SENSORS AND RESPONSIVE STRUCTURES FOR SOFT ROBOTIC SYSTEMS

A Dissertation
Submitted to the Faculty
of
Purdue University
by
Michelle C. Yuen

In Partial Fulfillment of the
Requirements for the Degree
of
Doctor of Philosophy

December 2018
Purdue University
West Lafayette, Indiana

2

THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF DISSERTATION APPROVAL

Prof. Rebecca Kramer-Bottiglio, Co-Chair
School of Mechanical Engineering
Prof. Andres F. Arrieta, Co-Chair
School of Mechanical Engineering
Prof. Kendra A. Erk
School of Materials Engineering
Prof. John A. Howarter
School of Materials Engineering

Approved by:
Dr. Jay P. Gore
Associate Head for Graduate Studies

3

ACKNOWLEDGMENTS
I would first like to acknowledge my PhD advisor, Prof. Rebecca Kramer-Bottiglio,
for all of her feedback, guidance, and patience over the years I have been at the
Faboratory. I would like to thank her for taking me on as a student, putting me in
a well-equipped lab environment, and giving me the freedom to pursue the various
projects that have piqued my interest.
I would like to acknowledge my labmates, who have been instrumental to my graduate training, for their feedback on my projects and for giving me the opportunity
to learn from their projects. In particular, I would like to thank: Dr. Edward L.
White for his assistance in developing the capacitive strain sensors upon which much
of my work draws from; R. Adam Bilodeau for sharing his expertise in the behavior of polymeric materials, providing an invaluable complementary perspective and
skillset to our various collaborative projects, and for the many fruitful discussions and
support on innumerable occasions; Shanliangzi Liu for providing a shining example
of thorough research and experimental design; Trevor L. Buckner for collaborative
efforts with the Field’s metal composites work; and, John C.S. McCaw for assistance
with creating wearable sensory garments.
I would like to thank Prof. Jamie Paik for the opportunity to work at the Reconfigurable Robotic Laboratory (RRL) at École Polytechnique Fédérale de Lausanne
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ABSTRACT
Yuen, Michelle C. Ph.D., Purdue University, December 2018. Sensors and Responsive
Structures for Soft Robotic Systems. Major Professor: Rebecca Kramer-Bottiglio,
School of Mechanical Engineering.
Soft robots present the opportunity to extend the capabilities currently demonstrated within the field of robotics. By utilizing primarily soft materials in their
construction, soft robots are inherently safe to operate around humans, can handle
delicate tasks without advanced controls, and are robust to shocks and impacts during deployment. While proof-of-concept devices have been demonstrated successfully,
there remains a need for widely applicable, reliable soft robotic components. This dissertation presents sensors to reliably measure the large deformations exhibited in soft
robotic structures and responsive structures enabled by variable stiffness materials
that can switch from flexible to stiff on-demand. By characterizing the sensors from
the material level, through the manufacturing, to the completed functional device, the
fabrication processes can be depended upon to produce sensors with predictable, reliable performance. The sensors were applied to various soft robotic systems through
implementation on the surface of the structures to measure surface strains, and embedded in the body of the robot to measure body deformations. The sensory feedback
was used to reconstruct the state of and to perform closed-loop control of the soft
robot’s position. Variable stiffness materials that switch from rigid to soft through
application of heat were leveraged to create responsive structures that can be deformed or reconfigured on-demand. This capability is necessary for soft robots to
exert load onto the external environment and enables a wider range of interactions
with target objects. The work presented in this dissertation furthers the field of soft
robotics by illustrating a path toward proven, reliable soft sensors for measuring large
strains and variable stiffness materials to create responsive structures.

21

1. INTRODUCTION
1.1

Soft Robots
Soft robots leverage large, continuous deformations to perform their function.

Rather than utilizing primarily rigid components with localized points of deformation
as in a traditional robot, soft robots are primarily composed of or structured as soft
continua that exhibit near-infinite degrees of freedom. ‘Softness’ is embodied at the
material level by constructing robots from rubber, fabric, and other low modulus
materials. The resulting soft robots are flexible and conformable, robust to impacts,
and safe to operate around humans [1].
Motivating applications for soft robots include search-and-rescue, exploration missions, and assistive/medical robots. These tasks call for the deployment of robots into
unstructured and dynamic environments. Soft robots are well-suited to these environments because their soft material composition precludes system failure if struck
by falling debris or undergoing a jarring drop off a cliff [2–5]. Their compliance allows them to adapt their morphology and behavior to changing environments or task
requirements [2, 6]. Material compliance also lends itself well to working in close
proximity to or directly with humans. Typical industrial robotic arms move at high
speeds and apply large forces, making them useful for quickly welding and moving car
parts down an assembly line. Due to the speed, strength, and weight of these robots
and their payloads, humans must operate these robot arms behind safety fences. In
contrast, soft robots made from lightweight compliant materials do not require these
safety protocols and has been targeted for applications such as exosuits or wearable robotics to augment strength of the wearer [7, 8], assistive robots to help the
elderly perform various activities of daily living [9,10], as tools for minimally-invasive
surgery [11] or as medical devices to restore function [12].
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1.2

Soft Robotic Components
Robots generally consist of actuators, sensors, and some sort of structure, to op-

erate on commands issued by a controller to perform tasks autonomously. Often
the task requires the system to be able to measure its position (i.e. proprioceptive
feedback) and act based upon that information. Two active components, sensors and
actuators, form the backbone of feedback control: The robot needs to go to position
A, it is currently at position B, thus, it needs to act based on the positional error
B − A. Furthermore, for soft robots to act on external objects or on the environment,
they must be able to transmit loads. With a purely soft system, forces generated
by actuators are often dissipated within the structure itself. Thus, soft robots also
require variable stiffness components - elements that can reversibly switch between a
conformable, flexible state and a load-bearing, stiff state, creating responsive structures. Though there remain various challenges in creating soft robots, fundamentally,
soft robots are held back by the lack of reliable methods or devices for performing
the above functions: sensing and creating large deformations across infinite degrees of
freedom, and creating and transferring load to the external environment on-demand.
Despite the wide availability of general robotic components, soft robotic components are not commercially available as the operating requirements, in particular,
deformability and stretchability, are beyond the scope of what is typically needed.
Thus, most soft robotic components are designed and fabricated in lab environments
for particular applications or specific bespoke systems. Since these components are
made on-demand for proof-of-concept demonstrations, reliability of the device and its
manufacturing process is often not prioritized. So though there is a wealth of work
on creating many different varieties of soft robotic components, key shortcomings include: physical robustness of the device is insufficient or unproven, their operational
reliability is not investigated to the extent required, and manufacturing methods are
not scalable, versatile, or repeatable. In order to ensure dependable operation and
repeatable fabrication, the materials, physical design, and manufacturing methods
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that contribute to creating the device must be considered in parallel. Appropriate
materials are chosen for qualities such as stiffness, stretchability, electrical conductivity, and thermal responsiveness. The physical design binds the functional qualities
of the materials into a form that allows those functional qualities to be leveraged. In
tandem with the materials and design, the manufacturing process must be realizable
and repeatable. Once fabricated, the devices must be thoroughly characterized to
understand their functionality and the limits of their performance. These steps must
be taken to ensure the reliability of the device during operation and the reliability of
the chosen material system, physical design, and manufacturing method.
Due to the nascency of the field, the current-state-of-the-art in soft robotics utilizes bespoke materials, design, and manufacturing methods to create custom, one-off
soft robotic components. There remains a need for dependable methods to create reliable soft robotic components with known, quantified performance. I note here that
actuator development in the field has primarily converged on pneumatic actuators
(Pneunets, Pneuflex, McKibbens) [1, 13], and their design and fabrication has been
developed to the point of high reliability. Therefore, the work discussed in this dissertation addresses the need for soft sensors and variable stiffness elements to create
responsive structures. A common theme throughout the following work is the aim to
achieve and demonstrate reliable and repeatable device operation and manufacturing.

1.3

Thesis Outline
The following dissertation presents work on sensors for soft robot proprioception

and variable stiffness materials for responsive structures.
Chapter 2 presents work on capacitive strain sensors based on a conductive silicone composite. The fabrication of the conductive silicone composite is presented,
characterizing the various processing parameters to transform graphite flake and silicone elastomer to the conductive composite. The conductive composite is then used
to fabricate capacitive strain sensors using three manufacturing methods. Finally,
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the sensors are characterized across a battery of tests derived from their anticipated
operating conditions.
Chapter 3 applies the capacitive sensors to the surface of soft robots. The first
system consists of a nominally 1 degree-of-freedom limb that is sensorized for state
reconstruction. The second system is a three-fingered pneumatic gripper. Sensors on
each of the fingers are used to reconstruct the state of the gripper and to measure
grasping force. The sensors are further used to perform closed-loop control of the
grasping motion. Finally, an advancement of the sensors are presented to increase
the signal-to-noise ratio performance of the sensors.
Chapter 4 presents work on embedding the capacitive sensors directly into the
body of the soft robot. The first part of the chapter presents the a sensor-embedded
soft actuator that can provide extension and bending feedback of the actuator. The
second part of the chapter presents a bidirectional bending actuator that has embedded sensors for closed-loop control of curvature.
Chapter 5 presents work on variable stiffness elements. In the first half of the
chapter, a thermoplastic-based variable stiffness fiber is presented that utilizes the
glass transition of the polymer to change modulus. The second half of the chapter
presents a polymer composite using low-melting-point metal alloy particulates. Here,
the melting phase transition is leveraged to switch from high to low modulus.
Chapter 6 briefly summarizes the additional papers I have contributed to. These
papers present work on robotic skins and fabrics, liquid metal patterning for stretchable electronics, further applications of the capacitive sensors, and variable stiffness
elements.

1.4

Contributions
This dissertation presents sensors and responsive structures for soft robotic sys-

tems and documents their design, performance, and integration into soft robotic systems. The contributions of my work are as follows:
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1. A rigorous characterization of soft, capacitive strain sensors to evaluate their
performance to an extent unprecedented in the soft robotics literature. The
functionality of the sensors was evaluated to 106 cycles of strain, at elevated
temperatures, and after subjection to extreme strains well beyond the operating
(measurement) limit of the device. The sensors were proven to be reliable for
measuring strains on the order of 100% for tens of thousands cycles and to be
physically robust, thus making them well-suited for soft robotic applications.
2. A demonstration of the ability to employ conductive and non-conductive silicone
materials as the basis of soft, capacitive sensors for measuring large deformations
reliably using various large-scale manufacturing methods. The sensors were
made in a variety of configurations to leverage different deformation modalities
at effectively limitless length scales.
3. A soft robot design methodology that considers material choices and physical
design in parallel, which enables and facilitates controllability of the soft robot.
4. A manufacturing process that combines thermally responsive actuation and
structural materials in fiber-form, which enabled the first demonstration of multifunctional fibers that respond to a single stimulus.
5. A formulation for a composite material in which anistropy can be mechanically programmed. This capability is enabled by simultaneously leveraging the
stretchability of its matrix and the solid-liquid phase change of its inclusions.

26

2. MATERIALS AND MANUFACTURE OF SENSORS FOR SOFT
SYSTEMS
The following chapter is based on work previously published as [14] E. L. White*, M.
C. Yuen*, J. C. Case, and R. K. Kramer, Low-Cost, Facile, and Scalable Manufacturing of Capacitive Sensors for Soft Systems, Adv. Mater. Technol., vol. 2, no. 9,
p. 1700072, Sep. 2017. Copyright 2017, with permission from John Wiley & Sons,
Inc. * indicates co-first-authorship

A strain sensor for soft robotic applications requires the following properties: measure strains on the order of 100%, are reliable over thousands of strain cycles, outputs
a monotonic (preferably linear) response to applied strain, have a sufficiently low
modulus such that it minimally impacts the motion of the soft robot whole, do not
require large amounts of specialized signal processing. These strain sensors are often distributed across the surface or embedded into the body of the soft robot to
reconstruct the state (i.e. proprioception). Since soft robots exhibit continuum deformations and many degrees of freedom, in order to estimate the state of the robot,
the robot would be densely populated with strain sensors [15]. Therefore, large-scale
and low-cost methods to produce sensors can also be considered a requirement for
soft robot sensors.

2.1

Previous Work
Researchers have used various methods to transduce strain into a more read-

ily measured value, such as electrical resistance, capacitance, optical, and magnetic
methods [13]. The following discussion will focus on the most common methods:
resistance and capacitance-based strain gauges.
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Resistive strain sensing transduces strain into a change in resistance. One approach to creating resistive strain gauges is based on metal foil strain gauges commonly used to measure the small strains that occur when large rigid structures, such as
when bridges bend. These resistive strain gauges are constructed with a thin, serpentine metal trace which increases in length and decreases in cross-sectional area when
strained, resulting in an increase in resistance (R =

ρL
).
A

To translate this to soft

robots, researchers have used serpentine traces of conductive fluid in an elastomer
matrix. Commonly-used conductive fluids are liquid metals [16], such as eutectic
gallium-indium alloy and gallium-indium-tin alloy [17] [18], and ionic liquids [19, 20].
The devices are fabricated commonly by patterning microchannels into the elastomer
matrix via casting [21] [22] [23], [24] or laser etching [25] and then manually injecting the conductive fluid into the channels. Additive fabrication methods have
also been used to pattern the resistive medium onto the substrate, including direct
writing [26], embedded extrusion [27], and masked deposition [28], followed by encapsulation. Though the performance of such sensors can be sufficient for soft robotic
applications, the sensors have two major drawbacks: copious amounts of manual processes during manufacture, and lack of robustness when interfacing from the liquid
conductor to signal processing electronics. As discussed previously, these types of
sensors require liquid conductor to be manually injected into the microchannel, and
even if that is not required, the lead wires joining the liquid resistive element to signal processing (ex. Wheatstone bridge, 4-terminal resistive sensing) must be inserted
by hand, resulting in an overall low yield. After the fabrication is complete, failure
often occurs during operation at the junction between the rigid wires and the liquid
conductor. Failure can take the form of the liquid conductor leaking out of the microchannel opening, oxide buildup in the case of liquid metal conductors, the wires
pulling out of the microchannel, or the wires puncturing the microchannel walls.
Another approach to a resistive strain sensor uses conductive silicone elastomer
composites. In these devices, conductive particles such as graphite [29], carbon nanotubes [30], and silver nanowire [31], are dispersed within a silicone elastomer matrix.
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As strain is applied to the material, the particles decrease contact with one another,
resulting in a higher resistance. Yet another approach to resistive strain sensing uses
conductive yarns and fabrics. The fibers comprising the yarn or fabric are made
of conductive material, such as stainless steel thread, or are coated in conductive
particles [32] [33]. As strain is applied, the conductive fibers comprising the yarn
increase contact with one another, decreasing the resistance of the yarn. Though
material-based resistive strain sensors are more physically robust as compared to
the liquid-conductor-in-microchannel sensors, these sensors often exhibit a hysteretic
and/or non-linear response to strain. Furthermore, their strain limit is often lower,
and the sensor signal will saturate despite further applied strain.
Capacitive strain sensors are composed of conductive material layers separated
by dielectric material constructed, creating a parallel plate capacitor. As strain is
applied, overlapping area of the conductors increases and the distance between the
conductors decrease, due to thinning of the dielectric material in between (C =

0 r A
).
d

Since many materials can serve as the dielectric material, generally non-conductive
polymers, much of the research on soft capacitive sensors have focused on creating
a stretchable conductor. A wide range of materials have been demonstrated, including: metal electrodes [34–39], silicone composites with carbon nanotubes [40] , liquid
metals [41–44], printed conductive inks [45], conductive elastomers [46–50], graphenefilled sponges [51], conductive fibers [52], conductive fabric [53], silver nanowires [54],
ionic liquids [55], and salt solutions [56]. A wide variety of manufacturing processes
have been used, which are specific to the materials and design chosen, including polymer casting, manual patterning, and embedded direct writing. Although these examples utilize different fabrication methods and materials, the diversity of approaches
illustrates the underlying utility of capacitive sensing in many applications.
Capacitive sensors are more accommodating of changes in conductivity of its constituent material (i.e. they are agnostic to the way the electrode resistance changes,
whether it is hysteretic or non-linear). As long as the electrodes are sufficiently
conductive to distribute charge over a fixed amount of time, the sensors will be func-
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tional. When strained, the capacitance is a function of the geometry of the sensor,
and is agnostic to the resistance of the electrode material though it may increase in
a non-linear, hysteretic manner. These advantages of capacitive sensors outweigh the
requirement for more complex signal processing electronics.

2.2

Graphite Exfoliation
The first step in fabricating our sensors is the preparation of the conductive phase.

There are many methods of exfoliating graphite into few-layer graphene, including
mechanical, electrochemical and thermal schemes [57–59]. Previously reported work
has either considered how variations in processing affect material parameters, or has
demonstrated how a single set of processing parameters can be used to produce a
device. Our approach is different in that it focuses on component-level parameters
rather than material parameters. As such, we connect variations in processing all
the way through the manufacturing sequence to the performance of finished conductive composite films, focusing on the sheet resistance of the films. Using the general
consensus of the methods previously reported, the process we have used is as follows
(additional details in Experimental Section). First, graphite flakes (Figure 2.1, 1st
row) are soaked in an acid mixture, intercalating the sheets of graphene comprising
the graphite with sulfuric acid. The acid-intercalated graphite is then roasted in an
oven to vaporize the sulfuric acid in between the graphene sheets, causing expansion
of the graphite (Figure 2.1, 2nd row). To further separate the multi-layer graphene
sheets from one another, the expanded intercalated graphite is sonicated in a solvent
(Figure 2.1, 3rd row). Finally, the EIG-solvent mixture is mixed with silicone elastomer at 10wt% EIG, and then cast into conductive composite films (Figure 2.1, 4th
and 5th rows).
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Figure 2.1. SEM images and photographs of the graphite exfoliation
process, in order from graphite flakes (1st row), expanded graphite
(2nd row), sonicated graphite (3rd row), and finally, the conductive
composite (4th and 5th rows). The columns show increasing zoom
from left to right.
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2.2.1

Screening Study

To study the graphite exfoliation process, we identified nine critical process parameters with practical ranges based on the available literature, shown in Table 2.1,
and constructed a study to measure main effects of these parameters (Figure 2.2).
The null hypothesis for this test was that there is no difference between different
parameter levels for the sheet resistance of the composite films. The significance, p,
represents the probability that the two treatments are drawn from the same population. From Table 2.1, all of the p-values were above a chosen Type I threshold of
0.05, indicating that the we failed to reject the null hypothesis on any parameter.
However, the effect sizes, η 2 , were all below a chosen effect strength threshold of 0.2,
indicating that none of the parameters had a practical impact on the sheet resistance.
Based on this initial screening, we determined that sonication parameters were
convolved. We accounted for this effect by combining the sonication-related parameters together into specific sonication energy (sonication energy per unit mass of
graphite). The resulting relationship, plotted in Figure 2.2(b), shows that increased
specific sonication energy results in smaller particles and higher sheet resistance. We
fit an exponential model to the data and obtained:
−5 E

Rsheet = 69.10e1.007×10

(2.1)

where Rsheet is the sheet resistance in Ω.[] and E is the specific sonication energy in
J.g −1 . Specific sonication energy accounts for 74.9% of the variation in the Rsheet
measurements (R2 value), which is a significant part of the overall variation in sheet
resistance. To quantify the effects of the other parameters, we computed the expected
sheet resistance based on this exponential model to account for the specific sonication
energy, and then computed the deviation between the observation and the model.
We then determined the significance of the remaining parameters, p0 , based on this
deviation. The results of this analysis are shown in Table 2.1 and Figure 2.2(c). From
this second step, we tentatively concluded that roasting temperature and acid ratio

10min
800◦ C

30min
1hr
5min
500◦ C

Sonication Time
Acid Soak Time
Roast Time

Roasting Temperature [57, 58]

24hr

120min

4:1

3:1

Acid Ratio [57]

70

30

Cyclohexane

Sonication Amplitude

Toluene

Solvent

500mL

100mL.g−1

50mL.g −1
100mL

Max

Min

Sonication Volume

Sonication Concentration [60]

Parameter

0.764

0.505

0.492

0.487

0.374

0.351

0.302

0.253

0.215

p

0.00574

0.0289

0.0308

0.0316

0.0523

0.0582

0.0721

0.0899

0.107

η2

0.0893

0.722

0.185

0.00718

0.000231

−

−
0.949

0.100

−

−
0.199

0.000820

−

−
0.904

−

η’2
−

p0

Table 2.1. Processing parameters evaluated in initial screening study and pro-forma study. The solvent
category is not a metric scale, therefore “min” and “max” are merely labels in that case. The bolded values
indicate the parameter values later used for manufacturing all sensors. The p-values (significance) and effect
sizes (η 2 ) (measure of correlation) of the screening study and pro-forma screening study were found using
ANOVA. Values associated with the pro-forma study are labeled with a 0 . For a parameter to be significant,
we have chosen a threshold of 0.05 such that parameters with p < 0.05 are deemed significant. For a
parameter to have sufficient effect strength, we have chosen a threshold of 0.2 such that η 2 > 0.2 are deemed
significantly correlated.
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Figure 2.2. Results of graphite processing studies. For the box plots,
the thick bar indicates the mean, the shaded rectangle is the 95%
confidence about the mean, the thinner lines show the maximum and
minimum values measured. (a) Box plot comparing the sheet resistance between the min and max values of all parameters tested in the
screening study. (b) Sheet resistance as a function of specific sonication energy. All 18 trials of the screening study are included in this
plot. 95% confidence intervals are shown based on three samples, each
with three measurements. Solid line represents best exponential fit of
the data. (c) Box plot comparing the sheet resistance between the
min and max values of the pro forma screening study. (d) Box plot
comparing the statistics of the response surface modeling study.

have a more significant impact on material parameters, while roasting time, acid soak
time, and solvent have insignificant contributions.

