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Abstract

In recent years, soft materials have seen increased prevalence in the design of robotic
systems and wearables capable of addressing the needs of individuals living with disabilities. In
particular, pneumatic artificial muscles (PAMs) have readily been employed in place of
electromagnetic actuators due to their ability to produce large forces and motions, while still
remaining lightweight, compact, and flexible. Due to the inherent nonlinearity of PAMs however,
additional external or embedded sensors must be utilized in order to effectively control the overall
system. In the case of external sensors, the bulkiness of the overall system is increased, which
places limits on the system’s design. Meanwhile, the traditional cylindrical form factor of PAMs
limits their ability to remain compact and results in overly complex fabrication processes when
embedded fibers and/or sensing elements are required to provide efficient actuation and control.

In order to overcome these limitations, this thesis proposed the design of flat pneumatic
artificial muscles (FPAMSs) capable of being fabricated using a simple layered manufacturing
process, in which water-soluble masks were utilized to create collapsed air chambers. Furthermore,
hyperelastic deformation models were developed to approximate the mechanical performance of
the FPAMs and were verified through experimental characterization. The feasibility of these
design techniques to meet the requirements of human centered applications, including the
suppression of hand tremors and catheter ablation procedures, was explored and the potential for
these soft actuation systems to act as solutions in other real world applications was demonstrated.
We expect the design, fabrication, and modeling techniques developed in this thesis to aid in the
development of future wearable devices and motivate new methods for researchers to employ soft

pneumatic systems as solutions in human-centered applications.
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Chapter 1: Introduction

1 Introduction

1.1 Motivation

The United States is home to over 37 million people with reported cases of disabilities [1].
Of this population over 7 million suffer from amputation, with countless others suffering from
neuromuscular disabilities caused by various conditions including stroke, heart disease, illness, or
physical accidents [1, 2]. In response to these statistics, researchers have dedicated a great deal of
effort towards the design of assistive wearable devices, such as prosthetics and exoskeletons, to
improve the livelihoods of those who suffer from these ailments [3, 4]. In most cases these systems
rely on rigid architectures, and include passive assistive devices, as well as active devices that are
mechanically actuated by electromagnetic motors. However, there are many issues with wearable
devices designed in this manner. Firstly, these rigid designs are inherently dangerous due to having
a higher stiffness than that of organic tissue. Oftentimes, situations arise in which the rigid system
inadvertently collides with the user’s body, resulting in various degrees of physical damage.
Secondly, in order to increase the functionality of these devices, additional electromechanical
actuators must be introduced, increasing the overall size and weight of the system. Furthermore,
the additional bulkiness and weight of the developed systems, especially in cases where
electromagnetic motors are employed with gear trains, limit the maneuverability of the user and
cause severe discomfort over extend use.

Fortunately, the advent of soft matter technologies and soft robotic solutions has begun to
change the technological landscape. Utilization of soft polymers and the discovery of non-toxic
conductive fluids [5, 6], has led to the creation of lightweight, flexible, and compliant actuators

and sensors which can be integrated into human scale wearable devices, both large and small,



Chapter 1: Introduction

improving functionality without over taxing the user. These technologies include, conductive
polymeric sensors [7], dielectric elastomer actuators (DEA) [8, 9] and shape memory alloys (SMA)
[10, 11] which operate using electricity and heat respectively. In addition to these devices,
pneumatic artificial muscles (PAM) [12, 13, 14] and conductive microfluidic sensors [15, 16, 17,
18] serve as a key component of the soft robotics toolkit.

PAMs specifically standout amongst this group of soft actuators due to their ability to
produce human scale forces and displacements through the simple application of pressure
gradients to induce inflation or deflation [12, 13, 14]. In addition, PAMs can be employed in a
multitude of applications due to their operational versatility. Researchers and designers can
combine soft polymeric substrates and flexible yet inextensible materials in different
configurations to induce bending, twisting, extension, contraction, fortification, or any
combination of these actions [12, 19, 20, 21]. These properties make PAMs a favorable alternative
to the traditional electromechanical devices, and a particularly interesting platform on which to
experiment. Thus this thesis focuses on addressing the aforementioned challenges researchers face
in the development of effective designs for wearable devices. Specifically, soft pneumatic and
hydraulic actuation systems, both with and without microfluidic sensing, were developed to

address existing limitations.

1.2 Scope: Developing Novel Soft Pneumatic Actuation Systems

PAMs are powerful, lightweight, and compliant devices capable of generating a variety of
forces, torques, and motions. However, these soft actuation systems exhibit nonlinear behavior
due to their incorporation of hyperelastic polymers, such as thermoplastic elastomer gels (TPEGS),

polydimethylsiloxane (PDMS), or silicone rubber. This nonlinearity not only makes it difficult to
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develop accurate theoretical models to predict their performance, but also complicates the
deployment of these actuators in real world systems. In order to overcome these issues, researchers
have employed both external and internal sensors [7, 22, 23, 24, 25] to improve the controllability
of these devices. However, in the case of external sensors, the overall bulkiness of the system must
be increased, which limits the specific designs that can be employed. On the other hand, fabrication
of PAMs with embedded sensing becomes particularly tricky. Due to the cylindrical form factor
of traditional PAMs [12, 13, 26], as well as the more complex shapes of pleated PAMs [27] and
polylobe PAMs [14], embedded sensors can be very difficult to incorporate in a straightforward
fabrication process. Furthermore, manufacturing processes become increasingly more complex
when multimodal sensing is desired. In addition, because traditional actuators have a cylindrical
form factor, their radii while at rest must increase in order to able to generate larger forces or
moments. This ensures that the actuators become increasingly less compact, which prevents the
design of streamlined wearable devices [28, 29]. In order to address these limitations, we sought
to develop and characterize a novel PAM design capable of being fabricated through a simple

manufacturing process.
1.2.1 Design and Fabrication

In order to be able to produce a robust wearable device that is lightweight, compact, and
capable of providing users with significant functionality without limiting maneuverability, a
powerful compact soft actuation system with integrated sensing had to be designed. Thus,
development of a thin, compact, multifunctional design for a novel PAM, which can be fabricated
in a simple manufacturing process was the key tenet of this thesis. Existing PAM designs and their
fabrication methods, including McKibben type actuators [12, 13, 26] , fiber embedded PAMs [22,

30], pleated PAMs [27], polylobe PAMSs [14], and collapsed pneumatic actuators were [31]
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examined. Ultimately, we settled on the design of the novel PAMs by combining and improving
upon techniques associated with the design of fiber embedded PAMs, chosen due to their lower
hysteresis when compared to McKibben Muscle type PAMs and their ability to be fabricated
through molding [14], as well as pneumatic actuators fabricated with collapsed air chambers, due
to their ability to remain very thin and compact in their rest states.

