator composite and the interface between the heater and any electrical

leads used for power supply. Furthermore, with different bubble densities caused by

different mixing times, and by using 3D printing technologies, it might be possible

to combine actuator composites with different mixing times to create asymmetrically

expanding actuators.