2.2.2

Response Surface Model

Based on the tentative results of the screening study, we conducted a second
detailed study using a space-filling central composite experimental design to create
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a response surface model based on the significant parameters: specific sonication
energy, roasting temperature and acid ratio. The goal of the response surface model
was to further confirm the significance and determine the magnitude of the effect of
the significant parameters on the sheet resistance of the resulting film. However, when
we limited the number of parameters in the study, we found that the sheet resistance
was largely unaffected by altering the values of those parameters (Figure 2.2(d) and
Table 2.2). This was not unexpected, as the effect sizes of all the parameters in
both the screening study and the detailed study show that none of the parameters
have a practical impact on the resulting films sheet resistance. This finding further
demonstrates the robustness of the overall graphite processing procedure; nearly any
combination of values chosen within the range shown in Table 2.1 will yield conductive
composite films with relatively similar properties.
Our conclusion from this study is that specific sonication energy is the most effective way to adjust sheet resistance. As specific sonication energy increases, the
EIG particle size decreases, resulting in smaller conductive filler particles in the conductive elastomer composite. Films with larger expanded graphite particles had very
low resistance at the expense of poor mechanical parameters, such as a low yield
strain. Conversely, films with smaller particles had superior mechanical strength
but exhibited much higher resistance. Conductive composites at either of these extremes are unsuitable for high deformation sensing. By performing this study, we
identified and verified the range of significant processing parameters for producing
expanded graphite with the appropriate morphology for capacitive sensors. In addition to this effect, we also experimentally verified the percolation threshold of 3wt%
for this system [60] and demonstrated that increasing particle loading above 15wt%
does not significantly improve conductivity (Fig. 2.3).The bolded parameters listed
in Table 2.1 were used to make the sensors for the following section of the paper.
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Table 2.2. ANOVA results of treatments evaulated in response surface model. The p-values indicate the statistical signifance of the
parameter, and the effect sizes (η 2 ) values indicate the effect size of
the parameter. For a parameter to be significant, we have chosen a
threshold of 0.05 such that parameters with p < 0.05 are deemed significant. For a parameter to have sufficient effect strength, we have
chosen a threshold of 0.5 such that η 2 > 0.5 are deemed significantly
correlated.
p

η2

Roast Temperature

0.261

0.109

Acid Ratio

0.708

0.0264

Sonication Amplitude

0.229

0.120

Sonication Time

0.319

0.0913

Parameter

Figure 2.3. Plot showing the effect of graphite loading on conductivity
of the composite.
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2.3

Highly Deformable Strain Sensors
In order to make use of the conductive elastomer films as a sensing element, we

must consider their performance as a transducer. One of the challenges of directly
measuring the resistance of conductive composites in highly deformable sensors is the
tendency of material properties to change over time. The change in Young’s modulus
and conductivity in a EIG and silicone system over many cycles was clearly illustrated
by Kujawski, et al. [60]. For this reason, we have elected to use capacitive sensing,
which we demonstrate is more stable.

2.3.1

Materials and Manufacture

We fabricated our sensors from two types of elastomer: non-conductive pure silicone elastomer, which we used as a dielectric layer and support layer, and EIG-loaded
elastomer, which we used as electrode layers. For the film-based manufacturing process, we fabricated films on a sacrificial PET substrate and then folded them in
half to form a 3 layer structure (Figure 2.4(a)). In the screenprinting method, liquid elastomers were rod-coated, layer-by-layer, through stencils onto Spandex fabric
(Figure 2.4(b)). For the direct-writing approach, we extruded the elastomers, layerby-layer, onto a fabric substrate using a modified commercial filament-type 3D printer
(Figure 2.4(c)). The film-based manufacturing process is most similar to previously
developed highly deformable sensors as it results in free-standing sensors. The screenprinting and direct-writing methods allow us to construct sensors in situ, directly
patterning them onto a substrate. Once the sensor bodies are completed, each of the
EIG-elastomer electrodes were electrically interfaced via copper-clad polyimide film
(Figure 2.4(d)). Wires soldered to the copper were then run to a signal conditioning
board to measure capacitance and convert it to an analog voltage output. Following
fabrication, we measured the thickness of each of the layers comprising the sensors
(Figure 2.4(e)) and found that the variance in thickness across all three manufacturing methods is similar, indicating that all methods are relatively consistent. The
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variances of all electrode layers are very similar and the mean thicknesses are all
within 40µm of one another. The dielectric and base layers had larger variance. We
believe that this is because the pure silicone elastomer has higher viscosity and will
not reflow to the same extent as the EIG-loaded elastomer, resulting in a less smooth
film. The dielectric layer on the film-based sensors is much thicker because the film is
folded over onto itself to form the devices. Despite the differences in layer thicknesses,
all sensors performed similarly as shown through the following characterization tests.
Sensors fabricated using all three approaches are shown in Figure 2.5.

2.3.2

Detailed Sensor Fabrication Process

Film-Based Capacitive Sensors. As a basis for comparison, we manufactured
stand-alone capacitive sensors from three layers of elastomer. To do so, we used a
rod-coating approach similar to that described in [18]. We began with a polyethylene
terephthalate (PET) substrate (8567K12, McMaster-Carr) which was secured to a
counter-top. We poured the mixed, liquid conductive elastomer onto the substrate,
and used a 1/2”-10 Acme threaded rod (97014A634, McMaster-Carr) to spread it
into a uniform film. Curing of this layer occurred in two stages. First, the solvent
evaporated, resulting in a visual change from a shiny surface to a matte surface.
Second, the elastomer within the composite cured, causing the layer to solidify. This
entire process took approximate 2hr at room temperature.
Once cured, we apply a layer of native elastomer using a similar procedure. We
poured the liquid elastomer directly onto the already cured electrode, and spread it
using the same threaded rod. Sliding the rod over the cured electrode layer did not
result in any damage. Directly after rod-coating this layer, we laid strips of fabric
over the intended position of the ends of the test specimens, to serve as reinforcement
against tears. We allowed the dielectric layer to cure to a “tacky” stage, which
took between 45min and 60min at room temperature, depending on environmental
conditions. Once tacky, we folded the film in half and used a foam-coated roller to
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Figure 2.4. Sensor manufacture, assembly, and physical characterization. Schematics and photos illustrate the (a) film-based, (b) screenprinted, and (c) direct-writing manufacturing approaches. (d) Photos of the interface for the film-based and screenprinted sensors. (e)
Thicknesses of each layer comprising the sensors. The notch shows
the mean, the bar indicates the 95% confidence bounds about the
mean. The film-based sensors lack a fabric backing and thus no data
is plotted.
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push the two sides together and displace air bubbles. This six-layer structure (PETconductive composite-dielectric-dielectric-conductive composite-PET) was allowed to
cure for at least six hours prior to further processing.
The process described above produced large sheets of sensor material. Typically,
these sheets were at least 20cm x 30cm. We cut individual sensors from these sheets
using a 30W CO2 laser patterning system (VLS 2.30, Universal Laser Systems). After
cutting, we removed the PET backing from both sides, and cleaned the sensors with
a water-based detergent to remove soot. The sensors were shaken in a bucket filled
with soapy water and plastic pellets to serve as mild abrasive elements to knock soot
off the edges of the sensors. The senosrs were then rinsed with water and dried. The
individual devices were ready for use at this point.
Screenprinted Capacitive Sensors.A screenprinting process very similar to
that presented in this work was demonstrated by Bessonov, et. al who deposited
graphite ink onto a polymer substrate [61]. The current work expands upon the previous by demonstrating the fabrication of multi-layer structures on fabric substrates,
which can support larger deformations. Additionally, the electrode material in the
present work is an elastomer composite, rather than a pure graphite paste, which
presents more opportunities to tune the mechanical and electrical properties through
variations in composition.
The screenprinting process was very similar to the film-based sensor manufacture
process described above. However, instead of depositing large films onto a sacrificial
substrate, we patterned directly onto a fabric host. When complete, these devices
consisted of five layers: a fabric substrate, a base layer of insulating elastomer, a
conductive bottom electrode, a dielectric layer, and a conductive top electrode. Each
layer had its own laser-cut PET mask which defined the pattern. To begin, we placed a
piece of Spandex fabric onto PET film secured to a counter-top. We placed a laser-cut
PET template over the fabric, and taped it to hold it in place. We applied pre-mixed
liquid elastomer to this template and used the same threaded rod described earlier to
spread the elastomer over the openings in the mask. After allowing this base layer to
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cure, we then aligned the template for the next layer, using the inherent stickiness of
the base layer to hold it in place. We rod-coated the material, and then immediately
removed the template to prevent the material from wicking under the template. After
allowing this second layer to cure, we repeated this same process with the remaining
two layers, allowing sufficient time to cure between each application. After all layers
were patterned and cured, we cut out the sensors using a laser patterning system.
The sensors were then cleaned as described above to finish off the manufacturing
process.
Direct Writing of Capacitive Sensors.Direct writing of sensors onto fabric
substrates was accomplished using a modified commercial 3D printer (Simple Metal,
Printrbot). The filament extruder had been removed from this device and replaced
with a syringe pump. The pump was controlled using the same components as the
filament drive motor. The printer was controlled with commercial software (RepetierHost). We loaded a .stl file of the selected sensor layer into the software, and used the
integrated slicing algorithm (Slic3r) to generate a tool path in G-code. With this, we
were able to directly extrude the liquid elastomer onto the substrate. As in the screen
printing case, we printed one layer at a time, with sufficient time between layers to
achieve complete curing. After all layers were patterned and cured, we cut out the
sensors using a laser patterning system. The sensors were then cleaned as described
above to finish off the manufacturing process.
To clarify, the fabric-hosted sensors (screenprinted and direct-written) do not
need to be laser-cut from the fabric substrate to function. Here, the sensors were
isolated from the rest of the fabric for the sake of an even comparison between all
manufacturing methods in the subsequent sensor characterization tests.
Sensor Interface. After the sensor bodies were laser-cut and cleaned, copper
interface electrodes and polystyrene tabs were sewn onto the ends of the sensors
(Fig. 2.6). Sewing holes were laser-cut through the polystyrene, copper and sensor for
alignment of layers and increased ease of assembly. Holes were laser cut through the
sensor at the ends of the dogbone pattern to prevent the electrode layers from shorting
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Figure 2.5. A assortment of sensors. At the top, a set of screenprinted sensors lay across across foam block. The stretched sensor
and the group of sensors on the bottom right are manufactured using
the film-based method. The group of sensors on the bottom left are
manufactured using direct-writing.
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Figure 2.6. Photos of the completed sensors with the copper electrode interfaces sewn onto the sensor bodies. (top) Film-based sensor.
(middle) Direct-written sensor. (bottom) Screenprinted sensor.
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with each other due to sewing. The copper interface electrodes were patterned on
copper-clad polyimide film (Pyralux, Adafruit). The copper was masked with lasercut Kapton tape (Kapton tape, Amazon.com) and then etched off the polyimide film
using a mixture of hydrochloric acid (36.5-38%, ACS)(A144-500, Fisher Scientific)
and hydrogen peroxide (30%, ACS)(H325-500, Fisher Scientific). The final copper
electrodes were then laser cut out of the larger Pyralux sheet. The polystyrene
tabs were laser cut from 1/32” thick polystyrene sheet (8734K31, McMaster-Carr).
The copper electrodes were held against the conductive composite electrodes with
polystyrene tabs.
Sensor Signal Conditioning Board. The signal conditioning boards were
designed in house. A microcontroller (Microchip PIC16F1825) was the core of this
board. A charging signal was sent every 8.4ms to charge the sensor to 2.262V . The
time it took to discharge to 0.238V was measured. This was converted to an analog
voltage signal, which is the sensor response we have measured and reported. One
limitation of the signal conditioning boards is that they are not able to measure
the strain beyond approximately 100% because the capacitance will have increased
such that the time it takes to charge it to 2.262V will take longer than 8.4ms. The
frequency at which the charging occurs is tuned to match the time constant of the
capacitive sensor. Changing the charging frequency allows us to tune the sensitivity
of the signal conditioning board. The analog voltage output is linearly related to the
capacitance.

2.3.3

Sensor Characterization

We first demonstrated the stability of the sensors’ capacitance. We measured the
resistance of the conductive composite electrodes and the unstrained sensor output
(i.e. capacitance) before and after subjecting the sensors to 50 cycles of strain from 0
to 50% strain (Figure 2.7(a,b)). The resistance of the electrodes clearly increased as a
result of the strain cycling (Figure 2.7(a)). However, the sensor output is unaffected
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Table 2.3. Gauge factors of the strain sensors during the break-in
period of 50 cycles and the longer term response over 1000 cycles.
The values represent the mean ± 95% confidence interval. The gauge
factors correspond to the slopes of the electrical response curves shown
in Figure 2.7(d,f).
Gauge Factor
50 cycles

1000 cycles

Film-based

0.538 ± 0.010

0.546 ± 0.008

Screenprinted

1.13 ± 0.079

1.17 ± 0.039

Direct-written

0.983 ± 0.029

0.999 ± 0.016

by the 50 cycles of strain (Figure 2.7(b)). This result confirms our choice of capacitive
sensing over resistive strain sensing, and additionally speaks to the robustness of the
sensor functionality in operation.
We then subjected sensors to degradation testing to determine the maximum
operating strain. In these tests, we cycled the sensors to a specific strain value for
10 cycles, and then incremented to the next strain value. To identify the strain at
which the sensors failed, we extracted the sensor signal at its unstrained length at the
end of the 10th cycle to a specific strain value, which we call dV10 (Figure 2.7(c)). A
still-functioning sensor should show a dV10 = 0V , i.e. the sensor returns to its initial
value. We see that the dV10 of the fabric-based sensors begins to deviate from the
ideal early on in this test. This is partially due to plastic deformation of the Spandex
fabric backing, which causes the sensors to be permanently strained relative to their
starting length. At strains of approximately 250%, both of the fabric-based sensors
have strained to the point of failure, as indicated by the large change in the confidence
bounds of the dV10 values. However, the film-based sensors can withstand strains to
375% until they no longer function. This test demonstrates the sensors’ ability to
withstand extremely large strains, such as those that may occur during installation
of these sensors or during stowage and transport.

45

Figure 2.7. Sensor characterization plots. Where applicable, the data
is presented as the means with 95% confidence bounds across three
sensor samples unless otherwise noted. (a) Comparison between the
initial and final (after 50 cycles) resistances of the sensor electrodes.
(b) Comparison between the initial and final unstrained sensor responses. (c) Plot illustrating degradation of the sensors due to strain.
Ideally, the sensors show a dV value of 0V when unstrained; larger
bars indicate degradation of sensor functionality. (d,e,f,g) Plots of the
electrical sensor signal (d,f) and mechanical (e,g) responses as functions of strain. dV = V − V0 , and is a linearly scaled measure of
change in capacitance.(d,e) Data from testing six sensors from each
manufacturing method for the first 50 cycles. In (d), the dashed line
indicates the mean response and the solid line indicates the curve fit.
(f,g) Data from subjecting sensors to 1,000 cycles. (h) Comparison of
the sensor gauge factor after subjecting sensors to 0, 25,000, 50,000,
75,000, and 100,000 cycles of strain to 50%. (i) Comparison of the
sensor gauge factor during testing at ambient (22◦ C) and elevated
(50◦ C) temperatures.
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Figure 2.8. Mechanical and electrical responses of three sensors, one
from each manufacturing method. Single cycles were extracted to
illustrate the hysteresis and transient responses of the sensors. The
top row (a,b,c) shows the mechanical response of the sensors, and the
bottom row (d,e,f) shows the sensor signal as a function of strain.
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Further characterization tests showed that the sensors display similar device functionality independent of fabrication method. We first applied a low number of cycles
(50) on each sensor to 50% strain to characterize the mechanical (force) and electrical (sensor signal) responses during the break-in period (Figure 2.7(d,e)). The
electrical responses across all manufacturing approaches are approximately linear
(Figure 2.7(d)). The linearity of the sensor response to strain simplifies the calibration process of these sensors in robotic systems. There was no noticeable transient
phase in the sensor signal during the low cycle count test. The mechanical response,
which displays the typical non-linear response of polymers, shows no decrease in load
as the number of cycles increase (Figure 2.7(e)). The loads in the screenprinted and
direct-written sensors are consistently much larger than that of the film-based sensors
due to the additional fabric backing and the elastomer base layers in these sensors.
We further subjected sensors to an additional 1,000 cycles from 0 to 50% strain to
determine behavior over repeated cycling (Figure 2.7(f,g)). The magnitude of the
confidence intervals is similar between the 50 cycle and 1,000 cycle tests, demonstrating that neither initial transients nor long-term degradation is present in the system.
A more detailed exploration of the hysteresis and transient response of the sensors
is shown in Fig. 2.8. The number of cycles tested in this study is of the same order
of magnitude as reported in characterization other highly deformable sensors [62].
This is an important consideration as we move from laboratory prototypes to sensors
integrated into more complex devices where sensor replacement is not an option.
The gauge factors of the screenprinted and direct-written sensors are larger than
that of the film-based sensors, as observed in the larger slopes in Figure 2.7(d,f) and
as listed in Table 2.3. Because the sensors are constructed on fabric, the boundary conditions of the bottom electrode and the dielectric layer are altered. In the
film-based sensors, both electrodes freely contract in the transverse direction simultaneously with the applied longitudinal stretch. In contrast, the fabric backing for the
screenprinted and direct-written sensors does not contract transversely under longitudinal strain. It instead has a tendency to curl inwards, maintaining its width and
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solely increasing in length. Under strain, the contracting transverse stress across the
interface between the dielectric layer and the free top electrode is not sufficient to
overcome the opposing transverse stress from the bond between the bottom electrode
and the fabric/base layer. To examine this, the change in capacitance of the sensors
can be modeled as:
C=

ε0 εr Lw
ε0 εr L0 (1 + )w0 (1 + )−ν
=
t
t0 (1 + )ν−1
C = C0 (1 + ε)2(1−ν)

(2.2)
(2.3)

where C is the capacitance, L and w are the length and width of the active region of
the sensor, t is the thickness of the dielectric layer, ε0 is the permittivity of free space,
εr is the relative permittivity,  is the strain, and ν is the Poisson ratio of the sensor.
The model assumes the sensor maintained constant volume and experienced inhomogeneous deformation, namely the rates of change in width (−ν) and thickness (ν − 1)
as a function of longitudinal strain were not equal. The initial length, L0 , was 80mm,
the initial width, w0 , was 10mm, and the average initial thicknesses of the dielectric
layers, t0 , were 607µm, 339µm, and 319µm for the film-based, screenprinted, and
direct-written sensors, respectively (Figure 2.4(e)). The difference in boundary conditions is observed in a Poisson ratio, ν, of 0.350 for the film-based sensors, compared
to 0.696 and 0.817 for the screenprinted and direct-written sensors, respectively. The
fabric-backed sensors exhibit a planar dilation (ν > 0.5) as the sensors are stretched.
In addition to differences in gauge factor, at small strains, we found that the electrical
responses of fabric-backed sensors (screenprinted and direct-written) are flat. This
is due to plastic deformation of the relatively stiffer Spandex fabric, resulting in the
sensor being slack at these small displacements after the first cycle. In implementation, these fabric-backed sensors can be pre-cycled and pre-strained to remove initial
plastic effects and operate purely in the elastic region.
In addition to the 1,000 cycle tests described previously, we also subjected the
sensors to extended cyclic tests to determine their long-term performance. In these
tests, we applied 100,000 cycles of 50% strain and measured the response after every
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25,000 cycles, resulting in five total data sets per sensor. The measured gauge factors show several trends (Figure 2.7(h)). First, all three types of sensors experience
decreases in gauge factor at high cycle counts. We attribute this to degradation in
the conductivity of the electrode layer, which results in the electric field becoming
more concentrated in the region of the interface electrodes, where the deformation
is smaller than the active middle region due to the presence of the reinforcing fabric
layer. Second, in the case of film-based and direct-written sensors, the confidence
interval in the gauge factor decreases. We attribute this to a “break-in” effect, where
variations in electrical interface conditions are removed over multiple cycles. The
third result is that, although the gauge factor changes, the performance of the sensors in terms of noise and linearity is otherwise unchanged. The noise and electrical
responses of all types of sensors at all cycle counts are similar to the data shown in
Figure 2.7(f), indicating that the sensors continue to function over at least a 100,000
cycle lifetime. Therefore, with appropriate recalibration processes, the sensors could
continue to serve as state observers in highly deformable systems.
In order to determine the sensor response to variations in temperature, we compared sensor response at 50◦ C to that at room temperature (22◦ C). The resulting
gauge factors are shown in Figure 2.7(i). Although the mean gauge factors decrease
for all of the sensor types, this change in mean is well within the 95% confidence
intervals, indicating that it is not a statistically significant effect. Anecdotal tests at
−40◦ C likewise show an insignificant change in gauge factor. In summary, we conclude that effects of temperature are insignificant on the performance of the sensors,
within the temperature bounds of the silicone elastomers.
The underlying theme through all of these sensor characterization tests is consistency in response. Despite large changes in the resistance of the conductive composite
electrodes, the sensor signals remain stable. All of the sensors, independent of manufacturing method, display a similar response in terms of a nearly linear electrical
sensor output and a consistent mechanical response. Additionally, each sensor’s performance stays self-consistent throughout operation over a large number of cycles.
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At larger numbers of cycles, we observe that all types of sensors experience a similar change of behavior. Of particular note, the characterization tests show that the
direct-written and screenprinted sensors behave nearly identically despite differences
in fabrication approach. These characterization tests indicate the suitability of these
capacitive strain sensors for integration into high-deformation systems because of
their insensitivity to variations in fabrication processing and their reliability during
operation.

2.4

Conclusions
In conclusion, we demonstrated an end-to-end process for easily realizing robust

and highly deformable capacitive strain sensors using low-cost materials. We have
investigated preparation of an EIG-based conductive composite material, construction of strain sensors using three fabrication methods, and response of the finished
strain sensors. The conductive elastomer composite was shown to be highly robust
to variations in processing conditions, with only specific sonication energy found to
affect the sheet resistance and mechanical parameters of the resulting composite. We
further characterized the response of sensors comprised of the EIG composite to strain
over 100,000 cycles and identified their degradation behaviors. Across three distinct
fabrication methods, the sensors exhibited no significant degradation in performance
during cyclic testing on the order of 103 cycles and showed similar changes in gauge
factor at the 25,000 cycle observation and beyond. Further, all sensors failed in a repeatable and consistent manner due to increasing strain during degradation testing.
These studies show that expanded graphite-elastomer composites are a promising material for sensing large deformations in soft systems via capacitance. The gauge factor,
ultimate strain, and cyclic performance of the sensors is comparable to other state-ofthe-art soft strain sensors that are frequently used in soft robotic applications, with
conductive composites demonstrating favorable robustness, ease of manufacturing,
and lower cost. The three fabrication methods demonstrated herein enable simple

51
sensor integration in a range of applications, from directly printing strain sensors on
soft robotic components to manufacturing strain-sensitive wearable garments.
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3. SENSORS APPLIED ONTO SOFT ROBOTS
The following chapter is based on work previously published as: [63] M. C. Yuen,
H. Tonoyan, E. L. White, M. Telleria, and R. K. Kramer, “Fabric sensory sleeves
for soft robot state estimation,” in 2017 IEEE International Conference on Robotics
and Automation (ICRA), 2017, pp. 55115518. Copyright 2017, with permission from
IEEE. [64] M. C. S. Yuen, T. R. Lear, H. Tonoyan, M. Telleria, and R. KramerBottiglio, “Toward Closed-Loop Control of Pneumatic Grippers During Pack-andDeploy Operations,” IEEE Robotics and Automation Letters, vol. 3, no. 3, pp.
14021409, Jul. 2018. Copyright 2018, with permission from IEEE. and on work
submitted and currently under review as: V. J. Barone, M. C. Yuen, R. KramerBottiglio, K. H. Sienko, “Sensory garments with vibrotactile feedback for monitoring
and informing seated posture”.