The PAM created by innovating upon these design techniques was a thin 2-Dimensional
rectangular actuator with embedded fibers. We called this novel actuator a flat pneumatic artificial
muscle (FPAM). The flat rectangular form factor allowed the actuator to be fabricated using a
simple layered fabrication process. In addition, we introduced the use of a water-soluble mask to
the fabrication process to allow for the creation of the collapsed air volume. This mask acts as a
superior alternative to the mold release that is typically used in today’s pneumatic actuators created
with collapsed air chambers, by allowing the core of the actuator to be fabricated from a single
cure, as opposed to having two thin procured layers bonded together. This capability significantly
reduces the chances of unexpected delamination failures at low pressure inputs. Additionally, the
mask can be quickly laser-cut to allow for a variety of interesting air volume designs and shapes.
The properties of the fabrication process for this initial FPAM, coupled with its flat form factor,
allowed the design to be easily scaled up or down. Furthermore, through the introduction of laser-
cut plastic sheets in addition to, or as substitutions for the embedded fibers, multi-unit series
FPAMSs, sensorized FPAMs fabricated with embedded multimodal sensing, and fiber-reinforced
bending FPAMs were able to be designed and fabricated. With the establishment of these novel
designs, which will be described in greater detail | later sections, we needed to establish a means
of predicting their performance in order to provide researchers and designs with flexibility in the

creation of future actuation systems.
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1.2.2 Hyperelastic Modeling and Validation

Theoretical models for the deformation of the FPAMSs developed in this thesis have not
previously been presented due to the novelty of the actuator’s form factor. Thus we set out to
develop accurate models capable of allowing researchers to approximate the performance of
potential designs for desired use. Due to the rectangular form factor of the FPAM, we began by
examining formulations developed for the large deformation of plates [32, 33, 34]. Initially, these
formulations were solved for the desired boundary conditions through the minimization of the
system’s potential energy, assuming elastic behavior of the actuators. Subsequently, we utilized
these solutions as a basis to introduce hyperelastic deformation terms. Analytical hyperelastic
deformation models were then able to be developed for these developed PAMs. Furthermore,
experimental characterization of the mechanical performance of the PAMSs was conducted in order
to validate the accuracy of the developed models. Various experimental setups were developed to
measure the static, dynamic, and electrical performance of the developed actuators. The developed
analytical models compared favorably with the experimental results, which can be seen in later

sections.
1.2.3 Application and Inspiration

The initial FPAM developed was designed to fit seamlessly into a wearable device, such
as an orthotic or prosthetic, in order to provide the user with a lightweight but powerful means of
rehabilitation and/or assistance. Subsequently, the FPAM was modified to incorporate embedded
sensors. In this manner, a bioinspired sensorized FPAM (sFPAM) was created with the capability
to detect its own contraction length and force generation without external sensors. This behavior
is similar to the manner in which human muscle employs muscle spindles and Golgi Tendon organs
to detect its own stretch and force. Ultimately this design would allow the sSFPAM to be employed

5
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as a self-contained sensor-actuator system for controlled operation to a desired set point without
the need for external sensors, which would greatly reduce the overall form factor of a wearable
device.

The techniques and skills learned throughout the initial FPAM and sensorized FPAM
research, were then applied to human centered applications including the suppression of hand
tremors and the improvement of the efficacy of cardiac ablation treatments. Initially, the analytic
hyperelastic model was adapted for the creation of a fiber-reinforced bending FPAM to be used in
the treatment of hand tremors. This FPAM was designed with a series of geometric constraints in
order to ensure controlled repeatable bending. The fiber-reinforced bending FPAM was
experimentally characterized and demonstrated the feasibility to suppress hand tremors associated
with Parkinson’s disease and essential tremor. Lastly, a more traditional FPAM, in the sense of
employing a cylindrical form factor, was designed as a solution to issues faced in cardiac ablation.
A fiber-reinforced thick-walled PAM was designed and fabricated to provide required forces and
displacements for successful the successful treatment of tachycardia, such as atrial fibrillation,
inside the body at the site of treatment. Due to the use of soft materials, a miniaturized functional
catheter tip was designed to be able to fit in the millimeter sized catheter sheets used for minimally
invasive surgeries, while being able to provide linear actuation and unidirectional force sensing
through the use of an embedded microfluidic sensor. These applications, which will be further
detailed, demonstrate the feasibility of the developed PAMs to be readily applied to real word

human-centered applications.
1.3 Thesis Outline

The remainder of this thesis is organized as follows: Firstly, the initial design of the FPAM

is detailed in Chapter 2: Flat Pneumatic Artificial Muscles, Chapter 3: Biologically Inspired
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Sensorized Flat Pneumatic Artificial Muscles details the development of the bioinspired sensorized
FPAM design, followed by a description of the fiber-reinforced bending FPAM in Chapter 4:
Fiber-reinforced FPAM for the Suppression of Hand Tremors, then Chapter 5: Soft Miniaturized
Actuation and Sensing Unit for Cardiac Ablation Procedures provides details regarding work
completed on the functional catheter tip, and finally Chapter 6: Conclusion summarizes the results

and implications of this thesis.
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2 Flat Pneumatic Artificial Muscles

