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SUMMARY

Mechanical compliance in robotic systems facilitates safe human-robot interac-
tion and improves robot adaptation to environmental uncertainty. Several promising
compliant actuator technologies have emerged from the eld of soft robotics, in par-
ticular the pneumatic arti cial muscle|a soft, lightweight actuator that contracts
under pressure. The pneumatic muscle's passive compliance eliminates the need for
precise high-bandwidth actuator control to simulate mechanical impedance. However,
the pneumatic muscle is limited in practical robot applications|particularly, without
sacri cing robot agility|Jdue to several key challenges: development of compatible
soft sensors, translation of conventional high-level control and planning techniques to
pneumatic muscle-driven systems, and limitations in pneumatic muscle pressurization
rate and force generation capabilities.

This work seeks to address these challenges, via a threefold approach, to access
the bene ts of compliant robot actuation while maximizing the robot's dynamic ca-
pabilities. The rst objective targets the development of a pneumatic muscle design
with integrated sensing to enable kinematic and dynamic state estimation of muscle-
actuated robots without hindering muscle compliance. The second objective focuses
on the construction of a trajectory optimization framework for planning dynamic
robot maneuvers using 'burst-in ation' muscle pressure control. Finally, the third
objective explores a design optimization strategy utilizing biological joint mechanisms

to compensate for pneumatic muscle limitations and maximize robot agility.

XV



CHAPTER 1
INTRODUCTION

Soft robotics is an emergent research area within the robotics eld that promises safer
and more robust solutions to challenges in human and machine mobility. Tradition-
ally, roboticists devise sophisticated strategies relying on precise sensing to control
rigid motor-driven robots in an attempt to simulate animal-like exibility and grant
robots a gentler touch. Conversely, soft robotics seeks to build mechanical intelligence
into robots using soft, exible, and lightweight materials (like those found in living
organisms) that adapt to humans and their surroundings. In this way, soft robotics
enables simpler control, safer human-robot interaction, and increased resilience in
uncertain environments.

This work focuses on coupling one of the most well-known soft robot actuators|
the pneumatic arti cial muscle|with rigid structures to enhance robot adaptability
while maintaining some of the advantages of traditional robotic systems, namely, high
force transmission capabilities and robust rigid body dynamics modeling techniques.
The pneumatic arti cial muscle is a low-mass linear actuator composed of an elas-
tomeric bladder constrained by helically-wrapped bers that contracts up to thirty
percent when pressurized, as shown in Figure 1.1. A single muscle or an antagonistic
pair can be connected to a pulley or lever arm to actuate a hinge joint (replacing an
electric motor), providing mechanical compliance with high torque capability. Con-

sider the bene ts of soft actuation in the following applications:

1. Inherent safe contact dynamics: an assistive mobile manipulator with exible
robot arm to help physically-impaired individuals with activities of daily liv-
ing, like feeding and dressing. The low mass of pneumatic muscles signi cantly

reduces arm inertia, lessening the consequences of collisions, while the intrinsic

1



compliance facilitates safe physical interaction between human and robot.

2. Biomechanical compatibility: alower-body exoskeleton that provides assis-
tance at the knee joint to reduce metabolic cost during locomotion while carry-
ing a heavy load. The compliant actuators used on this device apply smooth,
biologically-similar assistive forces that safely and comfortably augment the
user's leg muscles. Replacing motors and gearboxes with pneumatic muscles
also allows for a substantial reduction in distal mass along the leg, which, in a

wearable device, can reduce user fatigue during prolonged use.

3. Environmental adaptation: alegged exploration robot designed to navi-
gate challenging and hazardous environments with irregular terrain and unpre-
dictable obstacles. In these settings, legs signi cantly improve robot mobility
versus wheels, but are more di cult to control: each step must be carefully
planned to ensure robot stability. With soft actuators built into each leg, how-
ever, the robot can exploit leg compliance to mechanically adapt to the terrain

rather than rely on complex control algorithms.

Figure 1.1: Pneumatic arti cial muscle: vented muscle at nominal length (top), in ated
muscle near max contraction length (bottom).

While the morphological approach to robot adaptation illustrated in these three
examples has been shown e ective for simple systems, soft robot technologies are still
quite limited in practical applications. The most substantial challenges are: compat-
ible soft sensing technologies, limitations in soft actuator speed and force generation

capabilities, and application of conventional robot planning and high-level control



techniques to soft robotic systems [1[{[6]. Consequently, this thesis seeksino
prove the performance of pneumatic muscle-driven robots, speci cally to

enable the fast dynamics capabilities required in assisted human locomo-

tion and for propulsion of human-scale legged mobile robots . A threefold

approach is taken to address these challenges:

1. Objective 1: Develop a pneumatic muscle design with integrated sensing to
enable kinematic and dynamic state estimation of muscle-driven robots without

sacri cing the muscle's compliant nature.