Using the sensors created in the previous chapter, I applied them to the surface
of two different pneumatically-actuated soft robotic structures: a 1 degree-of-freedom
(DoF) arm and a 3 fingered gripper. The test stands consist of inflatable bladders
that are reinforced by high-strength fabric which shape their motion. This work
demonstrates the utility of the sensors in reconstructing the state and performing
feedback-enabled closed-loop control of soft structures through the measurement of
surface strains.

3.1

Pneumatically-Actuated Robotic Systems
Pneumatically-actuated robotic systems have the potential to fill gaps left open

by traditional rigid robots. The materials comprising pneumatic actuation systems,
such as fabrics and elastomers, are lightweight and flexible. As a result, pneumatic
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systems are inherently soft, well-suited for operation alongside similarly soft humans,
and easily compacted for efficient packing and transport. Because of their ability
to withstand much larger deformations and intrinsic damping properties, pneumatic
robots are robust to large impacts and are able to adapt to complex, poorly-defined
environments. These are significant challenges for rigid robotic manipulators because
interaction with their surroundings requires that the manipulator either actively or
passively match its compliance to each physical interaction [65].
While there has been a great deal of work on the design and open-loop control
of pneumatic actuators, proprioceptive feedback onboard the pneumatic systems has
seen limited development [1] [66]. The compliance of a pneumatically-driven system
makes it inherently under-actuated (i.e., the system has more degrees of freedom
(DoF) than it has control over). As a result, it is a challenge to identify the state of
the system for closed-loop control of pneumatically-driven robots.

3.2

Previous Work
Approaches to determining the state of a soft structure include: using commercial

IMUs, visual feedback with cameras, and measuring surface or body strains with
stretchable sensors.
Researchers have demonstrated control and state estimation of single degree-offreedom pneumatically-actuated limbs by using IMU data to capture joint angle [67,
68]. However, IMUs are susceptible to drift over time, requiring frequent re-calibration
[69]. Additionally, the use of IMUs to measure joint angles implies that linkages are
treated as rigid elements, whereas, in soft systems, deformations can be distributed
along the length of the robot, thus requiring more and more rigid IMUs to accurately
recreate the state of the soft structure. Furthermore, as the number of soft joints
and linkages in series increases, these small errors from drift and passive linkage
displacement will add up to large errors when estimating the location of an end
effector.
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Other approaches to state estimation of pneumatically-driven actuators have used
visual feedback. Marchese, et al. relied upon the use of multiple external cameras [70],
whereas Wang et al. performed visual servoing by affixing a camera to the end of
the robotic arm to track the position of the end effector relative to a fixed point on
a reference frame [71]. Although visual-based proprioception has been demonstrated
in a controlled setting, it is limited by the infrastructure required to hold cameras
or reference frames in place. In contrast, affixing soft sensors to the surface of the
soft system allows the system to operate more freely, as it does not require additional
environmental infrastructure.
Various researchers have begun to incorporate sensing alongside pneumatic actuation to detect strain for state reconstruction and contact or pressure for environmental knowledge. Strain or bend sensors have been created using liquid metal resistive
strain sensors [72–77], commercial piezoresistive flex sensors [78], magnetic Hall effect sensors [79], coiled wire for inductance-based sensing [80–82] and flexible optical
sensors [83–85]. Touch-sensitive sensors have used capacitive sensors with conductive
fabric electrodes [86], capacitive sensors with ionic hydrogel electrodes [87], and liquid
metal resistive pressure sensors [77].
The works cited above are focused on incorporating sensing to enable closed-loop
control of soft systems. However, few systems have demonstrated robust feedback control strategies for soft grippers and soft pneumatic actuators. External cameras have
been utilized to track various points on a continuum actuator to perform proportionalintegral-derivative (PID) control of the actuator configuration [70]. Pneumatic pressure sensors have been used to demonstrate proportional feedback control of finger
curvature in a soft glove orthosis [8]. This work was extended through the addition of
optical fiber curvature sensors on each finger of the glove to perform hierarchical PID
control on the finger curvature magnitude [84]. Inductance sensing integrated onto
bellows actuators has been used to perform proportional control on the bend angle of
the actuator platform [81]. Embedded piezoelectric transducers have been used for
closed-loop PID control of the force output from a pneumatic vibrotactile skin [88].
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These approaches utilize a variety of sensing modalities to perform PID feedback
control of soft actuator systems, suggesting that with sufficient sensing capabilities,
relatively simple control strategies may be used to perform closed-loop control of soft
systems.
Most of the actuators described above are composed primarily of elastomers, easing the integration of sensing devices by directly embedding the sensor in the silicone
or by adhering the sensor to the surface using silicone. In the work detailed below,
the soft robotic structures are constructed from fabric-enclosed pneumatic bladders,
which offer superior strength relative to all-elastomer actuators and can be more
readily fabricated in larger sizes. We utilized sensorized fabric sleeves that slide over
the pneumatic actuator to provide surface strain and pressure data. While primarily driven by the fabric construction of the actuators, sensory sleeves offer various
ancillary benefits. The modularity of this approach is beneficial in that failure of a
single component does not result in complete system failure. Furthermore, fabrication
of sensory sleeves can be made in large batches, and overall system integration can
be faster than embedding into the body of the actuator. Finally, the results of this
work with sensory sleeves can be applied to wearable sensory garments, on-the-fly
sensorizing of soft structures, and other fabric-based soft robots.

3.3

State Reconstruction of a 1 DoF Arm
In this work, we bring together soft sensing with pneumatic actuation to perform

joint angle proprioception. We embedded silicone elastomer-based sensors into Spandex fabric to form a sensory sleeve, which was secured around a pneumatic joint.
The test platform used in this work, henceforth referred to as the Grub, is a single
DoF robotic arm composed of two passive linkages on either side of an antagonistic
pneumatic actuator pair. Constructed of high-strength fabrics, the Grub is capable
of lifting eight times its own weight. The sensory sleeve wraps around the bellows
of the Grub to measure the change in longitudinal length of the bellows as they are
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Figure 3.1. Grub joint as it flexes to lift 15lbs. Wrinkling is observed
in the fabric near the base of the Grub, resulting in buckling of the
linkage and causing unintended vertical deflection of the end effector.
Compound curvature is observed along the length of the actuation
bellows.

inflated and deflated to cause joint flexion and extension (Figure 3.1). By fabricating
the sensors onto removable sleeves, we were able to balance ease of iterative design by
testing different sensor layouts on the Grub with progress towards a large-scale manufacturing process, which reduces the complexity and cost of incorporating sensing
into the structure of the robotic platform.
The contributions of this work are: 1) manufacture of a sensory array into a
stretchable fabric, 2) demonstration of a sensor-embedded fabric sleeve in reconstructing the joint angle of a pneumatically-actuated joint, the results of which are verified
through comparison of this sensory sleeve to inertial measurement unit (IMU) and
motion capture measurements of joint state, and 3) application of discrete sensors
towards detecting smaller-scale and more complex system states, such as buckling in
passive links.
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3.3.1

Hardware

Pneumatic Arm. The Grub is a pneumatic arm composed of two passive linkages on either end of an active 1DoF joint. The passive linkages are composed of air
bladders inside of reinforcing PVC fabric cylindrical shells. The passive linkages are
pressurized to approximately 10psi throughout operation. The active joint consists of
two antagonistic bellows-like bladders reinforced by ballistic nylon. Inflation of these
bellows is controlled by valves regulating the flow of compressed air. Changing the
pressure differential between antagonistic bellows causes the change in joint angle.
Sensor-embedded Sleeve. The sensors embedded in the sleeve are based on
the screenprinted sensors presented by White, et al. [14]. In this work however, the
sensors were screenprinted in a pattern prescribed to fit the Grub joint, and were not
cut out of the fabric after completion of the sensors (Figure 3.2 (a)). The schematics
for the sensors are shown in Figure 3.2(b). Looking at the cross-section of the sensors,
the approximate thicknesses of the elastomer-infiltrated fabric base, bottom electrode,
dielectric layer, and top electrode are 500, 150, 300, and 150µm, respectively. Copperclad polyimide sheets (Pyralux, Adafruit Industries) were sewn onto the end of the
sensor, making contact with both the top and bottom electrode layers. In order to
prevent the thread from electrically bridging layers at the sew holes, a coring punch
(1.75mm, Harris UniCore) was used to punch out holes in the sensor before sewing.
Wires were then soldered to the copper, linking the sensor to the signal conditioning
board.

3.3.2

Characterization and Modeling

Sensor Characterization. The sensors were characterized individually to determine their response to linear extension. As the sensor is stretched, the area of
the electrodes increases while the thickness of the dielectric layer decreases, causing
a change in capacitance that is transduced to a change in voltage (Figure 3.2(d)).
The voltage output is linear with respect to applied displacement, with no discernible
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Figure 3.2. (a) Top-down view of the dual-sensor sleeve wrapped
around the Grub and a zoomed in view of the sensors, copper interface
and signal conditioning boards. The dual-sensor pair is mirrored on
the bottom of the Grub. (b) Schematic of the screenprinted layers for
dual-sensor designs, shown in the order they are patterned in, from top
to bottom. (c) Schematic of the screenprinted single-sensor design.
(d) Schematic of the cross-section of a sensor and the relationship
between the sensor’s capacitance and the geometry of the layers.
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Figure 3.3. Response of screenprinted sensors due to applied displacement causing strains from 0-50% for 20 cycles. The average and
confidence interval is taken from data for 3 individual sensors. ∆V is
calculated as ∆V = V − V0 , where V is the sensor output and V0 is
the initial sensor reading.

cycle-to-cycle hysteresis (Figure 3.3). However, this linear trend breaks down at low
strains (<5%), due to the polymer-based Spandex fabric plastically deforming and
therefore causing the sensor to be slack at low strains. This ”break-in” length is typical of a polymer system (stress relaxation) and can be accommodated by pre-straining
the sensor beyond what it will encounter in operation.
Grub Modeling. We generated models of the Grub’s geometry for constant
curvature joint flexion and for combined joint flexion and linkage buckling. As the
bellows on one side of the joint are inflated, the arc length along the outside of the
joint, L1 , will increase linearly with respect to the joint angle, α (Figure 3.4(a)):
(R +

D
)α = L1 = L0 + ∆L
2

(3.1)

60
where R is the radius of curvature to the midline of the Grub, D is the diameter of
the Grub, L0 is the length of the midline seam, L1 is the length along the outside of
the joint, and ∆L is the change in length from L0 to L1 .
Using the characterization of the sensors (Figure 3.3), the change in length of a
sensor placed along the outside of the joint, ∆L, can be calculated as a function of
the sensor output:
∆L = C1 · ∆V

(3.2)

where C1 is the slope of the linear regression of the sensor characterization and ∆V
is the change in voltage output of the sensor.
Substituting ∆L into Eq. (3.1), the joint angle can be calculated as a function of
the sensor output:
α=

L0 + C1 · ∆V
R + D2

(3.3)

We note here that changing the boundary conditions during sensor extension
changes the sensor response. For example, the response of the sensor extended in free
space differs from the response of the sensor extended across the joint [23]. This is due
to the addition of the surface normal force that arises as the joint bellows are inflated,
which compresses the dielectric layer more than when applying axial strain in free
space. However, the sensors response is linear regardless of boundary conditions, and
calibration in a specific operating condition will yield the value of C1 in Eqs. (3.2)
and (3.3).
When the Grub is lifting larger payloads, wrinkling in the fabric of the proximal
linkage will cause buckling near the base (Figure 3.4(b)). The base angle, β, is the
angle between the proximal linkage and horizontal:


∆LP 2
−1
β = sin
D

(3.4)

where LP 2 is the contracted length of the bottom of the proximal linkage due to
buckling, and ∆LP 2 is the difference between the nominal length of the proximal
linkage LP 1 and the contracted length LP 2 . As a result of this buckling, the vertical
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Figure 3.4. (a) Schematic showing the relationship between joint
curvature and sensor length. (b) Schematic showing buckling of the
proximal linkage near the base. (c) Schematic combining proximal
joint buckling with actuation.
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and horizontal displacements of the end effector, ∆z and ∆x, are a function of the
base angle β and the distal linkage angle γ:
∆z = (L0 + LP 1 + LD1 )sinβ + Lje sinγ

(3.5a)

∆x = (L0 + LP 1 + LD1 )(1 − cosβ) + Lje (1 − cosγ)

(3.5b)

where LD1 is the nominal length of the distal linkage, γ is the angle of the distal
linkage relative to horizontal and Lje is the length between the joint center and the
end effector. We also note the length between the joint center and the base, Lbj , as
shown in Figure 3.4(c). Depending on the loading condition, the joint center may be
located anywhere along the joint midline seam L0 .

3.3.3

State Reconstruction

We first calibrated the sensors in situ and then performed a test for state reconstruction. In particular, we were interested in capturing the joint angle and the
end-effector position of the Grub. The test platform was composed of a Grub positioned horizontally with 1) single sensors on the top and bottom of the joint to
measure joint angle, 2) a sensor laid along the bottom of the proximal linkage to
measure buckling, 3) an IMU placed on the top of the distal linkage near the end
effector, and 4) two sets of LED motion capture markers wrapped around each of
the proximal and distal linkages (Figure 3.2(a)). The voltage signals from the sensors were captured using the controller unit that also housed the IMU. The motion
capture data served as the ground truth data, which we used to both calibrate the
system and quantify the accuracy of other measurement methods.
The experimental procedure consisted of two calibration phases followed by a
validation phase. The two calibration phases were performed to determine the strain
sensors’ responses on the Grub in operation and to identify the effective joint center
and linkage lengths. The center of rotation of the joint can change under different
loading conditions and is not easily identified. By performing these two calibration
steps, the vertical displacement and the angle of the joint can be calculated using
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Figure 3.5. First calibration phase for measuring the joint sensor
response as a function of joint angle and determining the effective
length of the distal linkage. (a) Experimental procedure where the
Grub is swept from the light gray trace to the black trace. (b) Data
from the PhaseSpace motion capture system and strain sensors while
sweeping the Grub distal linkage downwards. (c) Plot of the measured
joint angle, θ, vs. the voltage response of the sensors. The linear
regression equations are listed. (d) Vertical position of the end effector
as a function of the angle of the distal linkage. The slope of this linear
regression is the effective length between the apparent joint center and
the end effector. For both plots, the dashed line indicates raw data
and the solid line indicates a linear regression.
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solely the sensor array on the surface of the Grub. To validate this, we compared
the state reconstruction from sensor array data to IMU data and the ground truth
generated with the motion capture system (PhaseSpace Systems).
Joint Angle Calibration. The first calibration phase was performed to determine the strain sensors’ voltage response to joint angle and to identify the effective
length of the distal linkage (i.e. the length between the apparent joint center and
the end effector). Because the response of the sensors on the Grub differs from the
response when pulling the sensors in free space, we calibrated the sensors on the
Grub. In order to generate this data, the Grub was actuated in an unloaded state
so that a constant curvature bend was achieved throughout the range of motion and
the proximal linkage stayed parallel to the ground (Figure 3.5(a)). In this test, the
angle β from Figure 3.4(c) is 0◦ , and therefore, the angle of the distal linkage with
respect to the ground, γ, is equal to the joint angle θ. The data from the PhaseSpace
motion capture system, IMU and strain sensors are shown in Figure 3.5(b). Using
this data, we extracted the angle γ = θ and used it to calibrate the sensors on the
joint. The results, shown in Figure 3.5(c), demonstrate that the sensors indeed have
a linear response with respect to joint angle. The regression equations for the top and
bottom sensors are shown on the plot and are used for the second calibration phase
to find the joint angle θ when the Grub is loaded.
In addition to finding the relationship between the sensor response and the joint
angle, we determined the effective location of the center of the joint relative to the
end effector. This information yields the apparent length of the distal linkage, Lje ,
which is composed of the entire length of the passive distal linkage and part of the
length of the bellows. To find Lje , we constructed a right triangle with Lje as the
hypotenuse and z − zEE (γ = 0◦ ) as the leg opposite γ, where z is the height of the
end effector and zEE (γ = 0◦ ) is height of the end effector when both linkages are
horizontal (Figure 3.5(a)). Using z = Lje ∗ sin(γ), we found the slope of the linear
regression in Figure 3.5(d) to determine Lje .
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Figure 3.6. Second calibration phase for measuring the buckling sensor’s response to linkage buckling near the base and determining the
effective length of the proximal linkage. (a) Experimental procedure
where the Grub is forced downward from the light gray trace to the
black trace. (b) Data from the PhaseSpace motion capture system
and joint angle strain sensors while forcing the Grub distal linkage
downwards and causing buckling to occur near the base. The estimated base angle, β is the difference between γ and θ. (c) Plot of β
vs. the voltage response of the buckling sensor. The linear regression
equation is listed. (d) Plot of the vertical position of the joint center
vs. sin(β). The slope of this linear regression is the effective length
between the apparent joint center and the base. The height of the
joint center when no buckling at the base occurs is marked. For both
plots, the dashed line indicates raw data and the solid line indicates
a linear regression.

66
Base Angle Calibration. The second calibration phase simulated a buckling
event wherein the fabric on the bottom of the proximal linkage near the base wrinkles
inward, causing the entire pneumatic arm to bend downwards. We determined the
response of the buckling sensor, which was fastened along the bottom of the proximal
linkage, to the change in angle of the proximal linkage due to buckling near the base.
We also identified the effective length of the proximal linkage (i.e. the length between
the base and the apparent joint center). After relating the joint sensor outputs to
the joint angle, we performed a base angle calibration. To do this, we first actuated the unloaded Grub to an upright position (θ ≈ 50◦ ) and then manually forced
the end effector downwards, extending the joint and forcing the proximal linkage to
buckle near the base (Figure 3.6(a)). The motion capture system was used to capture γ while the bottom joint sensor and buckling sensor responses were recorded
(Figure 3.6(b)). Using solely the bottom joint sensor, we determined the joint angle
θ using the corresponding calibration equation shown in Figure 3.5(c). Using the
relationship β = γ − θ, we determined β, the angle of the proximal linkage due to
buckling near the base. We then plotted the response from the buckling sensor against
the estimated base angle and fit a line to determine the buckling sensor’s response
with respect to β (Figure 3.6(c)). We also determined the base-to-joint length, Lbj ,
by finding the slope to the linear regression of the joint height plotted against sinβ
(Figure 3.6(d)). The joint height was determined by subtracting the vertical rise due
to the distal link bent at angle γ from the height of the end effector measured relative
to ground.
Comparison of Sensory Array to IMU. After these two calibration procedures, the combination of the joint sensors and buckling sensor generates sufficient
data to estimate the angle of the distal linkage and the vertical position of the end
effector relative to the ground. To test the accuracy of the state information from the
sensors, we completed a test in which we loaded the upright distal linkage with 5lbs
and gradually actuated the Grub to lower the weight in a controlled manner (Figure 3.7). The motion capture system and IMU both recorded the angle and position
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Figure 3.7. Comparison between the sensory sleeve, an IMU, and
motion capture data to determine joint angle and end effector height.
(a) Inset: Experimental procedure where the Grub begins in an upright position and is gradually lowered while holding 5lbs. The plot
shows the distal link angle, γ, as measured by the motion capture
system, an IMU, and the combination of multiple strain sensor measurements. The sensor link angle, shown in a solid blue line is the sum
of the two angles θ and β which were found using the regression equations for the bottom joint sensor and buckling sensor, respectively.
(b) Comparison of the height of the end effector as measured by the
motion capture system, an IMU and the sensors during the course of
the actuation.
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of the distal linkage. The joint sensors captured the joint angle, θ, and the buckling
sensor captured the base angle, β. These two values were combined to generate the
estimated angle and vertical position of the distal linkage. From Figure 3.7(a), we see
that the link angle generated from the strain sensor, IMU, and motion capture are in
good agreement. Furthermore, when capturing the z-displacement of the end effector
(Figure 3.7(b)), the sensory array matches better to the motion capture data than the
IMU data. We believe that this is a result of the conformal sensory sleeve’s ability to
capture the more complex states and distributed deformations seen in soft systems.
We note that a multi-IMU-based system would yield a more accurate representation
of the Grub; however, the addition of more rigid components could be detrimental to
the overall performance of the system.
S-curve Detection. Under higher loads, the constant curvature assumption of
the link is no longer valid. The load at the end effector results in bending moments
and shear forces throughout the Grub. Because the active joint is the most compliant
portion of the system, the end effector loading causes the bellows to develop a second
curvature at the distal end, which we refer to as the “S-curve”, shown in Figure 3.8(a).
Using two sensors on the bottom of the joint, we were able to detect when this Scurve develops. We collected the data shown in Figure 3.8(b) by incrementally loading
the Grub while simultaneously keeping the proximal and distal links approximately
parallel to the ground; this required increasing inflation of the bellows with increasing
load. At the start of the test, the Grub is unloaded and the end effector has no
vertical displacement (∆z=0). Hence, the sensors are both unstrained and show
same response. At relatively low loads (resulting in vertical displacements between
3mm and 25mm in Figure 3.8(b)), the joint develops the S-curve. Comparing the
two sensor responses, the bottom distal sensor has a sharper response, indicating
more strain, and thus larger curvature, relative to what the bottom proximal sensor
experiences. However, as the Grub is loaded further, the bellows are inflated to
higher pressures to maintain the horizontal orientation of the distal link. Therefore,
the stiffness of the bellows region increases, which moves the inflection point of the
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Figure 3.8. (a) Diagram of the active joint of the Grub showing
the two curvatures comprising the S-curve that appears due to the
applied load. The two sensors used in this experiment are located on
the bottom side of the joint. (b) Plot of the response of two sensors,
as a function of downward vertical displacement that occurs as the
end effector of the Grub is loaded while the bellows are inflated to
maintain a constant 0◦ angle between the distal link and the ground.
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S-curve towards the base until it reaches the junction between the proximal link and
the bellows. This causes the compound curvature of the joint to transition towards a
single curvature, resulting in the convergence of the sensor responses. In Figure 3.8(b),
this convergence is observed at displacements beyond 25mm. Detection of compound
curvatures is crucial for proprioception in continuum or quasi-continuum joints such
as the Grub. The results generated here using the dual-sensor design demonstrate
the ability of the sensory sleeve to capture complex state information beyond simple
joint angle.