Abstract

Pneumatic artificial muscles (PAMSs) have gained wide use in the field of robotics due to
their ability to generate linear forces and motions with a simple mechanism, while remaining
lightweight and compact. However, PAMs are limited by their traditional cylindrical form factors,
which must increase radially to improve contraction force generation. Additionally, this form
factor results in overly complicated fabrication processes when embedded fibers and sensor
elements are required to provide efficient actuation and control of the PAMs while minimizing the
bulkiness of the overall robotic system. In order to overcome these limitations, a flat two-
dimensional PAM capable of being fabricated using a simple layered manufacturing process was
created. Furthermore, a theoretical model was developed using the von Karman formulation for
large deformations and the energy method. Experimental characterizations of two different types
of PAMs, a single-cell unit and a multi-cell unit, were performed to measure the maximum
contraction lengths and forces at input pressures ranging from 0 to 150 kPa. Experimental data
were then used to verify the fidelity of the theoretical model.

Keywords: pneumatic artificial muscle (PAM), actuators, soft robotics, design and manufacturing,

embedded fibers, strain-stress test
2.1 Introduction

Pneumatic artificial muscles (PAMSs) have been widely used in the field of robotics,
especially for soft robotic applications, due to their ability to produce linear forces and
displacements with a simple mechanism [12, 13, 14]. In most cases, these actuators are composed

of elastomeric cylindrical bladders geometrically constrained by flexible yet inextensible
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mechanisms such, as meshes [12, 13, 26], nets [35], and embedded fibers [22, 30]. These systems
work in unison producing compact, lightweight, and compliant actuators capable of high force
generation to weight ratios [12, 13, 14]. In addition, due to the use of compressed air for actuation,
soft robotic systems with PAMs have almost no danger when compared with ones that use
combustion or fire as a power source [36, 37]. These qualities have made PAMSs a growing topic
of interest among researchers and industry alike.

Modern research into the design and utilization of PAMs began with a McKibben-type
actuator, which was first proposed by atomic physicist Joseph Laws McKibben in the late 1950’s
[12]. The McKibben actuator, which makes use of a braided mesh and a cylindrical bladder to
provide linear force and contraction when stimulated with pressurized air, was originally designed
for use in an orthotic device to aid polio patients [12, 14, 27]. In later years, as pneumatic
technology improved, companies such as Bridgestone Co. and Festo AG, modified and
commercialized the McKibben design for use in robotic systems [12, 14, 27]. The success of the
McKibben-type actuators resulted in further innovation and implementation of PAMs.

One such innovation was the Baldwin-type actuator first proposed in 1969, which later
served as inspiration to actuators developed by Park et al. [22]. This PAM design was composed
of a thin cylindrical substrate with embedded glass filaments (fibers) that generally resulted in
mechanical performances with reduced hysteresis when compared to that of McKibben-type
actuators [14]. However, radial expansion limited the maximum input pressures to 100 kPa [14].
Another notable design, conceptualized and produced by Daerden and Lefeber in 2001, was the
pleated pneumatic artificial muscle (PPAM) [27]. This design was created as a more robust PAM
capable of addressing the energy loss and hysteresis typically found in McKibben-type actuators.

The PPAM is composed of a high-tensile-modulus cylindrical membrane that is folded in on itself
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(pleated) like the bellows of an accordion [27]. During operation, instead of wasting energy to
radially deform, the PPAM’s membrane simply unfurls, allowing the actuator to bulge out radially
but shorten axially.

In addition to the aforementioned PAMSs, polylobe and prolated designs, such as Robotic
Muscle Actuators (ROMACS) [14] and Yarlett-type actuators [14], respectively, have been created
to produce linear motions. However, these actuators are uncommon in real world applications due
to their complex designs. The McKibben-type actuator, Baldwin actuator, and PPAM, on the other
hand, have traditionally seen wider use in both research and industry. However, their effectiveness,
particularly relating to their use in wearable devices, is limited by their cylindrical form factors, as
shown in a soft ankle orthotic device that used McKibben-type PAMs for actuation [38]. More
specifically, due to the scaling of force generation with the radius of traditional PAMs, actuators
become increasingly less compact when larger forces are desired. This prevents the design of
streamlined wearable devices, which may limit the range of motion of the wearer.

Moreover, the nonlinear response of PAMs to input stimulation (i.e. air pressure) is a
critical issue that must be addressed by designers during controlled device operation. In order to
ensure effective real-time control of the actuators, while preserving the compactness and
compliance of the system, researchers have attempted to integrate sensors directly in the PAMs
during fabrication either by embedding conductive elements in the elastomeric air chamber for
resistive sensing [7, 22, 23] or by adding braided conductive wires to the outer mesh structure for
inductive sensing [24, 25]. However, due to the cylindrical form factor of the PAMs, the
fabrication process becomes overly complicated. This complexity increases the difficulty of
embedding multiple sensor elements for multi-modal detection (e.g. position and force), which are

necessary to effectively control the system.

10
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In order to address the shortcomings of traditional cylindrical PAMs, a two-dimensional
(2D) flat pneumatic artificial muscle (FPAM) was proposed. This study focuses on the design and
theoretical modeling of the FPAMSs. Furthermore, the proposed flat muscle design was realized

through a simple layered fabrication method, and the theoretical model was experimentally

verified.

Mechanical
Deformation

Side Section

b L

Zero-volume
Air Chamber (ZAC)

EN

{’;_:.I_\_d= ?LX

Top Section

Figure 2.1: Illustration of actuator at rest and sectional views of actuator at rest (left) and inflated (right). Kevlar
fibers are shown in dark orange. Red circles indicate high stress concentrations.