2. Objective 2: Develop a modeling approach for pneumatic muscle-driving rigid
body robots using a combination of analytical and data-driven models. Incorpo-
rate this model into a trajectory optimization framework for planning dynamic
robot motions that can be executed on a real robot with pneumatic control

hardware suited for mobile systems.

3. Objective 3: Investigate the use of biologically-inspired joint mechanisms to
maximize robot performance by compensating for pneumatic muscle limitations

in force versus contraction length and in ation speed.

This thesis addresses the three objectives over the next ve chapters, further moti-
vating each objective by examining the current state-of-the-art in the eld. Chapter
2 outlines pneumatic muscle sensing technologies that have previously been inves-
tigated, highlighting the lack of combined position and force sensing capabilities.
The design of a pneumatic muscle with integrated room-temperature liquid metal
strain sensors for muscle length and contraction force estimation is then detailed and
sensorized muscle performance is evaluated on a single degree-of-freedom (DOF) link-
age. The de ciencies of this sensing approach spur the development of a novel optical
re ectance sensor in Chapter 3. The optical sensors are integrated into a new pneu-

matic muscle design for improved kinematic and dynamic muscle state estimation.

3



Two antagonistic pairs of sensorized muscles are con gured on a planar 2-DOF arm
to evaluate sensing performance.

In chapter 4, a complete pneumatic muscle-driven robot model is developed. The
selection of "burst in ation' robot control strategy is rst explained, as this largely
dictates pneumatic system dynamics. A range of techniques for modeling pneumatic
system and muscle dynamics are then laid out, and an approach is chosen to balance
model accuracy with simplicity. Additionally, the formulation of rigid body dynamics
used in this work is reviewed. The muscle-driven robot model laid out in this section
is utilized in the subsequent chapters for trajectory planning and design optimization.

Chapter 5 builds a trajectory optimization framework for pneumatic muscle-driven
robot motion planning using factor graphs. The pneumatic system, muscle, and rigid
body models are incorporated into a robot trajectory factor graph as constraint factors
and the graph is solved to calculate the valve open and close times that achieve a
desired robot trajectory or target state. To evaluate this approach, a two-legged
pneumatic muscle-driven jumping robot is designed and fabricated. A trajectory
factor graph is constructed for the jumping robot and used to plan a range of vertical
jumps. Pneumatic system dynamics and robot kinematics are then compared for
simulated and experimental jumps run using optimized valve timing sequences.

In chapter 6, biological muscle force transmission mechanisms in animal jumping
are reviewed: specically, the e ects of series elasticity (tendons) and joint angle-
dependent mechanical advantage (resulting from musculoskeletal structure) on jump-
ing biomechanics are considered. Inspired by animal morphology, this chapter in-
vestigates whether series elasticity and variable mechanical advantage can similarly
improve the performance of pneumatic muscle-driven robots. A sequence of design
optimizations are run for the jumping robot to characterize the impacts of series
elasticity and joint angle-dependent moment arm on jump height; the study includes

consideration for the interaction of pneumatic muscle activation timing and nominal



muscle length with sti ness and moment arm design parameters.

Finally, Chapter 7 summarizes the overall research contributions of this thesis and
elucidates the context in which pneumatic muscles may be best utilized for mobile
robotic systems. Signi cant conclusions and lessons learned are highlighted for each
of the three objectives addressed in this work, and future research directions are laid

out for pneumatic arti cial muscle-driven robots.



CHAPTER 2
LIQUID METAL STRAIN SENSOR

For human-robot interaction applications, position and force sensing are critical to
safe and robust robot control but are challenging to implement for soft robot actu-
ators. Speci cally, it is di cult to incorporate traditional position and force sensors
without sacri cing the soft, compliant nature of the actuator. Thus, the rst objec-
tive of this work is to develop and integrate compatible soft sensors into one of the
most utilized soft actuators|the pneumatic arti cial muscle|to provide compliant
actuation with built-in kinematic and dynamic sensing capabilities.