3.3.4

Conclusions

In this work, we demonstrated the use of a fabric-based capacitive sensing array
for state reconstruction of a 1DoF pneumatic arm. The sensing array was composed
of high-deformation capacitive strain sensors that were manufactured by screenprinting dielectric silicone elastomers and conductive silicone elastomer composites into
Spandex fabric. We then demonstrated that these sensors exhibit a linear change in
capacitance due to applied linear strain or curvature. Using a sleeve composed of a
single sensor for each side of the pneumatic arm and a buckling sensor, we tracked
not only the joint angle of a soft pneumatic arm, but also the vertical displacement
due to buckling in passive linkages. Compared to the performance of a single IMU,
the sensor sleeve matched the IMU’s accuracy in determining joint angle and outperformed the IMU in determining the vertical position of the end effector. Finally, we
demonstrated that a dual-sensor-per-side sleeve can be used to track the compound
curvature deformation in the joint of a pneumatic arm.
Future work may be focused in several directions: improvement of the sensor
signal conditioning, integrating the sensory sleeve directly into the pneumatic joint,
expanding the sensory array, and multimodal sensing. The sensor signal conditioning
can be improved by reducing noise, increasing the sensitivity of the sensors to the
operating range of strain. Integrating the sleeve directly into the fabric comprising
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the pneumatic joint would have multiple benefits, including ensuring that the sensors
are fixed to the surface of the robot and eliminating slackness of the sensory sleeve.
Expansion of the sensory array would increase the resolution of the surface strain
mapping of the pneumatic manipulator. However, this must be balanced with the
increased number of interface electronics. While the sensors developed in this work
were solely used for surface strain measurement, capacitive sensors have been used
for pressure and contact sensing. Integration of these sensing modes alongside the
strain sensors would result in a data-rich soft sensing system. Further progress in
sensory skins and fabrics will enable accurate state estimation, and therefore closedloop control of soft systems without the limiting confines of visual feedback.

3.4

State Reconstruction and Closed-Loop Control of a Soft Pneumatic
Gripper
Soft robotic grippers operate by deforming and conforming around objects to grasp

them securely [89]. This adaptability is made possible by using soft and flexible materials such as silicone elastomers [72,73,90], stretchable polymers [91], polymer-backed
fabric air bladders [92], and hydrogels [93]. In this work, we focus on pneumatic grippers constructed of fabric-strengthened air bladders (Figure 3.9). When compared to
rigid robotic grippers, two clear benefits emerge: 1) the gripper fingers can conform
passively to differently-shaped objects, and 2) the gripper can be deflated, packed
into a smaller volume, and then re-inflated with no loss in functionality. These benefits are advantageous in particular for volume- and weight-limited conditions, such
as space exploration missions and assistive technologies.
Soft grippers are a relatively well-developed field [1, 13, 94] and many prototypes
and even commercial products (Soft Robotics, Inc.) have been developed. Most of
these grippers are controlled in an open-loop mode, where the gripper is commanded
simply to either open or close, without feedback [13]. Similarly, the field of soft
sensing is well-developed [95, 96], and commercial products (StretchSense, Inc.) have
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begun to emerge. The intersection of these two fields is less explored. It has been
argued that soft grippers may operate using open-loop control because their intrinsic
softness allows them to conform to different objects for a secure grasp, regardless
of object shape, size, or mass [90]. However, this approach leads to a notable disadvantage: while an object may be securely grasped, the orientation of the object
within the grasp is not known to the operator, limiting the utility of soft grippers in
applications requiring precision grasping and manipulation of objects. Furthermore,
challenges in accurately modeling the behavior of soft pneumatic actuators limit the
performance of model-based open-loop control of such systems [13]. By adding sensors to a soft gripper, the configuration of the gripper fingers and the grasped object
can be determined, enabling closed-loop control of the gripper.
In this work, we instrumented a fabric-based pneumatic gripper with highly deformable, capacitive strain and pressure (force) sensors to determine the position of
and contact forces along each of the gripper’s fingers, respectively. Taking a modular approach, the sensors were adhered to removable fabric sleeves that fit over each
gripper finger to facilitate sensor replacement upon design changes or sensor failure.
We characterized the system to determine the strain sensors’ response to the gripper
configuration and the pressure sensors’ response to load. Using this information, we
performed several demonstrations to showcase the capabilities of the instrumented
gripper: 1) pack-and-deploy operation, 2) grasp reconstruction, and 3) closed-loop
position control. Through the pack-and-deploy operation, wherein the gripper was
fully deflated, packed down, and then re-deployed with no change in operational capabilities, we demonstrated the resilience of the instrumented gripper despite the
large deformations incurred in this task. We then showed that we can reconstruct the
position of and load on each of the gripper fingers during a grasping task. Finally,
we used the strain sensor information to perform proportional closed-loop control of
the gripper finger position. With the instrumented gripper system presented here,
we progress towards more precise grasps and finer manipulation capabilities without
sacrificing the benefits of soft grippers.
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Figure 3.9. The fabric-based pneumatic gripper conforming to grasp
differently shaped objects. Strain sensors are attached along the outside of each finger. Two pressure sensors are affixed to the inside of
each finger near the tip and in the middle.

Figure 3.10. Photos of the sensors. A strain sensor is shown in the
left column and a pressure sensor is shown in the right column. The
full sensors are shown in the top row and a close-up of the interface is shown in the bottom row. The signal conditioning electronics
are interfaced to the sensors via copper-clad polyimide strips. White
polystyrene tabs hold the copper strips onto the surface of the sensors’
electrodes and also serve as the mechanical interface region between
the sensor and the gripper. The scale bars indicate 3cm.
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3.4.1

Hardware

Sensors.

We fabricated two types of sensors in this work: strain and pres-

sure sensors (Figure 3.10). The sensor technology presented here is closely based on
our previous work [14]. The sensors were constructed as deformable parallel-plate
capacitors that change in capacitance with applied strain or pressure. In [14], we
demonstrated that the sensors have no change in performance over tens of thousands
of cycles and can withstand up to 375% strain before failing due to degradation of the
electrode material. These characteristics make the sensors well-suited for repeated
use applications and allow for the sensors to be kept affixed to the gripper during
pack-and-deploy situations.
Both the strain and pressure sensors were fabricated using primarily silicone elastomer (DragonSkin 10 Slow, Smooth-On). The two conductive layers were a composite material of 10wt% expanded intercalated graphite dispersed into silicone elastomer [14]; the dielectric layers were composed of non-conductive silicone elastomer.
The strain sensors were fabricated by first rod-coating a film of the composite material, followed by native silicone to form the dielectric layer once the first layer had
cured. The film was then folded in half, bonding the silicone dielectric layer to itself,
to form the capacitive structure. Sensors were cut out of the larger film with a laser
cutter (VLS 2.30, Universal Laser Systems).
For the pressure sensors, the electrode and dielectric layers were made separately.
The electrode layer was made as before by rod-coating conductive composite material
into a film. To fabricate the dielectric layer, silicone foam was made by mixing in
sugar pellets (Colorcon Suglets) of four size regimes into uncured silicone elastomer.
The quantities by mass were: 44g silicone, 40g 1400-1700µm, 20g 850-1000µm, 30g
500-600µm, and 40g 250-355µm sugar pellets. The mixture was cast into a ≈5mm
thick sheet, followed by dissolving out the sugar pellets with hot water in a bath
sonicator after curing. This process resulted in a very soft, porous silicone foam
with a void volume fraction of 57.7%±2.6% (95% confidence). The conductive film
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was then glued onto both sides of the dielectric layer using a 50µm layer of uncured
silicone elastomer.
After fabricating the sensor bodies, copper film was secured onto the electrodes by
sewing polystyrene tabs on either side of the sensor. The copper film was then soldered
onto signal conditioning boards [14] used to interrogate the sensors’ capacitance.
Finally, we affixed the sensors to off-the-shelf compression sleeves using adhesivebacked Velcro at the polystyrene tabs. This modular system enabled us to replace
sensors quickly without compromising the entire system.
Gripper. The gripper consisted of three fingers attached to a rigid base. There
were two sets of bladders in the gripper: one for closing the gripper by causing all the
fingers to curl inwards, and one to open the gripper by forcing all the fingers to extend
straight. The bladders were made by encasing airtight vinyl pouches inside of ripstop
nylon for strength. They were sewn to the inner surface of the fabric comprising
each finger: the closing bladder was sewn to the back of the fingers, and the opening
bladder was sewn to the inside of the finger. The closing and opening bladders were
connected via tubing such that for the entire gripper, there was a single inlet for
closing and a single inlet for opening the gripper. At any one time, only a single
bladder is inflated. The gripper valves were plumbed such that when transitioning
from one state to another, one bladder fills as the other vents.

3.4.2

In Situ Sensor Characterization

We characterized the strain and pressure sensors after installing them on the
gripper (Figure 3.11). We compared the strain sensor output to truth data generated
by a motion capture system and the pressure sensor output to truth data generated by
placing known weights on the sensors. Both types of sensors had a linear relationship
with respect to their inputs and thus, we report their gauge factors (Figure 3.11(a-c)).
These linear regression results were then used to perform gripper proprioception and
grasped object localization in the applications discussed further in this work.
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Figure 3.11. Results of the calibration tests for the strain sensors
and pressure sensors. (a-b) Strain sensor gauge factors (n = 3) during
gripper opening and closing both before (a) and after (b) packing and
re-deploying the sensors. (c) Pressure sensor gauge factors (n = 6).
All gauge factors were calculated from a linear regression fit across
the captured data. The notch indicates the mean gauge factor; the
upper and lower bounds of the box indicate the 95% confidence about
the mean. (d-f) Representative plots of calibration data and their
regression lines: (d) plot of strain sensor outputs with respect to the
ground truth joint angles while closing the gripper, (e) plot of strain
sensor outputs with respect to the ground truth joint angles while
opening the gripper, and (f) plot of a single pressure sensor’s output
with respect to the masses of various wooden blocks placed onto the
sensor; the cloud around the fit line indicates 95% confidence bounds
of the regression.
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Strain Sensors. For the strain sensors, we found the relationship between the
sensor output and joint angle of each finger (approximated as a 1DoF hinge joint)
(Figure 3.11(a,b,d,e)). Truth data (finger joint angles) were generated using a motion capture system where three motion capture markers were placed on each finger:
near the base, in the middle, and at the finger tip. We compared the results across
two conditions, for a total of four categories: 1) during opening and closing phases,
and 2) before and after deflation and packing of the gripper (pack-and-deploy). Figure 3.11(a) reports gauge factors from data captured prior to packing; Figure 3.11(b)
reports gauge factors from data captured after deflating, compacting the gripper
down, and re-deploying. The representative datasets plotted in Figure 3.11(d) (closing) and Figure 3.11(e) (opening), show that the sensor response to joint angle can be
reasonably approximated as a linear relationship (all linear regression R2 values were
between 0.963 and 0.998). We first compared the gauge factors of each sensor during
the opening and closing phases in Figure 3.11(a,b) and found that there was little
difference between the gauge factors during the closing and opening phases for each
sensor, particularly prior to packing. We hypothesize that the differences in gauge
factor between the opening and closing phases are due to reduced contact between
the sensor and the finger during the opening phase relative to the closing phase. The
difference in sensor behavior can also observed in the plots in Figure 3.11(d,e). Because the sensors are capacitors, changes in the near electric field, including contact
with other bodies, will affect the sensor reading. Shielding the sensors would aid in
mitigating the effect of near electric field on the sensor signal.
We also compared the gauge factors of the strain sensors found before (Figure 3.11(a)) and after (Figure 3.11(b)) a pack-and-deploy sequence. One benefit
of inflatable fabric grippers that distinguishes them from rigid grippers is their ability to be packed into a much smaller volume and then deployed without change in
function. In order for the sensors to be compatible with the packing and deployment
of the gripper, they needed to withstand large amounts of deformation outside their
normal operating range. The metric for this test was change in gauge factor before
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and after packing. While two of the sensors clearly remained stable throughout the
packing event, the sensor on finger 2 appeared to display different behavior. We do
not believe that this is due to damage to the sensor itself because the confidence
bounds on the gauge factor are of comparable width before and after the packing.
Rather, we hypothesize that this change is due to shifted and altered mechanical and
electrical interfaces. Work towards directly integrating the sensors into the fabric
comprising the gripper is a potential solution to this interfacing problem. The fabric
would hold the sensor with more stability over large deformations, and would serve
as an anchor point to which electrical interfaces may be secured more robustly.
Pressure Sensors. The pressure sensors were calibrated by placing wooden
blocks of known weights onto them, yielding a highly linear relationship between the
pressure sensor response and applied load. The gauge factors of all pressure sensors
are reported in Figure 3.11(c) and a representative dataset is shown in Figure 3.11(f).
The sensors were all tested in situ in their respective positions on the inflated gripper
to account for the stiffness of the gripper finger in the pressure sensor output. Sensors
1, 4, 6 were located in the middle of the finger; sensors 2, 3, 5 were located at the
finger tip. We hypothesize that the differences in the gauge factors, reported in
Figure 3.11(c), are due to minor differences in the stiffness of the dielectric layers in
different sensors. Further, we hypothesize that the variation in width of the confidence
bounds is due to experimental variation in placing the blocks in the same location
on the sensors, changing the effective area that was compressed by the load, thus
changing the measured capacitance.

3.4.3

State Reconstruction

Pack-And-Deploy Operation. Figure 3.12 demonstrates a full pack-and-deploy
sequence. Representative states during the pack-and-deploy sequence are shown in
Figure 3.12(a). In the plots shown in Figure 3.12(b-d), t = 0-5s, t = 5-8s, and t =
8-14s correspond to a packed state, a closed gripper state, and a fully open gripper
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Figure 3.12. State reconstruction during a pack-and-deploy sequence.
(a) Photos of the gripper in the packed (left) and open state (right).
(b-d) Plots corresponding to the gripper first in a packed condition
(0-5s), followed by deployment into a closed position (5-8s), and then
actuating to an open position (8-14s). (b) Sensor output filtered with
a noncausal zero-phase digital filter. (c) Joint angle of each gripper
finger determined using the calibration equations found previously
(Section 3.11). (d) Ground truth joint angle of each gripper finger as
found using a motion capture system. The plots in (c) and (d) can
be compared to assess the performance of the sensory sleeves against
ground truth.
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Figure 3.13. State and contact estimation during an object grasping
sequence. (a) Raw pressure sensor responses. (b) Reconstructed mass
experienced by each pressure sensor, as calculated from the calibration curves. (c) Photos of the gripper in its open state and closed
state around a water bottle. (d) Raw strain sensor responses. (e)
Reconstructed joint angle of each finger, as calculated from the calibration curves. (f) Angles of each finger as determined by the motion
capture system. The spikes in the trace arise from loss of line of sight
to one or more markers.
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Figure 3.14. Block diagram of the control scheme. As shown in (a),
the controller consists of nested proportional controllers. The outer
loop controls the finger positions, and the inner loops (b) control the
pressure supplied to the gripper’s two bladders. Gain1, Gain2, and
GainV alve are proportional gain constants. In a), Calib. refers to the
linear regression equation relating finger angle to sensor strain value
found in the calibration of the sensors. In b), P calc. refers to the
manufacturer-specified conversion from voltage to pressure value.

state, respectively. Figure 3.12(b) shows the raw sensor outputs during the sequence,
Figure 3.12(c) shows the expected finger position calculated from the raw sensor data
and post-packing calibration curves, and Figure 3.12(d) shows truth data for the
entire sequence generated via motion capture.
In comparing Figure 3.12(c) and Figure 3.12(d), the reconstructed finger position
matches well to the joint angles from the motion capture system after the gripper
is re-deployed. During the transition from a packed state to a deployed state, the
sensor readings are not correlated with the actual finger position. However, this is
not a problem as the goal of this test was to ensure that we can still use the sensor
readings when the gripper is re-deployed after having been deflated and packed down.
More importantly, after the packed phase, we found that the reconstructed joint angle
tracks well to the ground truth joint angle (Figure 3.12(c) and (d), respectively),
reinforcing the result that the gripper and strain sensors are resilient to the larger
strains that occur while the gripper is in a deflated and packed configuration.
Grasping Tasks. Using the calibration results, we tested the sensors in a grasping scenario. We directed the gripper to grasp various objects to simultaneously verify
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that the pressure sensors could detect an object, and that the strain sensors could be
used to estimate the state of the gripper fingers. As in previous tests, the pressure
sensors were placed on the inside of the fingers at the tip and at the center of each
finger, and the strain sensors were affixed along the outside of the fingers.
Figure 3.13 shows state reconstruction of the gripper fingers during a grasping
task. In this example, the gripper grasped and then released a water bottle. Figure 3.13(a) shows the raw pressure sensor data and Figure 3.13(b) shows the expected
normal load (presented as mass) of the grasped object calculated from the raw sensor data and calibration curve. The pressure sensors clearly detect the water bottle
being evenly gripped at the tips of the gripper fingers. The sensors at the tips of
the fingers (black, red, and blue traces) show an increase in load corresponding to
the gripping of the water bottle. Upon releasing the water bottle, these same sensors
show a decrease in load that corresponds to the water bottle sticking to the sensors as
the gripper opens, resulting in the electrode layers being pulled further apart and the
capacitance to decrease momentarily before the object is fully released. Figure 3.13(c)
shows images of the gripper in an open state and closed state around the object.
Figure 3.13(d) shows the raw strain sensor data, Figure 3.13(e) shows the expected
gripper finger bend angles calculated from the raw data using the post-packing calibration curves, and Figure 3.13(f) shows the actual figure bend angles as found from
motion capture (truth data). While the reconstructed joint angle values do not match
perfectly to the truth data, the strain sensors do track the relative motion of the fingers across the opened and closed states, therefore yielding useful information about
the general state of the fingers and overall gripper. We believe that discrepancies
between the measured state and true state are due to the fingers bending very close
to the base, which is recorded by the motion capture system, but is outside the ideal
range of the sensor measurement in the current configuration.
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3.4.4

Closed-Loop Control

Using the strain sensors mounted on the fingers, we demonstrated closed-loop
control of the fingers. The control system consisted of nested proportional controllers
(Figure 3.14). The outer position control loop generated the desired air pressures in
the finger bladders based on the difference between the commanded and measured
finger position, determined via the strain sensor value. The positional set-point was
based on a single sensor value because all three fingers were plumbed together. We
used two different gains to calculate the air pressure commands depending on whether
the gripper was closing or opening because much less pressure was need for closing
compared to opening the gripper due to biases in the actual construction of the finger.
The pressure commands were then fed into the inner loops to independently control
the air pressure in the opening and closing bladders.
The plots in Figure 3.15 show two representative runs: column (a) shows the
gripper cycling through a closed and opened state, and column (b) shows the gripper
gradually stepping from a closed state to an opened state. In Figure 3.15, the top row
shows the setpoint (blue), and the sensor output from a single finger (red), and the
bottom row shows the corresponding air pressure inside the bladders of the gripper.
It is important to note that the gripper was originally designed to have two states:
open and closed. Therefore the pressure-to-position relationship is poor, which makes
it difficult to control the position of the fingers using only air pressure data from the
two chambers. By introducing strain sensors into the control loop, we overcame this
limitation in achieving positional control of the gripper.
For this portion of the work, we changed the approach we took to measure capacitance. The signal conditioning boards previously used exhibited a very low frequency
oscillation at around 2.5 Hz which made them challenging to use for real-time closedloop control. In non real-time tests the oscillation was removed by using a noncausal
zero-phase digital filter. In real-time control however, low-pass filtering the signal
at such a low frequency resulted in unacceptable phase lag and delay. For real-time
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Figure 3.15. Closed-loop control of the gripper. Column (a) shows
the gripper performing two cycles of closing and opening, then finally
closing. Column (b) shows the gripper stepping from a closed state
gradually to an open state. The top plots show the reference setpoint
for the strain sensors in blue, and the measured strain sensor values in
red. The error generated between these two values are used to trigger
the pneumatic valves to fill or vent as needed. The bottom plots show
the pressure inside the opening and closing bladders.

control, capacitance measurement was re-implemented directly on the gripper’s control board. The capacitive sensors were charged using larger currents which resulted
in less susceptibility to noise caused by small external electrical fields. In addition,
measurements could be made directly on the gripper’s control board, instead of being
transmitted over an analog channel as they previously were, thus eliminating the need
for an additional analog-to-digital conversion.
After improving the electronics, we used the capacitive strain sensors for position feedback and pneumatic valves to control actuation. As before, the system was
plumbed so that all three fingers were controlled as one. Enfield LS-V25s 5 port
proportional valves were used to control the pressure in the gripper bladders. One
valve controlled pressure to the bladder that opens the finger and the other valve was
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connected to the bladder that closes the finger. The pressure of the inner and outer
bladders were measured using Honeywell 0-15psi range pressure sensors.
We note that the system does not fully match the setpoint values, however the
gripper is clearly responding to changes in the setpoint. We believe that further
work in four areas will improve the performance of the system: (i) using a more
sophisticated control strategy, for example, using a PI or PID controller rather than
just a proportional controller [81], (ii) implementing the sensors on a joint which is
designed to have a better pressure-to-position relationship, (iii) further improving
the signal-to-noise ratio of the sensors through the signal conditioning electronics,
(iv) improved interfacing of the sensors with the host system.