2.2 Design and Fabrication

A 2D FPAM, shown in Figures 2.1 and 2.2, was designed to remain compact and easily

predisposed to the addition of multiple embedded sensor layers, which is very difficult to achieve

11
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when employing the cylindrical shape of traditional PAMSs. This unusual form factor allows for
the introduction of a concept described as the “zero-volume air chamber” or ZAC [31], which
manifests itself as a very thin (< 0.1 mm) rectangular air volume encased by two flat elastomeric
sheets. This design effectively reduces the overall thickness of the actuator by removing the
necessity of having a designated air void in the center of the relaxed actuator as seen in typical
PAMs. Furthermore, the flat configuration of the actuator makes it possible to easily resize and
reconfigure each individual muscle array [31], which can be seen in Figure 2.2. These features of
the proposed 2D form factor will make it particularly easy to hide and/or incorporate the flat
muscle into clothing-like wearable devices. In these applications, the 2D form factor becomes
increasingly more important, particularly when larger forces are required despite the need to
maintain the compactness of the system. Whereas for traditional cylindrical PAMs, in which the
radius must be increased to generate larger forces (volumetric increase), the FPAM must only be
designed with a wider air volume (area increase), which is tantamount to adding actuators in
parallel. Therefore, in situations in which covering a wider surface area is allowable, the FPAM
offers minimal volumetric change while providing desired forces. These features will ultimately
allow for wearables that look like elastic suits which are capable of naturally deforming with the
human body while providing active assistance to body motions.

The FPAM proposed in this study is made of a silicone substrate that contains embedded
Kevlar fibers. The stretchability of the substrate and the flexible yet inextensible nature of the
fibers work in unison to produce axial contraction when the FPAM is pressurized and radially
inflated, as shown in Figure 2.1. However, the inflated actuator is subject to high stress

concentrations along the sides of the bladder, which previously resulted in a prominent

12
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delamination failure mode along the edges [31]. To overcome this issue, a new fabrication process

was proposed.

Figure 2.2: Prototypes of single cell unit at rest and contracted (top) and multi-cell unit (3 x 1 series) at rest and
contracted (bottom). Prototypes experienced maximum thickness (out of plane) changes of 8 mm during contraction.

Illustrated in Figures 2.3 and 2.4, the fabrication process makes use of uncured liquid
silicone (Dragon Skin10, Smooth-On) and 3D printed molds to create two thin silicone sheets and
a core (central substrate containing the ZAC) with an embedded water-soluble mask made of a
water-soluble fabric stabilizer (Paper Solvy, Sulky). After curing, the silicone layers are stacked
and adhered together to form the base actuator in the following order: bottom layer, aligned Kevlar
fibers, core, aligned Kevlar fibers, and top layer. Finally, the mask is removed by water and tube

fittings and securements for the Kevlar fibers are added to complete the actuator. Prototypes of the

13
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single cell unit (SCU) as well as a 3 x 1 multi-cell unit (MCU) are shown in Figure 2.2. The SCU

is 20 mm x 20 mm x 4 mm thick, while the MCU is 60 mm x 20 mm x 4 mm thick. Both actuators

have ZAC dimensions of 14 mm x 14mm x 0.1mm thick.

(b)

u

Top Mold (side wall)

Water Soluble Mask (d)
Core
(e) (f)
(2) ()
| ——— el
| ——— Q
(i) Kevlar Fiber \U) | \
| |

Zero-volume air | |
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Figure 2.3: Fabrication process of FPAM using water-soluble mask: (a) prepare bottom core mold, (b) pour liquid
elastomer for bottom half of core, (c) place water-soluble mask, (d) place top mold, (e) pour liquid elastomer for top
half of core, (f) remove core after curing, (g) prepare thin layer molds, (h) pour liquid elastomer to create thin outer
layers, (i) remove thin outer layers after curing, (j) align Kevlar, outer layers, and core, (k) bond using liquid elastomer,

and (1) remove mask using water.
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Figure 2.4: Photos of actual fabrication steps for 3 x 1 multi-cell FPAM: (a) bottom core mold (Figure 2.3-a), (b)
liquid silicone in bottom core mold (Figure2. 3-b), (c) water-soluble mask on liquid silicone (Figure 2.3-c), (d) top
mold added (Figure 2.3-d), (e) liquid silicone on mask (Figure 2.3-e), (f) cured core (Figure 2.3-f), (g) Kevlar fibers
on cured bottom outer layer (Figures 2.3-i and 2.3-j), and (h) core bonded to Kevlar fibers and bottom outer layer
(Figures 2.3-j and 2.3-Kk). (g) and (h) are repeated to complete prototype with top outer layer and Kevlar fibers.

2.3 Elastic Large Deformation Model

A theoretical model was developed to approximate the properties of the proposed FPAM
by assuming the actuator is composed of two flat rectangular composite sheets that are simply
supported along the edges. Through this convention, modeling techniques for the large
deformation of membranes (thickness small in comparison to length and width) [32, 33, 34] could

be utilized.

T ATATAT 4T kot

Figure 2.5: Approximation of top half of actuator as flat sheet under external force F and pressure P.
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Figure 2.5 depicts the top half of the actuator with dimensions of 2a and 2b, which are equal to the
length and width of the air volume respectively. The membranes are subjected to an axial force F
(required force to counteract contractive force of FPAM) in the x-coordinate direction at the loaded
edges x = +a and a uniformly applied lateral pressure P in the z-coordinate direction. In addition,
the following assumptions are made regarding the deformation of the membranes:

1. Stress in the z-axis direction is considered negligible in comparison to x- and y- axes [oy, 0;,

only],

2. The normal to midplane is normal after deformation [y, only],

3. Deformation occurs in elastic range [Hooke’s Law],

4. Bending strains are negligible in elastic range,

5. There is no delamination between fibers and elastic substrate, and

6. z-axis deflection is w(x, y) = w, cos — cos— as postulated by Timoshenko [32, 33]
2a 2b