Recent literature has explored various methods of integrating soft sensors directly
into pneumatic muscles, including resistive sensors using conductive silicones, liquid
metals, and braided threads [7]{[10], inductive sensors via conductive wires wrapped
around muscles [11], [12], and optical sensors [13]. Most sensing methods focus on
measuring muscle displacement and rely on external pressure transducers for approxi-
mating muscle force [12], [14], [15]. Alternatively, one group measured muscle pressure
only, as a proxy to force output measurement [16]. However, there are several ad-
vantages to measuring both muscle length and pressure (or equivalently, length and

force) via muscle-integrated sensing:

" The number of external sensors is reduced (no external pressure transducer),
and less pneumatic connections are required, making it easier to incorporate

sensing and actuation into robotic systems.

" Pressure measurement directly at the muscle is more temporally accurate than
measurement via external transducers upstream that do not capture the tran-

sient pressure dynamics of downstream components. This is especially impor-



tant for fast robot dynamics with rapid muscle in ation, as well as for high-

bandwidth force estimation.

While these bene ts motivate the integration of both length and force sensing into
pneumatic muscle designs, only one investigation was found in which both muscle
contraction force and length were estimated from integrated sensing [17]. This was
achieved by measuring the inductance and resistance of conductive wire braids woven
around the muscle. The authors evaluated only position estimation on a 1-DOF
system.

The approach detailed in this chapter seeks to achieve position and force sens-
ing via the use of eutectic gallium indium (EGaln) liquid metal sensing: two EGaln
sensors are incorporated into each muscle to measure both contraction and pressure
[18]. While preliminary sensor results are promising, muscle force estimation accu-
racy su ers in practice due to poor pressure sensing resolution. Furthermore, several
issues inherent to EGaln sensors limit their potential outside of a laboratory setting,
including complexity of sensor fabrication, oxidization of EGaln causing sensor base-
line drift over time, circuit disconnection at the EGaln-wire lead interface, and EGaln

leakage out of the sensor.

2.1 Methodology

A number of pneumatic bending actuator designs have demonstrated the use of room-
temperature liquid metal strain sensors to measure actuator curvature [19]{[21]. Sim-
ilarly, a pneumatic muscle was designed with a liquid metal- lled helical microchannel
embedded in the muscle bladder to measure muscle contraction [9]; this helical mi-
crochannel design, along with several other non-liquid strain sensor concepts [8], [10],
relies on the coupling between muscle length and diameter to infer length change from
overall muscle expansion.

The sensorized muscle detailed here utilizes the liquid metal strain sensor to mea-
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sure both muscle contraction and force [18]. Instead of estimating muscle contraction
via muscle diameter, a linear strain sensor is enclosed inside the muscle along its
axis to measure muscle length directly. To infer muscle force, a second strain sensor
is wrapped around the outer circumference of the muscle, measuring the combina-
tion of overall muscle diameter and local muscle bladder deformation between muscle
threads. By spacing the helically-wrapped threads that constrain muscle geometry
further apart, the muscle bladder increasingly balloons out between threads as internal
pressure is increased, such that muscle length and diameter are e ectively decoupled.
Muscle force can then be inferred from muscle pressure-length-force characterization

data.

Design overview.  The pneumatic arti cial muscle design consists of a cylindrical
silicone elastomer bladder embedded with Kevlar threads to constrain the motion
of the bladder under pressure. The use of discrete threads{{rather than the more
typical woven thread mesh sleeved around the muscle bladder|allows for customiz-
able thread spacing and orientation, as well as a reduction in friction between the
constraining threads and the muscle bladder material. A eutectic gallium-indium
(EGaln) strain sensor wraps around the outer diameter of the bladder at the mid-
point along the muscle axis to measure the radial bladder deformation (Figure 2.1a).
A second EGaln sensor is enclosed in the muscle bladder and positioned along the
muscle's axis of contraction to measure length (Figure 2.1b). The use of both axial
and radial sensors enables estimation of muscle length and pressure solely from muscle

sensor data.

2.1.1 Designand fabrication

Axial sensor. The axial sensor inside the muscle is comprised of a 30@ mi-

crochannel lled with EGaln (Sigma-Aldrich Co.) that is encapsulated in an Eco ex



Figure 2.1: (a) Pneumatic arti cial muscle with radial EGaln liquid metal strain sensor;
(b) section view of muscle showing axial EGaln sensor. Large spacing is used between
muscle constraining threads (yellow).