3.4.5

Conclusions

In conclusion, we have demonstrated progress towards closed-loop control of soft
robotic grippers using highly deformable capacitive sensors on a fabric-based pneumatic gripper for state measurement and object detection. The sensors were constructed as parallel plate capacitors with expanded graphite and silicone composite
serving as the electrode material and native silicone or silicone foam serving as the dielectric material. By using a silicone-based construction, the sensors were resilient to
large strains encountered during pack-and-deploy operations wherein the gripper was
fully deflated and then re-deployed. The strain sensors maintained a linear response
under closing and opening operations and the pressure sensors had a linear response
to applied normal load, both before and after deflation and re-deploying. Using these
sensors, we demonstrated three unique applications of fabric-based pneumatic grippers: pack-and-deploy operations, grasping of oddly-shaped objects, and closed-loop
position control of the gripper.
Future work on this system includes improvement of the signal conditioning electronics and sensor design, for an increased signal-to-noise ratio. Further shielding on
the sensors by wrapping a grounding layer around the entire sensor body will reduce
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the effect of near electric field on the sensor signal. As mentioned previously, increasing the charge-discharge current used to interrogate the sensors will also improve the
signal-to-noise ratio, as well as enable higher measurement frequency. Another improvement would be to increase the spatial density of both the strain and pressure
sensors, so as to measure compound curvatures and more points of contact, respectively. Most crucially, an additional strain sensor spanning the junction between the
finger and the base will improve the accuracy of the state reconstruction of the gripper. Increasing the density and areal coverage of pressure sensors along the inside of
the fingers will yield a better understanding of what the gripper has grasped. Finally,
underlying the need for more sensors is the need for better physical interfaces. In
order to accommodate more sensors, the sensors may be directly fabricated into the
fabric itself. Not only will this allow the sensing density to increase, the repeatability
of the sensor output should increase as the sensors will not change position during
operation. More sophisticated control strategies may also improve the performance
of the closed-loop control shown here. The first step here is to implement integral
and derivative terms for PID control, as demonstrated by other researchers. Another
possibility is to control the pressure differential between the opening and closing bladders, such that they serve as antagonistic actuator pairs, similar to the bicep-tricep
muscle pair on the human body.
With this work, we have advanced the capabilities of soft robotic grippers. Previous gripper devices have relied upon passive conforming to securely grasp objects.
By instrumenting soft grippers with soft strain sensors and pressure sensors, we can
achieve closed-loop control during a grasping task to grip with known position, object
orientation, and contact force, thus furthering the capabilities of soft robotic grippers.

3.5

Sensor Improvements Driven by Wearable Applications
In addition to sensorizing soft robots, we sought to apply the same concept to

tracking human body motion. To this end, we created a sensory shirt (Fig. 3.16a-c)
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Figure 3.16. 5-layer capacitive sensor for improved signal-to-noise ratio. (a-c) Photos of the sensors integrated into an upper-body sensory
garment. (d) Plot of all sensor responses over time during a a sequence
composed of 10 pushups, sagging the back, arching the back, and finally a pushup-to-clap. (e) Plot of selected sensor responses from the
same sequence, highlighting the response of the sensors secured across
the back of the shoulders.

to capture motion of the shoulder joints, elbow joints, and the spine. An example of
the data captured from the shirt is shown in Fig. 3.16(d,e).
Due to close proximity to the human body, the electrical activity of the body
introduced spurious signals into the sensor output. Thus, the previously described
three-layer parallel plate capacitor structure was modified with the addition of another ground and dielectric layer, resulting in a five-layer capacitor (Fig. 3.17). The
additional layers result in the active layer being fully surrounded by ground planes
which increases the signal to noise ratio by reducing the influence of electrostatic
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noise on the sensor output via shielding and by multiplying the capacitance of the
sensor by a factor of four relative to a three-layer sensor of the same size.
Fabrication of the sensors requires five distinct processes (Fig. 3.17(c)): 1) creation of the conductive composite material for the electrode layers, 2) rod-coating
the ground electrodes, dielectric layers, and active electrode layers, 3) folding the film
onto itself to create a 5-layer capacitor, 4) cutting out sensors, and 5) interfacing
with signal conditioning electronics. The materials used to create the sensors were
prepared using the methods discussed in the previous chapter. Following preparation
of the conductive composite material, the ground electrode, dielectric layer, and active electrode were rod-coated with a 1/2” Acme threaded rod onto a polyethylene
terephthalate (PET) substrate (Figure 3.17(c)(rows 1-3)). Each film was rod-coated
onto the previous film once it had fully cured. The active electrode was rod-coated
onto half of the larger film, omitting a thin strip to allow the ground electrodes to
be connected by a copper wire through the sensor (Figure 3.17(b) and (c)(row 3)).
Following this step, the glue layer composed of native silicone elastomer was applied
to the non-interfacing regions of the active electrode (Figure 3.17(c)(row 4)). While
the glue layer was still uncured, the film was folded over and bonded onto itself to
form a 5-layer structure (glue layer is omitted in figure) (Figure 4.2(c)(row 5)). The
sensors can then be cut out of the larger film using a laser cutter. The two ground
electrodes are joined either by sewing a copper wire through the two layers or by
simply stapling through the end of the sensor. The sensor is now complete and can
be interfaced with the signal conditioning boards.
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Figure 3.17. 5-layer capacitive sensor for improved signal-to-noise ratio. (a) A photo of the capacitive sensor. The inset shows the end of
the sensor where it is interfaced with the signal conditioning electronics board via copper strips. (b) Schematic of the cross-section of the
sensors. The red layer indicates the active (charging and measurement) layer of the capacitor. The black layers indicate the ground
layers of the capacitor. The two ground layers are electrically connected via copper wire, shown in brown. The light blue layers represent dielectric material. The active and ground layers are connected
to the signal conditioning board via copper-clad Kapton strips (shown
in brown). (c) Top, front, and side views of the sensor film at various
stages in the fabrication process.
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4. SENSORS EMBEDDED IN SOFT ROBOTS
The following chapter is based on work previously published as: [97] M. C. Yuen,
R. Kramer-Bottiglio, and J. Paik, “Strain sensor-embedded soft pneumatic actuators for extension and bending feedback,” in 2018 IEEE International Conference on
Soft Robotics (RoboSoft), 2018, pp. 202207. Copyright 2018, with permission from
IEEE. [98] R. A. Bilodeau*, M. C.-S. Yuen*, J. Case, T. Buckner, and R. KramerBottiglio, “Design for Control of a Soft Bidirectional Bending Actuator,” in Intelligent
Robots and Systems (IROS), 2018 IEEE/RSJ International Conference on, 2018, pp.
59365943. Copyright 2018, with permission from IEEE. * indicates co-first-authorship

In the previous chapter, the sensors were distributed on the surface of the soft
robots. Though effective, errors in state reconstruction can arise when the sensor
slips or shifts on the surface of the robot due to poor attachment or when the sensor
experiences intermittent contact as the robot moves i.e., the sensor can become slack
and buckle away from the surface. These issues can be difficult to address without
comprising the unfettered range of motion of a soft actuator. For example, strapping
down the sensors more tightly would limit the amount of inflation in a bladder or
create a buckling point in the walls of the actuator. In any case, there are conditions
where the sensor output does not accurately reflect the state of the actuator/structure
due to relative motion of the insecure sensor.
In this chapter, sensors were directly embedded into the body of the actuators
to generate a more accurate representation of the actuator state. This work builds
upon the proven reliability and viability of the sensors were demonstrated in previous
chapters, as embedded sensors cannot be removed without destructively disassembling
the soft robot. For such a system to work, however, the design, materials, and
manufacture of both the sensor and actuator must be considered simultaneously.
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4.1

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

able functional systems [90]. Initial work presenting inflatable “pneu-nets” in an elastomeric body demonstrated that the silicone structures could grip objects or slowly
walk when given simple, open-loop commands [2, 99]. Since then, they have seen
significant forward progress in their fabrication, adaptablility, and control [13]. However, this forward progress has come coupled with both a rise in the manufacturing
complexity of casting the pneumatic chambers [72,100], and in the design complexity
as additional sensory systems are embedded [13, 67, 73, 83]. It has also increased the
need for on-demand high-pressures and vacuums [4, 101, 102] and their corresponding, often bulky, equipment. This trend of increased complexity will likely only rise
as researchers strive to derive additional functionality, logic, or adaptability out of
otherwise inert soft materials.
There is a continuing need in the field of soft robotics for sensing methods for
soft actuators. These devices are typically fabricated from soft materials, in particular silicone elastomers which are flexible (Young’s modulus <10MPa in the linear
regime) and stretchable (elongation at yield of 500%) [103]. While having many
beneficial properties, silicone elastomers are difficult to model, exhibiting non-linear
and time-dependent stress-strain behaviors, making model-based or open-loop control challenging [103]. Therefore, state feedback information is required to perform
positional control of soft actuators. The field of soft sensing addresses this need by
developing sensors for measuring and withstanding large deformations, with minimal
impact on the behavior of the system. Integration of the sensor and actuator into the
same volume can yield a better measurement of the actuator state as compared to
designs wherein the sensor can experience motion relative to the actuator, and thus
inaccurately report the actuator state.
One of the challenges of soft robotic systems is in creating reliable controls [104].
Since inflatable soft technologies experience large deformations during operation, and
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are constructed with viscoelastic materials that non-linear and time-dependent stressstrain behaviors, model-based or open-loop control is challenging, and the alternative,
closed-loop control, is not a trivial task [1, 103]. Though pneumatic actuators were
demonstrated early on, development of soft sensors capable of matching the physical
response of these systems lagged behind. As such, much of the state-of-the-art in soft
robotic controls has focused on predictive models and feed-forward controls [68, 105–
108] or on actuator (pressure) feedback rather than true state reconstruction and
closed-loop control via sensors [8, 70]. 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 [100, 109–111], 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 control [78, 112, 113]. These sensors also
provide a strain-limiting layer while providing the state-reconstruction feedback.
Researchers have worked towards directly integrating sensors into pneumatic actuators for proprioception. A common approach is to embed highly stretchable strain
gauges composed of liquid metal microchannels into the body of a silicone-based
pneumatic actuator to achieve varying levels of feedback and control. Liquid metal
microchannel sensors have been embedded in linearly contracting pneumatic artificial muscles as radial and axial sensors [75,76,114,115]. Bending actuators, including
those used for soft pneumatic grippers, have been fabricated with liquid metal or ionic
liquid microchannels to create resistive sensors for determining bend angle, degree of
grasp, or contact with an object [72,73,77,116–118]. By adding a redundancy of strain
sensors around a pneumatic actuator (more sensors than degrees of freedom) and using machine learning techniques, researchers have shown that bending motions in 3D
space can be reconstructed [117]. Other emerging approaches for sensing motion of
pneumatic actuators are induction sensing with coiled wires to detect contraction of
bellows actuators [80,81], resistive sensing using silver-silicone conductive composites
to measure bending angle [119], magnetic sensing between joints using a magnetic
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silicone composite [120], and optical waveguides for sensing strain along a pneumatic
actuator [83,85]. Researchers have also utilized commercial, off-the-shelf components
for curvature feedback on bending actuators. Some examples include the use of air
pressure sensors connected to a deformable air void along the contacting surface of
a pneumatic gripper [121], commercial optical fiber waveguides attached along the
neutral axis of a bending actuator to measure curvature via light intensity [84], and
resistive flex sensors attached on the inextensible layer of a bending actuator [113,122].
All of these applications of commercially available devices are integrated in the nonextending region of the actuator, which is indicative of the lack of highly deformable
sensors within commercially available devices. 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.

4.2

Strain Sensor-embedded Soft Pneumatic Actuators for Extension and
Bending Feedback
The majority of the works cited above utilize an embedded sensor to measure a

singular value of strain or curvature. While this approach is sufficient for pneumatic
actuators operating in free space or within an expected protocol, such as grasping
an object, in unstructured environments, the information provided by the sensors
may not reflect the true configuration of the actuator. An example of this is in the
case of an actuator that, in the course of its actuating motion, runs into an obstacle
that causes it to deviate from its programmed motion. Because the soft actuator can
deform around the obstacle, the deformation transduced by the sensor is a coupling
between the undesired deformation and the commanded actuation. There is a need
to measure the deformation of pneumatic actuators such that their deformation can
be measured even when operating outside of expected conditions.
In this work, we directly integrate highly deformable, capacitive strain sensors into
soft pneumatic actuators (SPA) to create a sensor-embedded soft pneumatic actuator
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Figure 4.1. Sensor-embedded soft pneumatic actuators (sSPA). (Top)
Two capacitive strain sensors, with the interfaces protruding, are embedded along the interior cavity of a soft pneumatic actuator (SPA).
(Bottom) A soft pneumatic actuator fascicle consisting of four parallel
sSPAs to amplify force and reduce buckling.
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(sSPA) (Figure 4.1). By embedding a pair of displacement sensors into the SPA, we
are able to determine distinctly both extension and bending by calculating the mean
and difference of the two sensor measurements, respectively. This approach is similar
to that reported by [123], wherein the sum and difference of the values reported from
two curvature/strain sensors mounted back-to-back were used to report linear strain
and curvature. Using the sSPAs presented here, the extension and bending angle
can be determined from two sensor values and the pneumatic pressure applied to the
actuators. By measuring both extension and bending, a better representation of the
actuator deformation can be achieved, an important step towards feedback control of
soft pneumatic systems in unstructured environments.

4.2.1

Fabrication

Sensors. The sensors were fabricated in the 5-layer construct discussed in the
previous chapter (Figure 3.17(c)). Following completion of the 5-layer sensor film,
individual sensors were laser cut such that the active region of the sensor (i.e. the full
five layer portions) matched the active length of the actuators, thus leaving sufficient
length for electrical interfacing to the sensor outside the actuator. The sensors were
cleaned using soap and water. Copper wire was sewn through the end of the sensor
to electrically join the two ground layers. Copper-clad polyimide film (Pyralux) and
a PET backing was bonded to the active and one of the ground electrodes using
a silicone adhesive (SilPoxy, Smooth-on). The sensors were then embedded in the
actuators.
Actuators with Embedded Sensors.

The design and manufacture of the

actuators are closely based on previous work by Robertson, et al. [124]. The only
modification to the fabrication described in [124] was to that of the sacrificial wax
core. In this work, flats were added along the length of the wax core to accommodate
the two sensors (Figure 4.3). After casting the wax core onto an alignment rod, the
sensors were secured on the flats using a thin layer of silicone elastimer (EcoFlex 00-
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Figure 4.2. Image and schematic of the sensor and fabrication process. (a) Photo of the cross-section of the sensor. (b) Schematic of
the cross-section (side view) of a completed sensor. The layer types
are indicated below in (c); the copper-colored regions indicate copper
strips for interfacing the active and ground electrodes to the signal
conditioning electronics, and copper wire to electrically connect the
two ground electrodes together. (c) Top, front, and side views of the
sensor film at various stages in the fabrication process.

Figure 4.3. Cross-sectional views of the sensor-embedded soft pneumatic actuator (SPA). The cross-section shows the two sensors bonded
to the top and bottom interior of the SPA (shown in pink). The tabs
on the side are used to secure the inextensible fishing line reinforcements (Berkley Trilene, size 0.34). The sacrificial wax core is indicated
by the dotted line; the center circle indicates the alignment rod used
to center the wax core within the mold for the silicone.
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30, Smooth-On). Following this step, the wax core with sensors was inserted into the
mold for the outer bladder of ElastoSil (M4601, Wacker Chemicals). After filling and
degassing the mold, the actuators were allowed to cure for 12 hours. Because all the
silicones used were platinum-cure silicone, the ElastoSil material fully-bonded to the
sensors, ensuring that the sensor bodies did not move within the internal chamber of
the actuator.
The sSPAs were then wrapped with inextensible fishing line (Trilene Monofilament
0.3571mm, Berkley) at a 57◦ bias to cause extension when pressurized [124]. The mold
contained tabs along the side of the actuator to space the fishing line and to hold it
in place during extension and contraction. After wrapping the fiber reinforcement,
the wax core was melted out of the core and a pneumatic line was inserted into one
end. Silicone adhesive was used to seal the pneumatic line and to plug and the other
end of the actuator. Four sSPAs were then bonded in parallel with EcoFlex 00-30
to form a sSPA fascicle. In this way, the actuators have a multiplied force output
and reduced tendency to buckle. Finally, signal conditioning boards were soldered
onto each of the sensors to transduce the capacitance of each sensor into an analog
voltage [14].
We chose to embed the sensors within the SPA in order to further isolate the
sensors from electro-magnetic interference due to contact with charged bodies, such
as human touch. We had conducted preliminary tests with the sensors bonded to the
exterior of the actuators, but this resulted in large fluctuations in the sensor signal
(>100% of the full scale sensor response at maximum extension) upon touching the
sensor. Furthermore, the more delicate conductive electrode layers are not subjected
to abrasion by the fishing line during actuation and contraction cycles.
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4.2.2

Characterization

We performed a series of tests on the sSPA fascicle to characterize the actuation
and sensing capabilities, namely the relationship between force, displacement, air
pressure, and sensor response.
Blocked Force Tests.

The blocked force tests simultaneously characterized

the actuators’ ability to do mechanical work at various air supply pressures and the
sensors’ responses to displacements and air pressures. The sSPAs were inflated at 50,
100, and 150kPa and the displacement was stepped in 5mm increments using a linear
stage, while the force was measured with a load cell and the sensor measurements
were recorded via an Arduino Uno at a rate of approximately 10Hz. Each test was
run at a specified pressure and fixed displacement. Upon beginning the test, the
baseline, unpressurized state was recorded for 10s. The valve was then opened and
the pressurized state was held for 20s to allow the system to stabilize. Finally, the air
was vented through the valve and the unpressurized state was recorded for a further
20s.
The plots shown in Figure 4.4 show the force-displacement behavior and sensor
response to displacement of the sSPAs at various pressures. Each error bar on the
plot shows the mean and the 95% confidence bounds over 20 samples after the system
had stabilized. The sensor responses were normalized by subtracting the initial value
recorded while the actuator was unpressurized and unextended. As reported in [124],
as the displacement increases, the delivered force reduces. At each pressure, we found
that the force-displacement relationship is linear. The sensor response plot shows that
as the air pressure increases, the sensors’ output decreases, indicating an increase in
capacitance due to compression. Because the sensors are composed of DragonSkin
10, a softer elastomer than the ElastoSil used in the bladder material, it will deform
(i.e. compress in thickness) before the ElastoSil deforms (i.e. stretch). At a constant
pressure, the sensor response-displacement response is approximately linear, as reported in [14]. Therefore, the embedded displacement sensors should ideally be used
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Figure 4.4. Blocked-force characterization under linear extension
of the sSPA fascicle. Each error bar represents the mean and 95%
confidence bounds of the value measured at steady state. a) Forcedisplacement curves at pressures of 50, 100, and 150kPa. (b) Sensor responses corresponding to the same data points plotted in (a).
The sensor values were normalized by subtracting the value measured
when the actuator was unpressurized.

Figure 4.5. Plot showing the free displacement lengths of the actuator
as a function of pressure. The blue error bars show the mean and 95%
confidence bounds of the measured data and the black line is the linear
regression fit.
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in conjunction with an air pressure sensor to decouple the effects of internal pressure
and displacement. We hypothesize here that deviations away from the ideal linear fit,
particularly at higher pressures, arise from instabilities in the interface between the
sensor and the copper strips connecting to the signal conditioning electronics. Over
the courses of these characterization tests, the actuators had a tendency to bend out
of plane, particularly in tests with higher blocked forces. In some cases, these deformations resulted in the sensor partially losing contact with the copper strips, and in
other cases, regaining contact with the copper strips. Improving the stability of the
interface between the sensor and the signal conditioning electronics will be further
studied in future work.
Free Extension. We also characterized the free extension length (Figure 4.5).
These values correspond to the displacement at which zero force is exerted. Because
the blocked force tests were performed in 5mm increments, the true free displacement
was not captured in Figure 4.4(a). As the pressure is increased linearly, the free
displacement increases linearly as well. In contrast, the sensor response is sensitive
to both the internal air pressure as well as the displacement, as demonstrated in the
distinct curves corresponding to each pressure value in Figure 4.4(b).
Bending Tests. By embedding two strain sensors on opposite walls of the actuator chamber, we were able to measure bending by calculating the difference in
sensor outputs of two sensors in the same actuator. In this test, the interface end of
the fascicle was fixed while the other end was left free. A wooden dowel was fixed
crossing the fascicle at mid-length. The actuator was then inflated, and the bend
angle was applied by raising the free end in 1cm increments until a bend angle of 90◦
was reached. The bend angle was measured as the angle between tangent lines drawn
along each end of the fascicle. As the actuator is bent, the sensor on the outside
of the bend (bottom of the SPA) is stretched, while the sensor on the inside of the
bend (top of the SPA) is contracted, resulting in mirrored sensor responses, as seen
in Figure 4.6. The sensor responses were normalized by subtracting the initial value
recorded while the actuator was unpressurized and unextended. The sensor responses
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Figure 4.6. Plot of the normalized responses of a sensor on the top
and a sensor on the bottom of an SPA for different pressures. As the
fascicle is bent upwards from a flat position, the top sensor contracts,
while the bottom sensor stretches, resulting in the diverging sensor
responses observed here. The mean sensor response stays relatively
consistent throughout the bend, indicating that the overall length of
the sensor is remaining the same throughout the bending.

at a bend angle of 0◦ correspond to the sensor responses at the final extension values
shown in Figure 4.4, representative of the free extension length. As the bend angle
increases, the two sensor responses diverge more and more, but the mean value of the
two sensors stays consistent throughout the test. Therefore, by calculating the mean
and difference in the sensor responses on either side of the sSPA and measuring the
applied air pressure, the extension and bend angle can be distinctly determined.

4.2.3

Conclusions

In this work, we have presented a soft pneumatic actuator with embedded strain
sensors. By integrating two strain sensors along opposing faces in the interior chamber
of an SPA, the extension and bending angle of the actuator can be ascertained by
calculating the mean and differential responses of the sensors. These measurements
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enable a more accurate reconstruction of the state of the sSPA fascicle, which is
particularly useful for applications of the sSPAs in environments where they will
interact with its surroundings.
Future work can focus on improving the mechanical robustness of the system,
exploring different designs of sSPAs, and performing feedback control of the actuators using proprioceptive feedback from the sensors. The mechanical robustness of
the interface between the sensor body and the signal conditioning electronics was
a limitation of this work. Because relative motion was allowed between the signal
conditioning boards and the sSPAs, a great deal of stress was placed on the junction between the sensor and the copper strips. Some methods to improve this are to
securely sandwich the copper strips to the sensor surfaces using plastic plates or by
embedding fabric reinforcements at the interface to allow the copper to be secured
to the sensor surfaces by sewing. Additionally, the actuator robustness is sensitive to
the tension applied to the fishing line as it is wound around the SPA. With uneven
tension, the alignment of the weave around the actuator varied, allowing portions
of the ElastoSil bladder to bubble up between the fishing line, which could lead to
popping and failure of the actuator. Design of the sSPA can be tuned to fit the
geometric requirements, motion trajectories, and force-displacement profiles needed
by a given soft robotic system. The fabrication methods presented here can be easily
scaled to accommodate various changes in geometry. An extension of the dual-sensor
system presented here would be to incorporate three or more sensors to measure the
full three degrees of freedom of the free end relative to the interface end (extension,
bending about two axes). A variety of other silicone-based sensor types could also be
incorporated on or in an SPA including torsional and exterior contact sensors. Lastly,
control strategies may be applied to the current system presented here. Both position
and force may be controlled using the results of the characterization tests presented
here.
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In conclusion, the work presented here on embedding a pair of sensors within a
soft pneumatic actuator can advance the field of soft robotics by enabling better state
reconstruction and control of a compliant actuator.