These assumptions were then applied to Von Karman’s formulation for large deformations,

provided in Equations (2.1) and (2.2) as follows:

o4 p 82w\ 82w %w (2.1)
¢ = 5x8y ) 8x% 6y?|’
h[P &8%2p6%w  62%¢ 85w 5%2¢p 5%w (2.2)
Viw = — |-+ + - ,
D |h  8y? 6x%2  8x% by 5x6y 5x6y
where V4= il + 2 & + Al h is the thickness of the membrane, E is the Young’s modulus
Sx* §x28y?2 = Sy* ! ’

D is the structural rigidity, and @ is the stress function defined by:

8% (2.3a)

Oy = 52’
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52 (2.30)
%= a2
6% (2.3¢)
oy = S5x8y’

Due to the difficulty in analytically solving Equation (2.2), application of the energy methods [17—
19], which will be detailed later, was used to solve for the unknown quantity wo. Once solved,
these formulations determined solutions for the x-axis and y-axis displacements u(x,y) and v(x,y).
However, due to the nature of the membrane as an anisotropic composite, the directional
dependence of the material properties had to be incorporated into the formulations. This is
achieved through a reformulation of Equation (2.1). Initially, the stress-strain relationship of the
membrane was examined using Hooke’s Law. This elastic (linear) relationship further simplifies
these complex equations, while providing a powerful means for the development of solutions in
both the plastic and hyperelastic (nonlinear) regime of deformations through the use of Ilyushin’s
iterative elastic solutions method [19], which is further expanded later in this section. Through this

formulation, with the applied assumptions, the stress-strain relationships were defined as the

following:
1 2.4a
£y = E—(ax — Vay0y), (242)
X
1 (2.4b)
& =5 (y = vyx02),
y
_ 1 (2.4c)
Vxy = G_Txy'
xy

where &, gy, and yyy are the normal strains and the shear strain, respectively, ox, gy, and zxy are the
normal stresses and the shear stress, respectively, Ex and Ey are the elastic moduli in the x- and y-

axis directions, respectively, Gyy is the shear modulus, vxy is the Poisson’s ratio representing the
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effects of y-axis stress on the x-axis deformation, and vy is the Poisson’s ratio representing the
effects of x-axis stress on the y-axis deformation. Approximations for the aforementioned material
properties were defined by [39, 40] through the use of iso-stress and iso-strain formulations for the
characterization of fiber-reinforced composites. The resulting formulations are:

E, = V;E; + V,Eq, (2.5a)

EfEs (2.5)
Ey=—T1"
VSEf + vaS

o —_ GG (2.5¢)
VG + VeGs

ny = Vfo + VSVS , (25d)

E (2.5e)
Vyx = Vyy E_y'
X

where Vi, Es, Gy, and vr are the volumetric fraction, elastic modulus, shear modulus, and Poisson’s
ratio of the embedded fibers, respectively, and Vs, Es, Gs, and vs represent the same quantities for
the elastic substrate. It is important to note that these approximations represent upper or lower
bounds and should be experimentally verified when possible by [39, 40].

In addition to knowledge of Equations (2.4a) — (2.4c) and Equations (2.5a) — (2.5e), formulation
of the strain-displacement relationship must be established. Through examination of the elongation
of a small element of the displaced membrane, as seen in Figure 2.6 (top) , the strain of the system
in the x direction, and similarly in the y direction, due to lateral loads can be defined. Furthermore,
by taking two linear elements as seen in Figure 2.6(bottom), the shear strain can additionally be
defined as follows:

su 1 /6w\* (2.6a)
=5+ (5)

RAY]
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v N 1 (5W)2 (2.6b)
v = Sy 2\8y/’
du o6v Swiow (2.6¢c)

ny=5+a+§g.

Equations (2.6a) — (2.6¢) can then be used to define the compatibility condition:

@ o

(b) 0 dx A
|
|

Figure 2.6: Depiction of axial strain &y due to displacement (a) and depiction of shear strain yxy due to displacement
(b) (recreated from Timoshenko et al [32]).

52£x+52£y 8%y (8w 8w diw (2.7)
Sy2 = §x2  5x8y \6x8y) O&x2 Sy? '

Substitution of Equations (3a) — (3c) and Equations (a) — (c) into Equation (5) then yields the

reformulated Von Karman’s Equation (1) for a fiber-reinforced composite material as:

164¢+ 16% (1 vy va\8% [[62w)\* &°wé?w (2.8)
E, 6x*  E,0y* \Gy, E, E,)éx* [\6x6y §x% 6y?|’

where the right-hand-side of the equation is:
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82w \° 82w diw
Sxoy dx? by?

With the establishment of Equation (2.8), the PDE can then be solved as a boundary value problem

(2.9)

_ _% Jeos (22) + cos ()]

in order to determine the stress function @(x,y). The boundary conditions, defined by the condition

of simply supported edges on rollers, were specified as the following:
1. u(xa,y) = i%uo,
2. v(x,+b) = i%vo,

3. Tyy(xa,y) =0,and

4. 1,,(x,£b) =0,

where up and vo are the maximum displacements in the x and y directions, respectively. Due to the

constant boundary conditions of (1) and (2), as well as the relationship between the shear stress
and the derivatives g—; and g—; as seen in Equation (2.6c¢), the boundary conditions (3) and (4) result

in the following two equivalent conditions as specified in [32]:

%

su _
6. 5(X,ib) =0.