30 platinum-cure silicone substrate (Smooth-on Inc.). Eco ex 30 has a low elastic
modulus, minimizing the force required to strain the sensor; the maximum tensile
force exerted by the axial sensor at the full length of the pneumatic muscle is 0.67 N.
The sensor is fabricated using conventional soft lithography techniques [22]: two
silicone sheets are cast using 3D-printed molds; one of the molds contains a raised
channel feature to imprint the channel geometry into the silicone sheet, while the
other mold produces a at sheet (Figure 2.2a). The two sheets are bonded using
Sil-Poxy silicone adhesive (Smooth-on Inc.). Then, the embedded channel is lled
with EGaln via a hypodermic needle, and wire leads are attached to the ends of the
channel (Figure 2.2b). 3D-printed grips with threaded features for connection inside
the muscle are connected to both ends of the sensor. The nominal resistance of the
axial sensor design, prior to being installed inside the muscle in a pre-strained state,

is approximately 0.7 ohms.

Radial sensor. The radial sensor is fabricated in a manner similar to the axial
sensor, with one additional step: after creating the sensor and lling its channel with
EGaln, the sensor is placed in a cylindrical mold and silicone is added to connect the
ends of the sensor together (Figure 2.2c). This produces a cylindrical sensor band
that ts snugly around the outer diameter of the pneumatic muscle. The nominal

resistance of the radial sensor design is approximately 1 ohm.



Figure 2.2: Sensor fabrication process{a) cast two sensor layers{b) bond layers, inject
with EGaln, and cast in cylindrical mold. For radial sensor, (c) bond sensor ends with
silicone in mold. (d) Radial sensor band.

Pneumatic muscle.  The pneumatic arti cial muscles are fabricated over four
steps, as shown in Figure 2.3, by casting Dragon Skin 10 SLOW platinum-cure silicone

(Smooth-On Inc.) into 3D-printed molds (Objet30 Prime, Stratasys) and intermedi-

ately embedding structural components:

1. Silicone is injected into mold assembly 1 around a cylindrical inner mold to
create a half-thickness muscle bladder (Figure 2.3a). As part of this step, one
of the end plugs is embedded at one end of the muscle. Additionally, raised
features on the inner surfaces of the outer molds created helical grooves on the

outer surface of the bladder.

2. The helical grooves are then used for guidance in wrapping the Kevlar threads
(0.36 mm diameter) around the muscle bladder (Figure 2.3b). Slots in the
embedded end plug and in the base of the inner mold are used to constrain the
threads. Eight threads each are added in the clockwise and counterclockwise
directions, respectively, att 22° from the muscle axis. This angle was chosen to
achieve a balance between axial contraction and radial expansion of the muscle

[23].
3. A second layer of silicone is cast around the inner muscle bladder and Kevlar
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threads, encapsulating the threads at the mid-thickness of the muscle outer
wall (Figure 2.3c). Extra thread length at the free end of the muscle is tucked
into an opening at the bottom of the inner mold so that the threads can be

subsequently connected to the second end plug in step 4.

4. The axial sensor is connected inside the muscle; the sensor wires are routed
through two passages in the end plug and the holes are sealed with Sil-Poxy.
The extra Kevlar thread lengths from step 3 are connected to the second end
plug and the plug is sealed into the open end of the muscle (Figure 2.3d). To
securely x the threads at both ends of the muscle, conical inserts are screwed

into the tops of both end plugs

Figure 2.3: Pneumatic muscle fabrication processi(a) cast half-thickness silicone bladder
with embedded end plug,(b) wrap bladder with Kevlar threads, (c) cast second layer of
silicone onto bladder to encapsulate Kevlar bers,(d) add sensor and end plug.

2.1.2 Sensorizednusclecharacterization & calibration

Control and data acquisition. For muscle and sensor characterization, as well as
experimental evaluation in the subsequent section, pneumatic muscle pressure control

was performed using solenoid valve pulse-width modulation to control air ow from
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a diaphragm pump to the muscle (Figure 2.4). A proportional-derivative controller
implemented on an Arduino MEGA 2560 was used to modulate the PWM duty
cycle of the valve based on pressure transducer feedback and the desired pressure
setpoint. The Soft Robotics Toolkit was used as a reference in selecting pump and
valve components for the controller [24].

EGaln sensor voltages were recorded via an NI myDAQ device (National Instru-
ments Co.). Sensors were con gured in a voltage divider circuit and the sensor voltage
was ampli ed using an operational ampli er with a nominal gain of 470. Additionally,

a capacitive lIter was added to Iter high frequency sensor noise.

Figure 2.4. Pressure control schematic: blue lines represent uidic connections, green lines
represent signal connections, and black lines represent power connections.