4.3

Design for Control of a Soft Bidirectional Bending Actuator
Building off the sensor-embedded actuation system presented in [97], we present

sensor-controlled antagonistic pneumatic actuators (SCAPAs, Figure 4.7) which integrate proven soft robotic actuation and sensing technologies in a simplified design
targeting controllability of the system state (i.e. design for control). Specifically,
we embed silicone-based capacitive strain sensors [14] into pneu-net bending actuators [90], 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 sensors, and 2) utilizing
the same silicone material in both the actuators and sensors. These improvements
result in fewer constituent components, fewer interfaces between dissimilar materials,
and fewer manufacturing steps. This reduction in physical 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 using 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.

4.3.1

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 4.7). At the core of each SCAPA is conductive fabric, which serves dual purposes as both the strain-limiting layer for the actuators and as the grounding electrode
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Figure 4.7.
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 construction, 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 crosssection schematic of a SCAPA, including an indicator for the location
of the optical image in (c).
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for the sensors. The system’s reduced profile allows us to roll a SCAPA into a compact cylinder without damaging any of the constituent components (Figure 4.7(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 [86]. 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 a composite of
expanded graphite and silicone for the active conductive layer, unmodified silicone
elastomer for the dielectric layer, and the conductive fabric as the grounding layer.
As the sensor geometry changes due to applied strain or pressure, 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 [14]. We made the sensors out of the same elastomer as was used in the actuator
body, resulting in a nearly invisible, fully bonded interface between the sensor and
actuator (Figure 4.7(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 [125]. 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 [14] 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.
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Figure 4.8. (a-c) Manufacturing the SCAPA. (a) The capacitive sensors were first fabricated in large films and then laser cut into the
desired patterns. (b) The casting process created the pneu-net actuators 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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4.3.2

Fabrication

The SCAPAs were manufactured in three phases: 1) sensor fabrication, 2) actuator
casting, and 3) assembly (Figure 4.8(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 [14], followed by the pure silicone for the
dielectric layer (DragonSkin 10 Slow) (Figure 4.8(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 4.8(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
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 4.8(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.

4.3.3

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
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Figure 4.9. 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) Experimental 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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the curvature of the SCAPA. From the top-down perspective shown in Figure 4.7(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 [96].
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
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.
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 4.9).
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 perfectly bonded to the silicone. We are confident with this assumption due to
the orders-of-magnitude difference in tensile elasticity between the silicone and
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Figure 4.10. 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. Design 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 sensor 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 unpredictable 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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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 actuator 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 [109]. Since our soft sensors are placed
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 [100, 110].
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 4.9(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 4.9(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
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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 4.9(b)).
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 4.9(b-c)). Using the experimental setup shown in Figure 4.8(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 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 4.7. 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 performance (Figure 4.9(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 decreasing, 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.
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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 corroborates 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.
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 4.10(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
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Figure 4.11. Sensor calibration results for Design 4 (see Figure 4.10)
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.

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 4.10). This sort of dynamic 3D response was not accounted for in
our simplified 2D FEA, indicating a model limitation.

4.3.4

Closed Loop Control

SCAPA Design Selection. We chose to use Design 4 to demonstrate closed
loop control. This particular design (demonstrated in Figure 4.8(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.
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Table 4.1. Naming convention for the three controllers implementing
the control loops in Figure 4.12 and state machines in Figure 4.13.
Controller Name

Control Loop

State Machine

Simultaneous

Logic

Dynamic

Logic

Quasi-Static

Fixed Rate
Quasi-Static (FRQS)
Varying Rate

Logic +

Quasi-Static (VRQS)

Proportional

Empirical Model.

Quasi-Static

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 + a1 S 1 + a2 S 2
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 4.11).
The fit has a 95% confidence interval of 5.549 m−1 or 10.58% of the full scale.
Controllers. We tested the system response of our SCAPA using three different
controllers (Table 4.1). These controllers are composed of two different control loops
(a logic loop and a proportional-logic loop, diagrammed in Figure 4.12) with two
different internal logic controllers (whose state machines are sketched in Figure 4.13).
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
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Figure 4.12. Control loops used to follow the input signal.

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 [125]. To compensate, we added intermediary
‘settling time’ states with a fixed delay (tsettle = 100 ms) in which sensor-reading was
locked out (all smaller circles in Figure 4.13). 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 4.11).
As outlined in Table 4.1, 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).
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Figure 4.13. State machines used in the logic controllers.

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
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.
System Response. The responses of the three controllers are shown in Figure 4.14. 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
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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 4.14, the simultaneous controller performed poorly, with
the system having an average curvature error of 17.6 m−1 . The immediate, continuous feedback caused the controller to whip the actuator back and forth so wildly
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 reinforced our conclusion about the simultaneous controller: that the internal dynamics
of the physical silicone, combined with the sensitivity of our sensors, resulted in sensor 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 controller. 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.

4.3.5

Conclusions

In this work, 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
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Figure 4.14. 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 curvature (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.

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 design. After selecting an appropriate design, we demonstrated that the chosen SCAPA
design could be controlled with a simple quasi-static control strategy with only minimal error. With both functional antagonistic actuators and feedback sensors, the
SCAPA we presented is a fully autonomous, soft pneumatic robot.
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 outof-plane stresses, which can result in additional unexpected warping and buckling, we
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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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5. RESPONSIVE STRUCTURES
The following chapter is based on work previously published as: [126] M. C. S. Yuen*,
R. A. Bilodeau*, and R. Kramer, “Active Variable Stiffness Fibers for Multifunctional
Robotic Fabrics,” IEEE Robotics and Automation Letters, vol. 1, no. 2, pp. 708715,
2016. Copyright 2016, with permission from IEEE. and on work submitted and
currently under review as T. L. Buckner*, M. C. Yuen*, S. Y. Kim, and R. KramerBottiglio, “Low-melting-point-alloy particle additives for enhanced material stiffness
change and variable elasticity”. * indicates co-first-authorship

Because soft robots are, as their name suggests, soft, the energy put into soft
robotic actuators often results in the structure deflecting away from an object, rather
than acting on the object itself. In order to do work on the external environment, soft
robots require responsive structures - structures that can switch between deformable
and rigid, load-bearing states on-demand. In addition to enabling on-demand load
transfer for direct interaction with the environment, responsive structures also allow
soft robots to actuate to a new configuration, and then “lock” in place to hold the
new configuration passively by rigidifying the structure. The ability to transform
from a soft to a stiff structure is essential for soft robots to meaningfully interact
with external objects and environments.

5.1

Previous Work
Mechanical structures that demonstrate a change in stiffness in this way are sought

after in a variety of applications [127]. Such a structure might hold a particular orientation in space, or rigidly support a load, and later become deformable on demand
to allow repositioning to meet changing needs. This is often achieved using actuators
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in opposition to increase the resistance to motion. For example, this can be observed
in the co-contraction of antagonistic sets of muscles around a single skeletal joint,
allowing a human to stiffen and “lock” a joint in a specific position [128], which has
been adapted to various robotic applications [68, 129]. More broadly, system-level
variable stiffness actuators can also contain elastic and/or damping elements or employ control algorithms to tune the stiffness and impedance of the device [130–136].
A variety of alternative structure-based methods to achieve variable stiffness and
move-and-hold capabilities have also been developed for a wide range of uses, such
as granular and layer jamming to hold an appendage in shape, often by applying
vacuum [137–140], inflating a bladder to stiffen a joint [130, 141], and even manipulating magneto-rheological fluid that stiffens when in the presence of a magnetic
field [142–144].
Alternately, variable stiffness can be embodied at the material level. An effective
thermally-responsive variable-stiffness material will exhibit a large change in stiffness
over a reasonable temperature range so as to minimize energy expenditure, transition
time, and unwanted temperature effects on other system components. Thermally responsive materials that soften with exposure to heat have been used as the basis of
a variable-stiffness structure [126, 145–147]. This material softening occurs primarily
under two phenomena: glass transition and melting. Glass transition occurs in bulk
polymers, which consist of a collection of long molecule chains. Upon heating through
the glass transition temperature (Tg ), these polymer chains increase in energy, becoming more mobile, and will thus readily slide past one another when subjected to
force, resulting in a rubber-like behavior. However, molecular bonds are not broken
and the material remains a solid. Melting, in contrast, involves the complete dissociation of intra-molecular bonds, resulting in liquid-like behavior as molecules are free
to separate from each other and the material takes the shape of its container. Melting a material naturally results in a very large change in stiffness, but necessitates a
containing medium to prevent leakage [148]. Continuous, encapsulated blocks or networks of melting polymers [149], waxes [150], and metals [151–153] have all been used
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in variable-stiffness systems, reaching stiffness change ratios of up to 100 − 9000×, depending on the encapsulating material and method. However, melting can also result
in discontinuous material segments as it flows apart, requiring some shape-restoring
mechanism [154]. Materials undergoing a glass transition maintain their structural
integrity, but experience a comparatively limited stiffness change, generally between
5 and 100× [126, 145–147].
The following work presents two material-based variable stiffness elements, with
the first leveraging the glass transition of thermoplastics and the second leveraging
the melting phase transition of a metal alloy.

5.2

Active Variable Stiffness Fibers
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 exterior 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 objects [155–157]. With no fixed shape of their own, robotic fabrics can exist on the
surface of deformable objects and in spaces that do not have a pre-defined geometry
or volume.
In the broader community of robotic fabrics, shape memory alloy wires are a common actuator choice due to ease of integration by stitching [155], felting [156], weaving [158,159], and other fixture methods [157]. Previously demonstrated active fabrics
have been used in robotic applications [155], kinetic and technical garments [156,160],
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and self-deploying structures [158,161]. Previous work demonstrated variable stiffness
fibers integrated into fabrics to distribute stiffness control over a surface [145]. These
fibers leveraged the glassy-rubbery transition in thermoplastics for variable stiffness
function.
In this work, we introduce active variable stiffness fibers (AVS fibers) made from
a combination of shape memory alloy and thermally responsive polymers (e.g. thermoplastics). This combination couples the actuation of shape memory alloy with the
passive softening/holding capabilities (variable stiffness) of a thermally responsive
material using only a single input: electric current. We have previously demonstrated variable stiffness using a thermoplastic in a fabric-based system [145] and
the integration of shape memory alloy (SMA) into fabric to form compliant and actuating planar structures [155]. this work combines these two bodies of work into
an integrated, active, variable stiffness material that demonstrates performance as a
multifunctional active variable stiffness fabric (AVS fabric). By combining both actuation and variable stiffness functions, the AVS fabric can change the position of a soft
structure and hold the new position without requiring additional power. Figure 5.1
shows the AVS fiber sewn into muslin fabric (an inextensible cotton textile) to form
an AVS fabric.
This work 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 materials 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 demonstrates both actuation and variable stiffness on-demand. The fabric acts as a connecting medium where multiple fibers can be integrated and activated in parallel,
thereby increasing overall lifting and holding capacity. Figure 5.1(a-b) demonstrates
the AVS fabric lifting a 200g mass and holding it suspended even after power has been
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Figure 5.1. Active variable stiffness fabric composed of active variable
stiffness fibers sewn onto inextensible muslin fabric. (a) Unactuated,
stiff AVS fabric with a hanging 200g mass. (b) Actuated then stiffened
AVS fabric holding a 200g mass. (c) Unactuated, stiff AVS fabric
acting as a bridge supporting a 200g mass on a small plate. (d)
Unactuated, softened AVS fabric sinking under the weight of a 200g
mass. Scale bars are 2cm.
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Figure 5.2. Active variable stiffness fibers. (a) Diagram of the composition 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 1cm.

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
(Figure 5.1(c)). After being softened, the fabric is then allowed to deform under the
weight (Figure 5.1(d)).

5.2.1

Materials

The active variable stiffness (AVS) fibers were composed of an actuating shapememory alloy (SMA) wire and a variable stiffness (VS) fiber, bound together with
a polymer rubber as seen in Figure 5.2. The SMA wire actuator, composed of a
nickel-titanium (NiTi) alloy (Dynalloy, 0.508mm 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 unprogrammed NiTi wire (Dynalloy, 0.254mm dia.) encased in a thin coating of polylactic
acid (PLA) (Open Source Printing, LLC) [145]. Here, we built on this work and also
introduced acrylonitrile butadiene styrene (ABS) (MakerBot Industries, LLC) as a
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variable stiffness coating. Both types of VS fibers reduced in stiffness when the thermoplastic was heated above its glass-transition temperature (Tg ): 55◦ C - 65◦ C for
the PLA [145], 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 material, respectively. The SMA actuator and VS fibers were bound together by encapsulating them with polystyrene-block -poly(ethylene-ran-butylene)-block -polystyrene
(SEBS) (Sigma-Aldrich, Mw = 89,000), a polymer rubber that withstands the operating 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.

5.2.2

Manufacturing Methods

Variable Stiffness Fibers.

In this work, we manufactured two varieties of

AVS fibers: ABS-based and PLA-based. Drawing upon our previous work, PLAbased variable stiffness fibers are manufactured by drawing 0.254mm diameter NiTi
wire through melted PLA thermoplastic as described by Chenal, et al. [145]. Our
resulting fiber diameter was 1.50±0.28mm (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 temperature (25◦ C). ABS filament (1.75mm dia.) was cut into approximately 1cm 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-

128

Figure 5.3. Manufacturing ABS-based active variable stiffness fibers.
(a) Coating ABS solution onto a heating NiTi wire for variable stiffness fiber. (b) Programming active SMA wire into a helical coil in a
390◦ C oven. (c) Twisting the programmed SMA wire onto the variable stiffness fiber. (d) Encapsulating the twisted wires with SEBS.
(e) Completed AVS fiber.

tion was allowed to degas for 4hrs. To coat the wire, the NiTi wire was fed through the
T-junction, as shown in Figure 5.3(a), at a constant rate of approximately 30cm/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±0.80mm (95% confidence).
SMA Actuator. The SMA actuator was programmed through the following
series of steps. The wire was coiling tightly onto a 9.525mm diameter shaft (Figure 5.3(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 10min and
then quenched and dried [3]. This cycle was repeated 10 times to ensure shape fixity.

129
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 5.3(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 5.3(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 5.3(e)). The final diameter of the ABS-based AVS fiber was 2.78±0.20mm (95%
confidence); the final diameter of the PLA-based AVS fiber was 2.04±0.18mm (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.

5.2.3

Characterization

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 5.4(a). The
distance between supports was 5cm and the nose radius was 5mm. 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 5s at I=0.75A before the start of the test to
transition the thermoplastic into the rubbery state. Each fiber specimen was tested
three times in both glassy and rubbery states.
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Figure 5.4. Setup for characterization of AVS fibers. (a) Stiffness
characterization using a 3-point bending setup. (b) Force and load
characterization setup. Scale bars are 2cm.

Figure 5.5. Stress-strain plot for two AVS fibers in a 3-point bending 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.
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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 5.5). We fit a straight line to each data
set to obtain the bending modulus from the slope of fitted line, given in Table 5.1.
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 0.4534.80GPa and 2.11-7.70GPa for the ABS-based and PLA-based fibers, respectively.
These ranges include the values that we measured (Table 5.1), 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 5.6). We varied the current
from 0A to 1A, 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 [162]. 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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Table 5.1. Bending modulus of ABS- and PLA-based AVS fibers
with the stiffening thermoplastic heated (> Tg ) and cooled (25o C). ±
value is 95% confidence on mean.
Bending modulus (GPa)
Cold VS fiber

Hot VS fiber

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

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

ABS

PLA

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. [145].
The average modulus values presented in Table 5.1 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.
Force and Load Characterization. To characterize the force produced by the
AVS fibers, 10cm long AVS fiber segments were clamped in an Instron 3345 fitted
with a 50N load cell (Figure 5.4(b)). Throughout the test, the specimens were held in
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Figure 5.6. 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.

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
5.2). When the ABS was softened, the SMA was able to produce 2.25±0.17N of
actuation force. In contrast, when the ABS was stiff, the testing apparatus was unable
to detect any pulling forces from the SMA wire. The negative force values result from
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Figure 5.7. 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 30s after the SMA was actuated. The shaded area around
each average line represents a 95% confidence interval.

Table 5.2. 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)
Soft state

2.25 ± 0.17

Stiff state

-0.09 ± 0.22

Soft state

1.04 ± 0.30

Stiff state

N/A

ABS-based fiber

PLA-based fiber
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Figure 5.8. 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 0.5A to 1.75A
in increments of 0.25A. The shaded area around each average line
represents a 95% confidence interval.

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 5.1) and the soft ABS adding heat to the SMA wire.
In Figure 5.7, we plotted the data from a single ABS-based AVS fiber showing
the force being generated from the active SMA wire over time for 60s. 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 30s prior to softening the ABS. These conditions are shown in Figure 5.7 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, the
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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 5.8). For all of these experiments, the VS
fiber was softened prior to actuating the SMA, identical to the “Hot” tests shown
in Figure 5.7. We measured the amount of force produced by the fiber over 60s of
applied current across a range from 0.5A to 1.75A. 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 [3].
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 5.4(b).
We applied a constant linear displacement of 10mm/min to the coil and measured
the resulting load. The resulting load-extension curve indicated that the coils behaved as linear springs with spring constants of 3.85±2.91 N/m for the SMA wire,
22.2±6.28N/m for the PLA-based AVS fibers, and 51.8±14.8N/m for the ABS-based
AVS fibers (95% confidence).

5.2.4

Applications

Single-Fiber Active Lifting and Passive Holding.

To demonstrate the

“move and hold” potential of AVS fiber, we lifted a 47g mass with the AVS fiber and
then removed power to the system, allowing the fiber to passively hold the weight.
As shown in Figure 5.9, 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 15cm 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 attached to the weight making
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Figure 5.9. 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 47g 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 15s, (IV) the fiber is completely
cooled. For scale, each square is 1cm2 .
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it a common ground for the fiber. A small copper wire of negligible mass (0.2g) 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 5.9(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 5.9(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 5.9(III))
and 5 minutes later (Figure 5.9(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 5.9 presents the results of this test. The bare SMA wire lifted the bolt
higher than the AVS fibers by 1cm, but once the power was disconnected the weight
dropped 11cm (85%) (Figure 5.9(a)). The PLA-coated AVS fiber lifted the bolt
12cm, but lost 7cm (58%) of this initial displacement during cooling (Figure 5.9(b)).
In comparison, the ABS-based fiber lifted the bolt up 12cm and then, upon cooling,
only lost 4cm (33%) of its actuation height (Figure 5.9(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 11cm, 2.08cm and 0.89cm 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 5.9(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 5.10. 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 50g 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 2cm.

constants predicted, as well as why the PLA-based fiber dropped an additional 5cm
when the ABS-based fiber dropped only an additional 3cm.
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 20-30s shorter than the tests for the AVS fibers
(about 60-70s).
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 ABSbased AVS fiber to a strip of cotton fabric, creating 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 5.10).
Figure 5.1(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 2cm intervals in a serpentine
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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 5.10(a)
to simulate a soft robotic arm. The foam block was fixed in a cantilever position with
a 50g mass suspended from the free end. In Figure 5.10(a), the fabric is stiff with
the mass causing the foam block to sag. After softening the VS fiber with 0.75A of
current and actuating the programmed SMA for 30s at 1.5A, the fully actuated state
of the AVS fabric is attained (Figure 5.10(b)), lifting the mass 10cm. 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 springforce of the curled foam block and the weight of the 50g mass pulled the foam arm
partially down from the fully actuated position (Figure 5.10(c)). The soft robotic
arm structure then sustained the weight 5.75cm higher than its original position with
no additional energy input, for 2hrs. Figure 5.10(d) shows the structure holding the
weight, with the weight only dropping an additional 0.75cm from the 2 minute mark
in Figure 5.10(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.

5.2.5

Conclusions

In this work, we have demonstrated active variable stiffness fibers for use in conformable 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
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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 performing 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
the 1D capabilities of multifunctional fibers can be extended to 2D surfaces and 3D
structures.
Future work can 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 customizability and uniformity of the fibers’ function. Full characterization of the stiffness
and force production would enable a better understanding of the behaviors and functional 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 requirements. 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 complex 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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5.3

Low-Melting-Point Alloy Particles for Stiffness Enhancement
A composite is a material that benefits from the combined properties of two or

more component materials. The intended behavior of the composite will drive the
choice of material components, and the wide variety of matrix and filler materials
available allow for specific tuning of material properties. Briefly, a filler additive might
be chosen to increase mechanical strength, raise the elastic modulus, enhance thermal
conductivity, or simply lower the bulk cost by filling some of the volume with a less
expensive alternative [163–165]. A filler material might also add a new property to a
previously inert material, such as making rubbers that are electrically conductive [166,
167] or thermally conductive [168], or adding self-healing functionality to a polymer
[169]. However, while composite filler materials can be specially chosen to enhance
a wide range of material properties, the ability to tune the stiffness change that a
material experiences over a range of temperatures normally cannot be accomplished
with a filler.
Particles of low melting point alloys can be leveraged to create a new class of
functional responsive composite materials. In this work, we demonstrate their role in
enhancing the range of stiffness modulation in a thermally responsive epoxy, and in
creating on-demand switchable elasticity and anisotropy when embedded in silicone
elastomer. These responsive material properties give rise to structures with enhanced
functionality.
In this work, we showcase a new particulate additive, which constitutes the first
of its kind as a new class of composite filler that is designed to undergo a repeatable,
solid-liquid phase change during operation. To achieve this behavior, we selected
microscale Field’s metal (FM) particles as the key additive material. Field’s metal is
a eutectic, fusible alloy of bismuth, indium, and tin with the following percentages by
weight: 32.5% Bi, 51% In, 16.5% Sn. Field’s metal melts at approximately 62.5◦ C,
and can thus be melted easily in hot water. With a flexural modulus of approximately
10GPa, FM is capable of a drastic, rapid change in stiffness at fairly low temperatures
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via the solid-liquid transition. We suspect that this class of phase-changing additive
could be expanded in the future to include other similar materials such as other
fusible metallic alloys (Cerrolow 117, Wood’s metal) or possibly waxes and other
polymers [149–153].
Given this phase-change property, this unique composite additive works to substantially enhance the range of stiffness change of the composite material, although
this behavior manifests differently depending on the matrix material. To demonstrate this effect, we present a series of composites that make use of microscale FM
particles and explore their influence on material performance, namely its change in
stiffness by applying heat. FM is also highly electrically conductive, with a resistance
of 5.2 × 10−7 Ωm (about 31× that of copper), which allows it to be used as an electronic pathway or even as a solder [170]. We briefly characterize this property and
its synergy with stiffness change.