In order to solve for the stress function &(x,y), particular and homogenous equations are solved

for by assuming the following forms:

T

¢p(x,y) = cycos (%) + ¢, cos (7}}) ) (2.10a)

dn(x,y) = c3x% + c,y2. (2.10b)
The particular solution, @p(x,y), is solved for by substitution of Equation (2.10a) into Equation

(2.8) and solving for the unknown coefficients c1 and c,. This yields:
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_Eyazwg . = _Exbzwg (2.10)
32h2 2 32a2

C1:

The particular solution is then used to solve for the homogenous solution through the application

of the boundary conditions. Using Equations (2.4) — (2.6) and Equations (2.3a) — (2.3c). The

.5 8 : :
derivatives ﬁ and é can be expressed in terms of the stress function:

su 1 (8% 52¢ 1(5W)2 (2.123)
S5x  Ex\Sy? Vo sxz ) T 2\x)
sv 1 (8% 52¢ 1<5w>2 (2.12b)
sy Ey\sxz " syz) 2\sy) "

Integration of Equation (2.12a) and (2.12b), with respect to x and y, respectively, and subsequent
differentiation, with respect to y and x, respectively, allows for the application of the boundary
conditions. Additionally, through the use of the particular solution, the unknown coefficients c3

and c4 are solved as:

c3 = E,(m%a’w? + 16vya?b
3 64a2b2(vxyvyx - 1) [ ! 0 0ab)
+ Exvy, (m?b?wi + 16ugab?)], (2.13)
€= 1 [Ey vy (m2a?wd + 16v,a2b)
* 64a2b2(vxyvyx — 1) yoy 0
+ E (n?b?*w¢ + 16uyab?)].
The complete stress function can then be formulated as:
. Eya’w§ X Exb?w? ny (2.14)
$p(r,y) = —[ - cos () + 2t cos () +

2 Ey(m?a?w§+16v9a?b)+Exvyx(n?b?w§+16u¢ab?) +
64a2b?(VyyVyx—1)

2 (Eyvxy(m?a?w§+16voa?b)+Ex(n?b?wi+16uoab?)
64a2b2(VyyVyx—1) )
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The displacement functions u(x,y) and v(x,y) are then determined from the stress function as:

UgX TWE s Ve Eva?] X (2.15)
u(x,y) = == 322 1+ cos( by) + xg ZZ sin (—),
x0% ]
vy | W mx\ | VyrExb?| | Ty (2.16)
v(x,y) = 2b+32b 1+cos( )+ £, _sm(b),

forming the complete formulation of the membrane deformation with displacement w(x,y):

X T
w(x,y) = wy cos-— cos 2?9} (2.17)

With the establishment of the x-axis and y-axis displacements, the minimization of the mechanical
potential energy within the membrane, also known as the energy methods [32, 33], is used to
determine the overall deformation of the FPAM. The energy of the membrane is composed of three
components. These components are the work done by the applied pressure We, the work done by
the applied force at the edges of the membrane Wg, and the change in strain energy V of the
membrane due to the application of this pressure. Taking into account that the actuator is composed
of 2 flat sheets, the potential energy of the system can then be written as:
Im=2[V—W, - W] (2.18)

The strain energy of the system is defined as,

: 2.19
- EJJ [Uxex T oy€y + Txyyxy]dxdydz , ( )

where the stresses ox, ay, and 7y are calculated by substitution Equation (2.14) into Equations
(2.3a) — (2.3c) , the strains &y, €y, and yxy are calculated by substitution of Equations (2.15) — (2.17)
into Equations (2.6a) — (2.6¢), and the integration is taken over the dimensions of a single sheet.

The work done by the pressure is defined as:

Wp = ff [Pw(x, y)]dxdy ff [P wocos%cos %] dxdy, (2.20)

where once again, integration is taken over the dimensions of a single sheet. Lastly, the work done
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by the applied force at the loaded edges x = ta is:

m?wé  Fu, (2.21)
Wg = fff[aFex]dxdydz = Fl 374 +Tl

where or is the stress caused by the force F at the loaded edges.
Utilizing the energy components defined in (2.19) — (2.21) and Equation (2.18), the potential

energy can then be minimized with respect to the unknowns wo, Uo and vo as follows.

oIl (2.22a)
— =0,

duy

611 (2.22b)
— =0,

v,

611 (2.22c¢)
—=0.

Swy

Equations (2.22a) — (2.22c) could then be solved to define the input pressure P as a function of
contraction ug and force generation F. However, an adjustment had to be made in order to reflect
the real world deformation of the actuator. The energy method predicts contraction in both the x-
and y-axis directions due to input pressure, establishing the following relationship when the

actuator has reached equilibrium (zero force generation),

a (2.23)
However, in actuality the actuator expands in the y-axis direction when pressurized. In order to

account for this, the opposite of the relationship established in Equation (2.23) (Uo = — %uo. ) was

substituted into Equation (2.18) resulting in a potential energy formulation with only the unknowns
Wo and up. The corrected energy formulation is then minimized with respect to wo and up to
establish a relationship between the input pressure P, the contraction uo, and the force generated

by the actuator F. In the elastic range, an analytic formula can be found to relate the input pressure,
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force, and contraction of the actuator. However, this is impossible to achieve in the nonlinear
regime. Therefore, as previously mentioned, the elastic solutions method is used to determine the
performance of the actuator. This is accomplished through the use of numerical software to
approximate the maximum force and contraction of the actuator at various inputs pressures through
an iterative process. The differential potential energy Equations (2.22a),(2.22c) in the elastic range
are used as a first approximation. Subsequently, a nonlinear model, Ex(ex) for the Young’s
Modulus in the x-axis direction is substituted for Ex. Utilizing the average strain in the x-axis
direction as the input to the nonlinear model, an iterative approximation of the maximum actuator

contraction and force generation of the FPAM is found.

2.4 Experimental Validation

An experimental apparatus was created to measure the mechanical performance of the
FPAM (SCU & MCU). As seen in Figure 2.7, the experimental setup is composed of a motorized
test stand (ESM301, Mark-10) capable of providing single-axis distance measures, a single-axis
load cell (STL-50, AmCells), a pressure gauge and regulator, a data acquisition unit (USB-6000,
National Instruments), and a LabVIEW program designed to collect force and time data.