Muscle characterization. Each pneumatic muscle was characterized over a set of
blocked force tests, in which the muscle was xed in an Instron electromechanical
test frame and allowed to contract slowly under a xed internal pressure. Tests were
performed at pressures between 3.4 kPa (0.5 psi) and 41.4 kPa (6 psi), stepped by 3.4
kPa (0.5 psi) increments. Before each test, the muscle was connected to the Instron
crosshead and the load cell was zeroed; the muscle was then preloaded to 0.44 N (0.1
Ibf) in its unpressurized (maximum length) state to ensure all slack was removed.
Throughout each run, the pressure controller maintained a constant pressure setpoint,

while the Instron crosshead moved in the direction of muscle contraction at a rate
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of 20 mm/minute. The test stopped when the applied force dropped below 0.44 N
(0.1 Ibf). The average peak force generated by this pneumatic muscle design at 41.4
kPa (6 psi) was 64.1 N (14.4 Ibf). Across the four muscles tested, the maximum force

variation was 5.8 N (1.3 Ibf); blocked force results are shown in Figure 2.5.

Figure 2.5: Pneumatic muscle blocked force data: third-order polynomial curves t to
raw data.

Sensor characterization. Sensor response was characterized over the full oper-
ating range of the pneumatic muscle. Each muscle was in ated from O to 55.2 kPa
(8 psi) and de ated back to 0 kPa for ten cycles. Muscle length and diameter were
measured at each pressure using ducial markers attached to the muscle. The average
axial contraction across all four muscles tested was approximately 16.7 mm, or 23%
of the inner muscle length (average of 73.3 mm). The average radial expansion was
16.3 mm, or 81% of the outer muscle diameter. The average voltage change for the
axial sensor across the entire contraction range for all four muscle prototypes was 1.6
V, while the average change for the radial sensor was 2.2 V. The muscle prototype in
Figure 2.6 showed the smallest axial and radial sensor voltage ranges across all four
muscles.

Additional testing was performed to determine the sensitivity of the axial sensor
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Figure 2.6: Pneumatic muscle prototype sensor characterization:(a) muscle contraction
and (b) corresponding axial sensor responség) diametral expansion and(d) corresponding
radial sensor response.

to ambient pressure inside the muscle. The axial sensor was electrically connected to
a milliohm meter (GW Instek, Ltd.) and sealed inside a pressure vessel. The vessel
was pressurized in 6.9 kPa (1 psi) increments up to 103 kPa (15 psi) and the sensor

resistance was recorded at each pressure. Sensor resistance increased by only 0.007

ohms over the entire pressure range, about 1% above the nominal resistance.

Muscle length & force estimation. For each pneumatic muscle, third-order poly-
nomial curves were t to axial contraction versus axial sensor voltage data and diame-
tral expansion versus radial sensor voltage data (Figure 2.7). The axial sensor curve
allows for direct measurement of muscle length. Together, both sets of sensor charac-
terization data allow for estimation of internal muscle pressure from contraction and

diameter measurements, as shown in Figure 2.8. Then, muscle length and pressure
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estimates can be used to estimate muscle contraction force from blocked force data

(Figure 2.5).

Figure 2.7: Third-order calibration curves for axial sensor-muscle contraction and radial
sensor-diametral expansion.

2.2 Experiments and Results

To evaluate sensorized pneumatic muscle force estimation accuracy, experiments were
performed with a single sensorized muscle and an antagonistic pair connected to a
one degree-of-freedom hinge joint linkage. Axial and radial sensor data were used to

estimate applied linkage end-e ector force.
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Figure 2.8: Muscle diametral expansion versus pressure for a range of xed muscle con-
traction lengths.

Figure 2.9: One degree-of-freedom experimental test setup actuated by an antagonistic
pair of pneumatic muscles with EGaln liquid metal sensors.

2.2.1 Static force experiment

Static force testing was performed with a single muscle connected to the linkage by
measuring the end-e ector force as the end-e ector was held xed and the muscle
was pressurized. The muscle was con gured on the linkage to achieve a range of
motion from 0 degrees at maximum muscle length to approximately 25 degrees at
full contraction (55.2 kPa, 8 psi). Tests were performed at O and 10 degrees, with
muscle pressures from 0 to 41.4 kPa (6 psi). At each test pressure, the reaction
force at the end-e ector was measured via a low-friction pulley system connecting

the end-e ector to the Instron load cell. The linkage was set up in the horizontal
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