5.3.1

Field’s Metal Particle Fabrication

Field’s metal particles were fabricated by melting the metal in warm water and
agitating vigorously (Fig. 5.11, top row). A 60g block of Field’s metal (Roto144F,
RotoMetals) placed in 150mL of deionized water inside a 500mL beaker. A silicone
oil bath was heated on a hot plate with a magnetic stirring rod up to 90◦ C, and the
500mL beaker was supported inside the silicone oil bath such that the water level
was below the surface of the oil. The water was allowed to warm for approximately
15 minutes until it settled at approximately 70◦ C and the metal fully melted. Next,
a mechanical homogenizer (VDI25, VWR) with a 20mm diameter attachment and
a vortex generator (RW16, IKA-werke) with a 42mm dia. turbine attachment were
placed into the water on opposite sides of the beaker. The beaker was tilted slightly
such that the heavy metal will flow downward toward the homogenizer rather than
gathering at the edges of the beaker. At this point, the homogenizer was turned on
to a speed of 24,000rpm and manually swept through the mixture for several seconds
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Figure 5.11. Bulk Field’s metal is chopped into small particles using
a homogenizer and vortex mixer in hot water. The FM particles were
imaged in an optical microscope and in a scanning electron microscope. The particle size distribution and corresponding volume fraction are plotted. A plot showing the distribution of particles smaller
than 75µm in diameter is shown alongside a lognormal fit.
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so as to initially break up the mass of metal which is held together by surface tension,
dispersing it into the water. The homogenizer was then turned off and fixed in place.
With both instruments in position, the homogenizer was again turned on to a speed
of 24,000rpm to further break up the melted particles, and the vortex generator was
turned on to a speed of 1200rpm, which kept the metal in motion and prevented it
from settling and agglomerating. This agitation was applied for 10 minutes.
Next, the beaker was quickly raised out of the hot silicone oil bath to cool. The
vortex generator remained on to keep particles in motion until they froze solid, but
the homogenizer was turned off and removed so as not to shatter the solidified particles, creating unpredictable particle geometries and sizes. The mixture was allowed to
cool for approximately 15 minutes until its temperature was well below the freezing
point of Field’s metal (to at least 50◦ C), at which point the vortex generator was
turned off, and the mixture was allowed to settle. After several hours, the majority of
the particles settled to the bottom of the beaker, and the supernatant was extracted
via syringe (rather than pouring) so as not to disturb the small particles. The remaining particle sediment was then scooped into a smaller dish, stirred and ”fluffed”
to minimize any cementing during the drying process. The particles were then dried
in a vacuum oven at 60◦ C to remove as much of the remaining moisture as possible.
The resulting material has a fine, sand-like appearance.
The resulting particles were approximately spherical and ranged in size from 10µm
to 800µm in diameter (Fig. 5.11). Due to the high degree of non-uniformity in particle morphology in larger particles, only particles with diameter less than 355µm were
used in composite manufacture. The particle sizes had an approximately lognormal
distribution with most (≈90%) particles being smaller than 100µm in diameter. However, the volume of these smaller particles was negligible; the larger diameter particles
(>100µm) comprised ≈96% of the total volume. The FM particles were mixed at a
range of volume fractions into two matrix materials to create an epoxy-based composite (FMEpoxy) and a silicone elastomer-based composite (FMSi) (Fig 5.12). In
order to gauge the variable stiffness enhancement offered by the FM particles, we
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characterized the effect of FM volume fraction on the stiffness of the composite over
a temperature sweep using a dynamic mechanical analyzer (DMA).

5.3.2

Epoxy-based Composite

Field’s metal particles dispersed in an epoxy matrix to extended the range of stiffness exhibited by the pure epoxy alone. Furthermore, adding carbon black particles
to the composite increased the electrical conductivity of the composite, enabling the
material to be directly Joule-heated to transition it from a stiff to a soft state.
Fabrication. The Field’s metal-epoxy composite (FMEpoxy) was a polydisperse
mixture of Field’s metal and carbon black particles suspended in a two-part polymer
epoxy. First, the epoxy was created by combining an epoxy curing agent, Jeffamine
D400 (Huntsman Internatnional, LLC), with a standard epoxy resin, EPON 828
(Momentive Performance Materials Inc.) at a ratio of 4:10 by weight. This ratio is
well below the stoichiometric ratio of 58:100, resulting in a softer material as well
as a lower glass transition temperature. This mixing ratio was chosen to move the
epoxy glass transition temperature below the melting temperature of Field’s metal to
clearly demonstrate them as two separate phases. After stirring lightly by hand, the
epoxy mixture was placed in a vacuum chamber for 15 minutes to reduce porosity
by removing trapped air. At this stage, the desired amounts of Field’s metal and
carbon black particles were measured out by weight, then poured into a measured
portion of epoxy and stirred by hand until thoroughly dispersed. Carbon black pellets
(PRINTEX XE2-B, Orion Engineered Carbons) were prepared by using a commercial
blender (Hamilton Beach) to break apart agglomerations by pulsing at maximum
speed for five minutes. The resulting particles were approximately 5µm in diameter
as measured in a scanning electron microscope. After mixing in the additive particles,
the resulting composite was then poured or scooped into a mold as required depending
on the thickness of the mixture. The composite was allowed to reach a gel state over
16 hours at room temperature, which further reduced the presence of voids which may
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Figure 5.12. (A) Mixing FM particles into an epoxy matrix yields
a composite (right) that is significantly stiffer than pure epoxy (left).
When heated beyond the glass transition temperature of the epoxy
and the melting temperature of the Field’s metal, both materials are
similarly compliant, allowing both to be deformed to the same radius
of curvature (top). (B) Mixing FM particles into silicone yields a
‘variable elasticity’ material that is able to hold a deformed (stretched
or compressed) state. The sequence shows the unstretched bilayer
film with the composite (gray) bonded to pure silicone (blue). The
composite is then heated and stretched. The film is held stretched
until the FM particles re-freeze. When the film is released, the unequal
amounts of strain in the two layers results in a curved structure.
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Figure 5.13. Stiffness measurements of the FMEpoxy at different
particle loadings. (A) Flexural modulus of the epoxy-based composites at 25◦ C (i.e. initial/cold stiffness). (B) Ratio of the flexural
moduli in the cold and hot states ( 70◦ C). (C) Flexural modulus of
the epoxy-based composites as a temperature ramp is applied by the
DMA . The plots show the mean response across three specimens of
each composition. Full datasets can be found in the SI.

form by heating of air pockets in the material in the next step. Finally, the gelled
composite is placed in an incubator at 60◦ C for at least 12 hours for final curing.
Material Characterization. Stiffness change was measured using DMA testing
equipment (DMA Q800, TA Instruments). Composite specimen dimensions were determined such that the expected minimum and maximum stiffness measurements were
both within the measurement range of the equipment. For the FMEpoxy samples,
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this was 30 mm × 12.5 mm × 5 mm. Specimens were placed in a single-cantilever
clamp and clamped at a torque of 6in-lbs. Assuming the two ends of the specimen
are clamped and do not rotate, the specimen flexural modulus Ef can be calculated
from the measured force: Ef = 12F L3 /δI, where L is the length of the beam, I is
its area moment of inertia, and F is the force needed to deflect the beam a distance
δ. The epoxy composite samples were applied a temperature sweep from 20◦ C to
80◦ C at a rate of 1◦ C/min, around the phase transition zones from 30-40◦ C (epoxy
glass transition) and from 60-70◦ C (metal melting), then at 5◦ C/min everywhere else.
Specimens were applied a sinusoidal force on the moving end of cantilever at a rate
of 5 Hz, at a strain of 0.01%.
The epoxy we selected is a thermoset polymer that transitions from a stiff glassy
state to a flexible rubbery state at Tg ≈ 35◦ C, making it useful for applications
that require on-demand changes in stiffness. By adding a varying amounts of FM
particles, the variable stiffness nature of the epoxy matrix is enhanced even further.
At the highest loading shown here (60vol%), the stiffness of the epoxy in its glassy
state (T < Tg ) is amplified more than threefold, relative to the neat (unmodified)
epoxy (Fig. 5.13A). As the composite material is heated, two distinct transitions are
apparent: the glass transition of the epoxy, followed by the melting of the Field’s metal
inclusions (Fig. 5.13C, Fig. 5.14). While the composite is in the rubbery state but
prior to melting of the Field’s metal (Tg < T < Tm ), increased Field’s metal loading
yields a higher stiffness. After melting (T > Tm ), the stiffness of the composite is
nearly the same across all loading percentages. This result shows that incorporation
of Field’s metal not only increases the initial, cold stiffness of the composite, but also
increases the total range of stiffnesses traversed by the composite material through a
temperature sweep because it does not raise the lower stiffness bound (Fig. 5.13B).
This represents an improvement in the rigid-to-soft modulus ratio from ∼ 400× to
over ∼ 1200×. Our results are in agreement with the theoretical results expected
from the Halpin-Tsai composite model [171], except at very high additive loading
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Figure 5.14. Storage modulus (top row), loss modulus (middle row),
and tan delta (bottom row) of the FMEpoxy composite as measured
by the DMA.
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Figure 5.15. The epoxy composite stiffness was predicted using a set
of composite mixture models. The Rule of Mixtures states that for
aligned fibers, the elastic modulus of a composite can be expected to
reach up to Ec = φEf + (1 − f ) Em , where Ec is the modulus of the
composite, Ef is the modulus of the filler material, Em is the modulus
of the matrix material, and φ is the volume fraction of the filler material. Similarly, a lower elastic modulus bound can be predicted for
−1

.
stress orthogonal to the fiber alignment, as per Ec = Eφf + 1−f
Em
Thirdly, we take into account the Halpin-Tsai equations, a set of empirical relationships which accounts for other filler geometries,accord
Ef


−1
Em
1+ζηφ
ing the following equations: Ec = Em 1−ηφ , where η =  Ef  ,
Em

10

+ζ

and ζ = 2 + 40φ . When in the cold (rigid) state (A), the epoxyFM composite appears to follow the Halpin-Tsai model until reaching
high loading volumes, whereon manufacturing difficulties begin to introduce voids in the system. When in the hot (soft) state (B), the
composite response is much more erratic. This is due both to the comparatively small scale of moduli presented and noise at those small
values, as well as stiffening effects of small liquid particles where the
surface tension of the droplet is greater than the external deformation
forces. Figure provided courtesy of Trevor L. Buckner.
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Figure 5.16. Electrical conductivity of the epoxy-based composites.

percentages, where material performance suffers as manufacturing difficulties begin
to appear, as detailed further on (Fig. 5.15).
Often, it is desirable to Joule heat thermally-responsive variable-stiffness materials
via direct application of electrical current. This can be accomplished by making the
material electrically conductive through the introduction of conductive particles, such
as graphite [172], carbon black [173], or solid metal powder [166]. However, these additives also have the side effect of increasing both the upper and lower stiffness bounds
of the composite, and may lead to lower ultimate tensile strength. Alternatively, conductive liquid metal can be used [146], although this has the opposite effect of limiting
the upper stiffness bound due to the presence of small pockets of liquid throughout
the composite.
To overcome the tradeoff between increased electrical conductivity and a lower soft
modulus, we investigated as a secondary characteristic the effect of the FM additive
on electrical conductivity of the epoxy composite. (Fig. 5.16). On its own, Field’s
metal is highly conductive, with a resistivity of 5.2 × 10−7 Ωm, or about 31× that
of copper. However, until a certain threshold of conductive filler has been added,
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known as the percolation threshold, no bulk conductivity will be observed as the
individual particles are not in contact. The size and geometry of the particles greatly
influences what this threshold might be. Small, spherical particles contribute to a
very high percolation threshold, since all of the particulate mass is concentrated into
isolated spheres of minimal surface area. For this reason, even at up to 60% by
volume, the FMEpoxy composite was not conductive. However, upon adding small
amounts of carbon black (CB), which is also conductive and has a high surface area
and branching, amorphous geometry, the small particles of Field’s metal can be linked
together, resulting in a conductive composite material that can be softened via Joule
heating. By fixing the amount of carbon black at 3vol% and gradually increasing the
concentration of Field’s metal, we observed that the conductivity does continue to
rise, showing that FM particles do have a positive effect on the electrical conductivity
of a composite. To compare, we also held the volume of Field’s metal constant at
30vol% and adjusted the percentage of carbon black. As expected, an increase in
carbon black also leads to an increased electrical conductivity.
We note that for both FM and carbon black additives, the addition of large
amounts of filler (above 50 vol% FM, or above 2 vol% CB) gives rise to manufacturing defects. In those cases, the composite slurry becomes thick and paste-like,
resulting in trapped air pockets and an inability for the mixture to flow smoothly
into its mold. This accounts for the unexpected deviations from predicted behavior
at high loading percentages. Upon discovering this, we strained composite specimens
to failure and found that while stiffness generally increases with the addition of both
Field’s Metal and carbon black, the ultimate tensile strength decreases as the material becomes more brittle (Fig. 5.17). We also suspect that poor bonding between the
epoxy matrix and the FM and CB additives gives rise to rampant crack propagation,
further contributing to a lower ultimate tensile strength. Carbon black in particular
appears to contribute to significantly higher porosity in specimens even at very low
volume percentages, resulting in a cold state that is softer than expected, while still
raising the stiffness of the warm state due to the rigidizing effect of CB (Fig. 5.14).
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Figure 5.17. Ultimate strength and yield displacement of FMEpoxy
samples. In general, as more particles are added to the composite,
the ultimate strength and yield displacement suffer. The three blue
markers in the top left represent pure bulk FM specimens.
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Figure 5.18. Epoxy composite specimens (dimensions) are subjected
to a cantilever loading condition at room temperature. Weights (0,
50, 100, 150, 200g) are hung on the end of the specimen using a binder
clip. The pure epoxy specimens deflected the most, followed by the
30FM 3CB, and 30FM 0CB specimens.

These effects partially counteract the stiffness-change enhancements granted by the
FM particles; further research may reveal a more compatible conductive material that
synergistically lowers the percolation threshold for FM particles with fewer detrimental effects. Additionally, FM particles with different (higher surface-area) geometries
could have more favorable effects on conductivity.
Applications. To simulate the deformations expected during use of these materials, we compared the deflection of cantilevered FMEpoxy samples (neat epoxy,
30%FM 0%CB, 30%FM 3%CB) of size 80 ×10 ×3.7 mm in the cold (Fig. 5.18) and
hot (Fig. 5.19) conditions. At room temperature, the neat epoxy clearly deflected the
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Figure 5.19. Epoxy composite specimens (dimensions) are heated to
8̃0◦ and subjected to a cantilever loading condition. Weights (0, 10,
20, 50g) are hung on the end of the specimen using a binder clip.
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Figure 5.20. (A) A pneumatically-actuated finger that bends when
inflated. The silicone (green) is molded into a Pneu-net bending actuator; a fabric layer (white) serves as the strain-limiting element. (B)
Application of the FMEpoxy material to the finger for a move-andhold operation. When the FMEpoxy is hot, the bending actuator
is able to inflate and curl (top right vs. bottom left). After the
FMEpoxy cools while in the bent state, the actuator holds its bent
configuration even with the inflation pressure removed.

most under a 200g load, followed by the 30FM 3CB, and lastly 30FM 0CB samples
when subjected to the same loading conditions. Though the 30FM 3CB is expected
to be stiffer than the 30FM 0CB due to the stiffening effect of carbon black particles,
the above-mentioned manufacturing difficulties with CB resulted in a more flexible
composite due to the higher concentration of voids. In the soft state, all samples
collapse under only 50g, exhibiting nearly the same deflection. This demonstration
shows that the addition of Field’s metal particles clearly enhances the stiffness when
cold without adversely increasing the stiffness in the heated state.
An application of the FMEpoxy in a soft robotic actuator is shown in Fig. 5.20.
Silicone-based Pneunet actuators are designed to bend when inflated; removing the
inflation pressure allows the stretched silicone to relax back into a flat configuration
(Fig. 5.20(A)). By affixing a thin layer of FMEpoxy to the bottom, the actuator
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can perform move-and-hold operations (Fig. 5.20(B)). Softening the FMEpoxy via
Joule heating or otherwise allows the actuator to bend when inflated. After cooling,
the new bent configuration will be maintained even after the actuator is deflated.
Furthermore, the FMEpoxy in the stiff state resists bending when the actuator is
inflated.

5.3.3

Silicone-based Composite

Field’s metal particles dispersed in silicone also served to enhance the stiffness of
the material. Additionally, it also enabled mechanical programming of anisotropic
material properties by melting, deforming, and re-freezing the FM particles while
holding the composite in a deformed state.
Fabrication. The Field’s metal-silicone (FMSi) composite was fabricated by first
pre-mixing the two silicone precursors to into the uncured silicone material (DragonSkin 10 Slow, Smooth-On). The appropriate amounts of FM particles and silicone
were measured out into a cup. The two components were stirred by hand until homogeneous and the materials was then cast in a mold or coated into a film. The parts
were allowed to cure for a minimum of 3hrs prior to use.
Material Characterization. The FMSi composites were characterized in the
same apparatus as for the FMEpoxy samples. The sample size was slightly modified
(30 mm × 15 mm × 5 mm) to account for the overall lower stiffness of the material.
Specimens were clamped at a torque of 2in-lbs in the single cantilever clamp. The
silicone composite samples were applied a temperature sweep from 20◦ C to 80◦ C
at a rate of 1◦ C/min, around the single phase transition zone from 60-70◦ C (metal
melting), then at 5◦ C/min everywhere else. Specimens were applied a sinusoidal force
on the moving end of cantilever at a rate of 5 Hz, at a strain of 3.75%.
In contrast to the epoxy-based composite, the silicone-based composite exhibited
a single phase transition - the melting of the Field’s metal (Fig. 5.21). Predictably,
the addition of FM particles progressively stiffens the composite while the particles
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Figure 5.21. Storage modulus (A), loss modulus (B), and tan delta
(C) plots of the FMSi composite material as measured by the DMA.
The melting phase transition is clearly visible in the drastic change
in behavior at approximately 65◦ C.
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Figure 5.22. Storage moduli of the FMSi composite in the cold (25◦ C,
dark colored bars) and hot (75◦ C, light colored bars) states. The
moduli reported in this plot follow from Fig. 5.21A.

remain frozen. However, in contrast to the epoxy-based composite, even after the FM
particles melted, there remained a positive correlation between volume fraction of FM
particles and the stiffness (Fig. 5.22). This is due to the effect of small-diameter liquid
inclusions (L ≤

γ
)
E

with sufficient surface tension (γ ≈387.17mN/m, Fig. 5.23) in

sufficiently soft solids (Young’s modulus, E ≈ 100-200kPa) to be stiffer than predicted
by Eshelby’s theory regarding stiffness of composite materials [168, 174]. At these
small length scales, the surface tension of the liquid FM particles resists the imposed
deformation, effectively increasing the stiffness of the composite. From the particle
distribution found previously, particles that are smaller than this characteristic length
scale (L ≤ 2µm) comprise ≈7% of all particles (by count) (Fig. 5.11).
In addition to the stiffness measurements of the as-prepared samples over a temperature sweep, we tested two modes of deformation, compression and tension, each
along two axes (Fig. 5.24). The stiffness of the samples was measured at 25◦ C prior to
any deformation, while in the deformed state, and after recovery to its original shape.
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Figure 5.23. Pendant drop experiments illustrating the existence of
an oxide layer on the Field’s metal. Surface tension values are shown
for each image in units of mN/m; the values shown at the bottom of
each column are the mean ± standard deviation values. The images
on the left show a drop of FM in Si oil, presumably with an oxide
layer. The images on the right show a drop of FM in hydrochloric
acid (HCl), which etches off the oxide layer. The surface tension
values of the drop in Si oil are higher due to the presence of the oxide
layer.
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Figure 5.24. Cold stiffnesses of the silicone-based composite while
deformed and after heating to recover original shape. The initial stiffness measured prior to deformation is shown as the black horizontal
dashed line; the cloud indicates one standard deviation across six
specimens. The schematics show the type of deformation applied and
the resulting morphology (‘pancake’, ‘needle’) of an initially spherical
Field’s metal particle.