Prior to experimentation, the FPAMs were cyclically loaded, Figure 2.12, to “train” the
actuators. The training consisted of each FPAM being pretensioned to 0.5 N (chosen to minimize
slack in embedded fibers, while also reducing effects on actuator performance), pressurized to 103
kPa (chosen to avoid failure), and then manually contracted and extended over the FPAM’s max
displacement (14.3%) at 103 kPa using the Mark-10 at a speed of 30mm/min. This procedure was
to ensure repeatable behavior by overcoming initial adhesive forces between the substrates and
fibers (leftover from fabrication) in addition to providing some level of constant plastic
deformation to the substrates and fibers. Subsequently, the experimental setup was used to conduct
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three separate procedures.
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Figure 2.7: Diagram of Experimental apparatus used to conduct force and contraction experiiments

In the first procedure, Figure 2.11, the FPAMs were held fixed at their rest length
(contraction = 0), while the air chamber was pressurized from 0-151 kPa in increments of 6.89
kPa. At the start of this procedure the FPAMs were manually pretensioned to 0.5 N by the Mark-
10. The LabVIEW data collection program and Mark-10 were then zeroed. Pressurization was then
systematically applied in the aforementioned increments, allowing for the generated force of the
actuators to reach a steady state value (5-10 seconds after pressurization) before the data was
recorded. This process was then repeated to collect additional data points at each input pressure.
In this manner, the maximum force generation of the actuator due solely to pressurization could
be properly recorded.

In the second procedure, Figure 2.10, the FPAMSs were pressurized at no load (applied force
= 0), and allowed to freely contract while the air chamber was pressurized from 151-0 kPa in
increments 6.89 kPa. At the start of the procedure the FPAMs were placed on the Mark-10. The

LabVIEW data collection program and Mark-10 were then zeroed. Subsequently, the Mark-10 was
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lowered to allow the actuators space to contract. Pressurization was then systematically applied
in the aforementioned increments. At each increment, the test stand was raised until the LabVIEW
program showed a minor increase in the force reading generated by the actuator. At this point, the
Mark-10’s displacement was recorded to provide values for the contraction of the actuators. In
addition, calipers were used to provide secondary verification of the contraction readings. This
process was then repeated to collect additional data points at each input pressure. In this manner,
the maximum contraction of the FPAMs due solely to pressurization could be properly recorded.

In the final procedure, Figure 2.9, the FPAMs were pressurized at their rest lengths
(contraction = 0) then manually contracted to no load conditions (applied force = 0). At the start
of this procedure, the FPAMs were preloaded to 0.5 N by the Mark 10. The LabVIEW program
and the Mark-10 were then zeroed. Subsequently the FPAMSs were pressurized and allowed to
reach steady state values (5-10 secs after pressurization) prior to being contracted at a speed of 10
mm/min. This procedure was conducted at pressures ranging from 0-151 kPa (FPAMs failed at
151 kPa) in increments of 17 kPa, in order to provide an example of the traditional unloading curve
(force vs contraction at various pressure) for pneumatic actuators.

These three experimental procedures were conducted, in order to provide an accurate
measure of the characteristic force generation and the maximum contraction within the pressure
range. In addition, tensile tests were conducted to determine the effective tensile modulus Ex in the
x-axis direction (Figure 2.8). At the start of this test, the actuators were pretensioned to 0.5 N to
minimize slack. The LabVIEW program and Mark-10 were zeroed. Subsequently the actuator was
stretched at a rate of 10 mm/min from its initial pretensioned conditions. The tensile modulus was
found to be linear up to about 5% strain, at which point the modulus increases until failure. The

measured tensile modulus, when converted to a flexural composite modulus, was found to be
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around 340 kPa, which is much lower than the 1.71 GPa calculated using just the rule of mixtures
found in Equation (2.5a). We believe this is due to how the fibers are oriented in the completed
actuator. The Kevlar fibers were clamped at a single point at each end, which unevenly distributed
stress along the fiber direction, and resulted in the occurrence of some slack. In addition, slippage
between the Kevlar fibers and the silicone substrate during actuation also contributed to the smaller
modulus. As such, the experimental tensile modulus was used to approximate the values for Ey,

Gxy, vxy, and vyx, which were substituted into the model.

2.5 Results and Discussion
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Figure 2.8: Experimental stress-strain relationship of Figure 2.9: FPAM force-contraction relationship at
FPAM up to 20% strain. pressures ranging from 0 to 138 kPa.

Characterization of the FPAM’s mechanical performance can be found in Figure 2.9, which
provides an example of the resulting force-contraction relationship of the SCU PAM up to 138
kPa (chosen to ensure actuators were not pushed to failure). Ultimately, through experimentation
the SCU and MCU, the FPAMs were observed to fail at pressures around 150 kPa and 138 kPa,
respectively. However, the failure mechanism that occurs is due to crack propagation, at high
pressures, as the Kevlar fibers shear through the substrate, as opposed to delamination failure
modes along the edges, which occurred more often and erratically in the previous design [31]. This

is an improvement, as the observed failure mode can be accounted for in design and operation by
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setting a safety margin for input pressures. It is important to note that both the SCU and MCU
have similar mechanical performances although the MCU failed more quickly than the SCU, as
shown in Figures 2.10 and 2.11. Additionally, an example of the repeatability of the results can be
found in Figure 2.12, where the PAM reached a near constant force generation after 3 to 4 cycles
at 103 kPa.

The SCU generated a maximum force of 35.7 + 1 N and a maximum contraction of 20.5%
+ 0.1% (2.87 mm £ 0.09 mm), while the MCU generated a maximum force of 38.1 + 1 N and a
maximum contraction of 22.4% + 0.3% (9.42 mm + 0.13 mm). The MCU, which is equivalent to
three SCUs in series, was within 6.7% of the maximum force generation of the SCU and within
9.4% of thrice the maximum contraction of the SCU. The results are close to what would be
expected in the ideal case despite the absence of inlet tubing between the three air volumes of the
MCU design. This variation essentially adds an additional 12 mm to the deformable air volume,
which may have affected the overall mechanical performance of the MCU. In addition, the larger
form factor also affects the modulus of the MCU, when compared to that of the SCU, due to the
increased interaction (contact forces) of the fibers and substrate between the fixed ends of the
actuator. These issues, which will be addressed in future work through improved fabrication
techniques, could be incorporated into the theoretical model for improved accuracy. This can be
achieved by providing a new experimental modulus, as well as incorporating the additional 12 mm
of deformable area as two additional air volumes of even size.