To deform the samples, we heated the FMSi in hot water to melt the Field’s metal,
deformed the sample, and then quenched the FMSi in cold water while holding it in
its deformed state until the Field’s metal re-solidified. To evaluate if any permanent
damage occurred as a result of deformation, samples were returned to their original
shape by melting the Field’s metal and letting the silicone pull itself back into its
original shape. We found that the deformation processes had minimal effect on the
stiffness of the composite; the stretched samples exhibited a slightly lower stiffness
after recovering its original shape.
The samples showed clear changes in stiffness while in the deformed, frozen state.
Compressing the sample narrower (forming vertical FM ‘pancakes’) and stretching
the sample longer (forming FM ‘needles’ along the length) resulted in a significant increase in stiffness. This is expected because the vertical ‘pancakes’ result in taller FM
particles in the cross-section of the material, ultimately resulting in a higher flexural
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rigidity. Similarly, the lengthwise ’needles’ act like a fiber-reinforced composite with
fibers aligned with the compression and tension stresses resulting from the bending
moment applied by the DMA. The FM particles are able to take more of the load,
resulting in a higher stiffness. Compressing the sample flatter also resulted in stiffening due to FM inclusions taking on a similar role to that of the lengthwise ‘needles’,
but to a lesser extent. Lastly, stretching the sample wider resulted in a slightly softer
sample. By creating FM ‘needles’ parallel to the neutral axis of the cross-section,
the reduced vertical height of the FM inclusions resulted in an overall decrease in the
stiffness.
These results indicate that freezing the FMSi composite in a deformed state creates
a material with anisotropic mechanical properties. Moreover, after deformation, the
FMSi is fully reversible and can be recovered into its original as-cast shape or be
re-deformed into a different configuration with minimal loss in performance.
Applications. To demonstrate the stretch-and-hold capability of the siliconebased composite, we first heated and stretched a specimen by hanging a weight
(Fig. 5.25). We then let the FM particles freeze and removed the weight, showing that
the sample stayed stretched. Finally, we re-heated the sample, allowing it to recover
its original shape. The FMSi composite was able to hold 87% of its stretched length.
Finally, the FMSi is heated again to melt the FM particles, causing the induced stress
in the silicone to pull the specimen back to its initial shape. Additionally, we found
that the spring stiffness of the silicone-based composite decreased by 5.23× when the
FM particles were melted, as compared to the stiffness when the FM particles were
frozen in an undeformed state (Fig. 5.26). This simple demonstration illustrates the
ability of the FMSi to hold a stretched, deformed configuration passively by leveraging the phase change of the Field’s metal particles. Furthermore, this on-demand
reconfigurability is fully reversible as demonstrated in the bottom row of Fig. 5.25
and extends the same concept presented in Fig. 5.24 to much larger applied strains.
We then used the FMSi to create an on-demand pop-up tactile display and a
bidirectional pneumatic gripper. In the pop-up tactile display (Fig. 5.27), flat bladders

Figure 5.25. The spring stiffness of a silicone composite specimen is evaluated at room temperature (blue
box) and when heated to 8̃0◦ (red box) by hanging weights from 0g to 500g in 50g increments. The spring
constant in the cold state is 3087N/mm; the spring constant is 590N/mm. This difference in spring stiffness
is reflected in the plot of stress vs. stretch, which additionally shows that the bahvior of the FMSi composite
in the cold state matches that of pure silicone. The bottom row shows (from right to left) the specimen
frozen while the 500g mass is applied with retracting slightly after the mass is removed, during the re-heating
to recover its shape, and after full recovery to its original shape.
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Figure 5.26. Plot comparing the spring stiffnesses of the FMSi in the
cold and hot states from Fig. 5.25. The spring constant in the cold
state is 3087N/mm; the spring constant is 590N/mm.
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Figure 5.27. FMSi film used to create pop-up displays in a silicone membrane patterned with flat, inflatable pockets. Heated and
inflated, frozen and deflated, heating, fully recovered.
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Figure 5.28. FMSi integrated into a pneumatically-actuated gripper
for bidirectional grasping.
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were first patterned into a silicone film, and a film of the FMSi composite was bonded
to the top. The FMSi was heated and the bladders were inflated, stretching the FMSi.
While maintaining the inflation, the FMSi film was allowed to cool, freezing into the
pop-up bubble shape. After the air is removed, the bubbles stay in an inflated shape,
creating a potential interactive display on demand. Upon heating the film again,
the display returns to a fully flat state. For the second application of the FMSi
composite, we fabricated a Pneunet powered soft gripper [90] out of a soft silicone
material (EcoFlex 00-50, Smooth-On) with the FMSi as a stiffer layer on the bottom
(Fig. 5.28). Upon inflation, the soft silicone stretched more than the stiffer FMSi,
causing the gripper to close downwards. While maintaining the inflation, the gripper
was placed in hot water, melting the Field’s metal particles. This resulted in the
bottom stiff layer to become even softer than the EcoFlex material, and for the
gripper to flip and close in the other direction with the FMSi on the outer stretched
layer. The gripper was then dunked in cold water to freeze the Field’s metal particles
in the flipped gripper configuration. After removing the inflation, the gripper stayed
in the closed configuration because the FMSi was frozen in a stretched state. Upon
re-immersion in hot water, the gripper reset itself into a flat configuration. Notably,
the ‘variable elasticity’ demonstrated by the Field’s metal-silicone composite has yet
to be demonstrated thus far, particularly in the fields of human-robot interaction or
soft robotics.

5.3.4

Conclusions

Field’s metal in general is a promising phase change material because its melting
temperature is so close to room temperature. The manufacturing method to create
Field’s metal particles at unprecedented volumes thus extends the potential impact
and utilization of Field’s metal because now it can be used as a functional inclusion
in a composite material system. We are motivated by the field of soft robotics and
thus are particularly interested in variable stiffness materials, such as Field’s metal.

169
By mixing the Field’s metal into specific polymers, namely epoxy and silicone, we
can leverage each material’s functional properties and extract even more use from
the composite than from the constituent materials separately. However, processing
and patterning bulk Field’s metal can be difficult compared to processing of polymerbased composites.
Field’s metal particles as inclusions in polymer-based composites yield enhanced
stiffness change when coupled with glass-transition polymers and endow elastomers
with variable elasticity properties. Here, we showed that Field’s metal particles in
an epoxy matrix increased the ‘cold’ stiffness of the material by up to 3×, and unlike permanently solid inclusions, did not raise the ‘hot’ stiffness. The addition of
carbon black particles allowed the electrical conductivity of the FM to contribute to
the overall electrical conductivity of the composite, allowing Joule heating to be used
to soften the epoxy and melt the Field’s metal. Silicone elastomers with embedded
Field’s metal particles exhibit increased stiffness compared to neat silicone both when
the Field’s metal is frozen and melted. We demonstrated that the particles can be
leveraged to perform stretch-and-hold operations, i.e. variable elasticity. Furthermore, the altered morphology of the Field’s metal particles during ‘stretch-and-hold’
results in anisotropic stiffness in the material.
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6. SUMMARY OF OTHER PUBLISHED WORKS
In addition to the work presented in the preceding chapters, I have also explored
other aspects relating to soft robotics and stretchable electronics. These works, which
include projects I have led and projects I have been a contributor to, will be presented
in the following categories: 1) robotic skins, 2) liquid metal patterning for stretchable
electronics, 3) further applications of the capacitive sensors, and 4) variable stiffness
elements.

6.1

Robotic Skins and Fabrics
M. Yuen, A. Cherian, J.C. Case, J. Seipel, R.K. Kramer, “Conformable

Actuation and Sensing with Robotic Fabric,” in IEEE/RSJ International
Conference on Intelligent Robots and Systems, Chicago, IL, 2014. [155]
This work presented robotic fabrics, wherein sensing and actuation methods were
sewn onto a fabric substrate to grant robotic functionality onto passive soft objects.
The sensors were composed of liquid metal injected into silicone microtubing to create resistive sensors. The actuators were composed of shape memory alloy wires
programmed to recall a coiled shape. Both of these components were purposely chosen and fabricated in fiber-like geometries to facilitate incorporation into fabric via
embroidery methods. In this paper, I demonstrated that the same fabric wrapped
around different foam blocks in orthogonal orientations can be used to create different
motions in the foam block, namely bending a virtual joint and compressing to squeeze
the foam block to a smaller cross-section. The sensors were able to provide qualitative
data to distinguish between stretching when bending a joint and compressing when
squeezing a foam block.
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J.W. Booth, D.S. Shah, E.L. White, M.C. Yuen, J.C. Case, O. CyrChoiniere, R. Kramer-Bottiglio, “Omniskins: Robotic skins that turn soft
objects into multifunctional robots,” Science Robotics, vol. 3, no. 22, p.
eaat1853, Sep. 2018. [175]
This work improved upon the previously presented idea of robotic skins. Here, the
Omniskins consisted of capacitive strain sensors and either McKibben pneumatic
contractile actuators or shape memory alloy coils affixed to either a fabric or an
elastomeric substrate. The sensors were positioned directly beneath the actuators to
measure the length of the actuators to perform closed-loop control of each actuator’s
length. Omniskins enable the ability to roboticize arbitrary soft objects. Because
the robotic function is integrated onto a soft, flexible 2D substrate, this functionality
can be transferred between various soft objects to create robots on-the-fly. This
capability was demonstrated on soft foam tubes to create a continuum manipulator,
on a shirt for a wearable posture tracker and haptic device, a single foam tube to
create inchworm-like locomtion, and on a tensegrity structure to make it roll. The
reliability of the capacitive strain sensors was instrumental in the success of this work.
J.C. Case, J.W. Booth, D.S. Shah, M.C. Yuen, R. Kramer-Bottiglio,
“State and Stiffness Estimation using Robotic Fabrics,” in 2018 IEEE International Conference on Soft Robotics (RoboSoft), Livorno, Italy, 2018.
[176]
J.C. Case, M.C. Yuen, J. Jacobs, and R. Kramer-Bottiglio, “Robotic
Skins that Learn to Control Passive Structures” (submitted)
This work utilized the robotic skin platform presented in [175] to directly estimate the
state and stiffness of an underlying soft body (here, a soft foam tube). To generate a
stiffness model of a soft foam tube core, the sensor output to actuator length behavior
was first characterized. Then, the actuators were contracted and the various sensors
arrayed around the core were interrogated and used to reconstruct the curvature of
the soft foam core and to then estimate the stiffness of the foam tube. This work was
extended to generate a model of the system stiffness for the purpose of feedforward
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controls (i.e. “learned“ feedforward models). In comparison to a generalized feedforward controls approach where the stiffness of the foam tube is not well-matched
to the actual stiffness, the “learned“ feedforward model yielded a better controlled
segment. Furthermore, by incorporating feedback with feedforward, the closed-loop
control of the segment was demonstrably faster than pure feedback, and was more
accurate than pure feedforward (“learned“ or generalized). Again, the success of both
of these works hinged on the reliability of the capacitive strain sensors.
D.S. Shah, M.C. Yuen, L. Tilton, E. Yang, and R. Kramer-Bottiglio,
“Morphing Robots Using Robotic Skins That Sculpt Clay,” (submitted)
This work branches off from the paired sensor-acutator embodiment of the previously
discussed robotic skins [175, 176] and embraces a new approach. The purpose of this
work is to sculpt passive clay-like bodies using a morphing skin to adapt to new
task requirements. Here, the task is to locomote over a surface by rolling, and then
morphing, to overcome the obstacle. The morhping skin and locomotion skin were
layered and wrapped around moldable clay. The morphing skin consisted of multiple
parallel cables sewn in parallel through a fabric substrate that when pulled, squeezed
the clay circumferentially into a smaller radius; the locomotion skin consisted of
multiple pneumatic bladders that inflated out of plane, creating a rolling motion when
wrapped around the clay and inflated in sequence. The presented work exhibits a new
platform of soft robots: using robotic clays to shape and thus leverage a moldable
passive body to adapt to new environments

6.2

Liquid Metal Patterning for Stretchable Electronics
M.C. Yuen and R.K. Kramer, “Fabricating Microchannels in Elastomer

Substrates for Stretchable Electronics,” in ASME 2016 International Manufacturing Science and Engineering Conference, Blacksburg, VA, 2016. [25]
Liquid metal-based electronics are often fabricated from elastomers that have been
patterned with void microchannels that are then filled through injection of liquid

173
metal. In this work, I explored three methods of embedding microchannels into elastomer substrates: molding using 3D printed molds, additively manufacturing the
elastomer body, and subtractively manufacturing the channels via laser etching. The
conclusion of this work is that molding microchannels offers varying degrees of fidelity
to the designed cross-section; the success of additive manufacturing of microchannels
is highly dependent on the material used and the printer capability; and laser etching of microchannels offers a repeatable method of creating microchannels of various
sizes.
S. Liu, M.C. Yuen, E.L. White, J.W. Boley, B. Deng, G.S. Cheng,
R. Kramer-Bottiglio, “Laser sintering of liquid metal nanoparticles” ACS
Applied Materials & Interfaces, vol. 10, no. 33, pp. 28232-28241, Aug.
2018. [177]
S. Liu*, M.C. Yuen*, and R. Kramer-Bottiglio, “Reconfigurable electronic devices enabled by laser-sintered liquid metal nanoparticles” (submitted)
These works present the method and application of laser sintering as a way to activate liquid metal nanoparticle films into conductive patterns. The creation of liquid
metal nanoparticles and their activation into conductive traces via mechanical sintering is first presented in [178] and further explored in [179]. The liquid metal
nanoparticles are composed of eutectic gallium-indium alloy which is liquid at room
temperature. Because the material forms a gallium oxide skin in the presence of an
oxygen-containing atmosphere, drops (or nanoparticles) of the liquid metal exhibit
an effectively high surface-tension. Mechanical sintering is a method of physically
exerting sufficient pressure onto the particle films to rupture the oxide skin, allowing
the interior core liquid metal to flow out and coalesce into conductive traces.
In contrast, laser sintering is a non-contact, digital-fabrication method to pattern
these conductive traces into nanoparticle films [177]. The liquid metal nanoparticle
film was first fabricated by spray-printing the ethanol-laden liquid metal nanoparticle
ink onto a substrate (glass and silicone). The film was then sintered at various
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power settings and the sheet resistance was measured to evaluate the effect of laser
sintering parameters on the resulting conductive trace. The underlying phenomena
of laser sintering consisting of oxide ablation and thermal treatment was presented.
Finally, we demonstrated that laser sintering liquid metal nanoparticle films can be
used to create flexible circuits, multilayer devices, and intricate complex patterns
were presented. We followed up on this work by leveraging the ability to digitally
design and fabricate the conductive traces to create patterns with tunable resistance
and capacitance. These passive components were then integrated with an integrated
circuit to create opamp circuits with tunable gain. We chose specifically to create
these devices on a selectively etched copper-clad polyimide film. This materials and
manufacturing choice enables reconfigurability of the device through erasure of the
liquid metal film from the substrate through acid or base etching, and then re-printing
and re-sintering to pattern new devices onto the same substrate. Furthermore, we
demonstrated that the conductive traces can be made stretchable by laser cutting
kirigami-inspired slits into the polyimide substrate. The presented approaches pave
the way for flexible and stretchable electronic devices.

6.3

Further Applications of Capacitive Sensors

6.3.1

Multi-Frequency Interrogation of Large-Area Capacitors

E.L. White, M.C. Yuen, and R.K. Kramer, “Distributed sensing in
capacitive conductive composites,” 2017 IEEE SENSORS, Glasgow, UK
2017, pp. 1-3. [180]
H.A. Sonar, M.C. Yuen, R. Kramer-Bottiglio, and J. Paik, “An anyresolution pressure localization scheme using a soft capacitive sensor skin,”
in 2018 IEEE/RSJ International Conference on Soft Robotics (RoboSoft),
Livorno, Italy, 2018. [181]
In these works, we leveraged the large-area of the capacitive structures and used a
multi-frequency interrogation method to localize deformations in the capacitor. The
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capacitor can be considered to be a network of resistors making up each electrode
with a corresponding array of capacitors between the two electrodes. Because the
resistance and capacitance is finite and measurable, the measured impedance (magnitude and phase lag) of the capacitor changes as the capacitor is interrogated at
different frequencies. As the interrogation frequency increases, the effective size of
the capacitor decreases due to attenuation in the equivalent RC network. Therefore,
by measuring the impedance characteristics at various interrogation frequencies, the
location and magnitude of the deformation can be determined.
In [180], a long 1D capacitive sensor was modeled as being composed of five stretchable segments each separated by inextensible (capacitive) segments. We trained an
artifical neural network on the modeled impedance response under 100 loading conditions, with 10 interrogation frequencies and thus, impedance measurements, applied
to each loading condition. From this study, we demonstrated that it is possible to
determine both the location and magnitude of strain applied to a long 1D capacitive
strain sensor. In [181], a large 2D capacitive pressure sensor was fabricated with a
soft compressible silicone foam dielectric layer. Using the same approach presented
in [180], we first modeled the large area capacitor as being composed of a network of
resistors and capacitors and verified that the interrogation signal attenuates to -3dB
at different distances away from the probe location depending on the interrogation frequency. We demonstrated the utility of this pressure localization method by showing
successful localization of pressure achieved by training a support vector machine to
serve as a classifier. Furthermore, because the device is a monolithic capacitive structure, we demonstrated that the area could be arbitrarily divided into a pixelated grid
to create an any-resolution pressure-localization device. These works demonstrate the
potential of using an arguably more complex electrical component to perform more
complex tasks: measurement and/or localization of multiple values of deformation in
a single device. Alternate approaches have required many more interfaces and signal
measurement electronics to evaluate many points of deformation.
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6.3.2

Wearable Sensory Garments

J.C.S. McCaw, M.C. Yuen, and R. Kramer-Bottiglio, “Sensory Glove
for Dynamic Hand Proprioception and Tactile Sensing,” in 2018 ASME
2018 International Design Engineering Technical Conferences & Computers and Information in Engineering Conference, 44th Design Automation
Conference, Quebec City, Canada, 2018 [182]
In this work, capacitive sensors were used to instrument each finger of a glove. The
glove was then used for hand proprioception: measuring the degree of bend of each
finger and/or the pressure applied at each fingertip. The instrumented glove was used
to demonstrate the ability to capture the American Manual Alphabet commonly used
as a part of American Sign Language. The glove was also used to teleoperate a robotic
arm, with each finger controlling the angle of different joints.
V.J. Barone, M.C. Yuen, R. Kramer-Bottiglio, and K.H. Sienko, “Sensory garments with vibrotactile feedback for monitoring and informing
seated posture” (submitted)
In this work, we improved upon the 3-layer capacitive sensors by extending the ground
layer to wrap around the measurement electrode, creating 50-layer sensors, as detailed
in Ch. 3. The sensor was affixed to a shirt in the lower back region and used to monitor
the lumbar joint angle to differentiate between user-defined good and poor posture.
A vibratory motor was used in parallel as a haptic display. The efficacy of the sensory
garment, comprising the sensor and motor, was evaluated on various subjects for: its
accuracy in capturing the subject’s posture, the utility of the garment in maintaining
good posture, and the general comfort of the garment. First, the sensory garment’s
reconstruction of the lumbar angle matched well to the posture captured by videobased motion capture. We showed that the sensory garment were sufficient to aid
the wearer in maintaining their seating position in the good posture zone, and was
generally comfortable to wear.
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6.4

Variable Stiffness Elements
T. L. Buckner, E. L. White, M. C. Yuen, R. A. Bilodeau, and R. K.

Kramer, “A move-and-hold pneumatic actuator enabled by self-softening
variable stiffness materials,” in 2017 IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS), Vancouver, BC, 2017, pp.
3728-3733. [172]
In this work, an epoxy material was embedded with expanded graphite particles. The
graphite inclusions rendered the material conductive, creating a conductive epoxy
composite that can self-Joule heat to transition it above its glass transition temperature. The utility of this material was demonstrated by pairing the variable stiffness
material with a pneumatically-actuated bending actuator. The variable stiffness material provided a strain-limiter that caused bending when softened; when rigid, it was
able to hold a bent configuration and further inflation did not result in any further
motion.
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7. SUMMARY
Robotic systems require reliable sensing, actuation, and structural elements. While
traditional, rigid robots have various commercial options available, the same cannot
be said of soft robotic systems. This dissertation presented sensors and responsive
structures for soft robotic systems.
Chapter 2 presented development of highly reliable capacitive sensors for soft
robots. The capacitive sensors are composed of conductive silicone composite layered
with dielectric silicone to create a parallel-plate capacitive structure. The fabrication
process for creating the conductive silicone composite was presented and was found to
be robust to variance in the processing parameters. Using the conductive composite,
the sensors were fabricated using a film-based approach to create stand-alone sensors,
screenprinting to embed sensors into fabrics in large batches, and direct-writing to
pattern sensors into fabric substrates. The sensors were then characterized, showing
that the sensors have a linear output to applied strain. Notably, the sensors were
shown to operate over tens of thousands of cycles, and could withstand strains of 275%
with no loss in functionality. By thoroughly defining the operating characteristics of
the capacitive strain sensors, they were primed for widespread integration into soft
robotic systems. The rigor of these characterization tests is a contribution to the
greater field of soft robotics as it raises the standards for development of future
devices so that they may be more readily integrated into soft robots.
Chapters 3 and 4 presented the application of the sensors to soft robot systems.
Chapter 3 discussed the application of the sensors to fabric sensory sleeves to perform state reconstruction and closed-loop control of fabric-based pneumatic actuators.
Chapter 4 presented how the sensors can be embedded in soft robots for multi-modal
feedback and for closed-loop curvature control of a bending actuator. In addition
to the works presented here, the sensors have also been used in other published
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works [175, 176, 180–182] as well as other forthcoming publications. The widespread
use of the sensors is a testament to the reliability of the sensors and sensor fabrication method. Furthermore, the versatility of the materials-manufacturing approach
enabled the creation of sensors in a variety of different configurations and constructs.
The abundance of sensor morphologies demonstrated in Chapters 3 and 4 illustrates
the broader contribution of how the collective of materials and manufacturing approaches presented in Chapter 2 is a versatile approach to creating soft deformation
sensors. Additionally, the soft robot design methodology discussed in Chapter 4 is a
further contribution to the field as it presents a path towards controllable soft robots
via their physical design and constituent materials. Moreover, the reduced materials
and simplified design enabled the use of more accessible finite element analysis tools
to model the system and iterate through different designs more rapidly to reach a
more optimal design.
Chapter 5 presented variable stiffness elements for responsive structures. Active
variable-stiffness fibers were fabricated by integrating a shape-memory-alloy actuation
wire alongside a thermoplastic filament for variable stiffness. A Joule-heatable wire
was embedded in the thermoplastic filament transition the thermoplastic from a stiff
glassy state to a soft rubbery state. The combination of actuation with variable stiffness enabled move-and-hold operations. Composites made with Field’s metal particle
additives in epoxy and in silicone were presented. The epoxy-based composite was
shown to have an enhanced range in stiffness modulation, relative to pure epoxy. The
silicone-based composite could be programmed to have mechanical anisotropy which
can be leveraged to perform stretch-and-hold operations. This chapter presented
two contributions to the field: a manufacturing process that combines thermally responsive actuation and structural materials in fiber-form, which enabled the first
demonstration of hybrid actuation and variable stiffness fibers; and a formulation for
a composite material that simultaneously leverages the stretchability of its matrix
and the solid-liquid phase change of its inclusions for mechanically programmable
anisotropy.
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In conclusion, this dissertation has presented high-deformation sensors with proven
reliability and applicability toward feedback control of soft robots, and responsive
structures enabled by variable stiffness elements. These sensors and responsive structures are a vital part of reliable hardware platforms required for further progress in
the field of soft robotics.
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