These experimental results were then compared to the theoretical model developed in this
study. Both a linear and a nonlinear elastic moduli were utilized to numerically evaluate the
theoretical model, due to our insight into the nature of the experimental procedures. During the

contractile experiments, the deformation of the actuator remained in the elastic range as it was
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allowed to reach an equilibrium position, which resulted in near zero x-directional strain. However,
during the force experiments, despite the fact that the actuator length was held fixed, the PAM still
deformed in the y- and z-axis directions as a result of input pressure. These deformations resulted
in x-directional strains, which incited a strain-hardening effect within the PAM. Ultimately, the
strain-hardening effect lead to an increase in the force generated by the PAM. In order to

incorporate this behavior into the model, an 8" order Ogden model (hyperplastic material model)
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Figure 2.10: Maximum % contraction of FPAMSs at Figure 2.11: Maximum force of FPAM at pressures in
pressures in the range of 0 — 157 kPa. the range of 0 — 157 kPa.

was fit to the data in Figure 2.8, and substituted into the model.

As can be seen in Figure 2.10, both the linear and nonlinear modulus approximations
performed admirably in predicting the contraction of the SCU to within £ 0.67% and + 2.55%
contraction, respectively. Both modulus approximations accurately capture the trajectory of the
contraction response to pressure. Although the linear model seems to predict the behavior of the
SCU slightly better in this case, it is due to the underperformance of the SCU caused by the rigid
components, such as the inlet and the plug, which contributed to the prevention of full muscle
contraction more in the SCU than in the MCU. In regards to the force response to pressure, shown
in Figure 2.11, only the nonlinear modulus was able to accurately predict both numerical values

and trajectory of the experimental results. The theoretical model developed with the nonlinear
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modulus approximated the force generation of the SCU to within £ 3.5 N, while the linear modulus
predicted to within + 13.3 N. This error with the linear approximation was associated with the
nonlinear behavior seen in the stress-strain relationship of the FPAM (Figure 2.8). Overall, the
development of the theoretical model with a nonlinear hyperelastic tensile modulus demonstrated
high fidelity in approximating the performance of the actuators.

Further considerations for future work include the improvement of the mechanical
performance of the presented actuator. The FPAM’s maximum performance values, which are
similar to that of other PAMs designed with embedded fibers [22, 31], are lower than those of
traditional McKibben actuators [12, 13, 26, 35, 41] in general. However, this actuator is able to
reach over 20% contraction with pressure inputs of 151 kPa, which is 2.5-5 times lower than the
pressure inputs seen in the aforementioned McKibben actuators. As such, the FPAM is ideal for
low pressure and low force applications, and will need to be customized through material selection
for desired user tasks. For example, an increase in the x-directional modulus of the composite
material will serve to increase the maximum force generated at the tested pressure ranges, while
decreasing overall contraction and vice versa. Furthermore, the choice of base substrate can be
chosen to reduce or increase the required pressure input for actuator deformation. Additionally,
the slack within the fibers due to being clamped at a single point on both ends would need to be
addressed. This design flaw served to reduce the overall force generated by the actuator within this
study’s experimental pressure range due to uneven stress distribution along the fiber strands.
However, the fibers should be oriented and clamped in such a way as to evenly distribute the stress,
reducing the ability of the fibers to slip through the substrate and allowing the material properties
of the fibers and substrate to drive the FPAM’s mechanical performance. In this manner, the fibers

can be chosen with either higher or lower elastic moduli which would result in higher max forces
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and lower max contractions or lower max forces and higher max contractions in the applied
pressure range respectively. Ultimately, the FPAM will be optimized for increased maximum

contraction and force generation at similar pressure ranges used within this study.
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Figure 2.12: Cyclic loading of SCU at 103 kPa over a distance of 2 mm

In addition, the FPAM will be redesigned to incorporate embedded sensors. Due to the
layered manufacturing process described, sensing capabilities can be easily added by altering the
mold design to incorporate microchannels to be filled with a liquid conductor, such as eutectic
Gallium-Indium (EGaln) [5, 6], or by embedding a conductive soft polymer in an additional layer
[7]. Subsequent experimentation with various microfluidic sensing designs such as those in [15,
16, 17, 18] will need to be conducted in order to optimize actuator performance and sensing
capability. However, the added advantage of embedded multi-modal sensing in the proposed 2-D
form factor will improve the FPAM’s controllability, and thus the overall effectiveness of the
FPAM. In addition, system identification to determine damping and spring coefficients at various
pressures will need to be conducted. This will provide important information to improve the
control of the FPAM, which is essential if it is to be used in a wearable orthotic or prosthetic

device.
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2.6 Conclusions

A simple fabrication technique was developed and employed to produce a two-dimensional
flat PAM. A theoretical model was developed to numerically predict the overall contraction and
force generation of the actuator through the use of Von Karman’s formulation for large
deformations and the energy methods. Additionally, experimental analysis of the maximum force
generation and contraction at various input pressures was used to characterize the mechanical
performance of the flat PAM. and to verify the fidelity of the theoretical model. In addition, a
theoretical model was developed and demonstrated accurate approximation of the mechanical

properties of the PAMs to within 2.55% contraction and +3.5N force.
Acknowledgements

This work was sponsored in part by the GEM fellowship program, in part by Siemens
(Award No.: A015580), and in part by Samsung (Award No.: A017519), whose supports are

gratefully acknowledged. The authors would like to thank Dr. Sung-Hwan Jang for his technical

support with fabrication and Dr. Carmel Majidi for his feedback in this study.

32



Chapter 3: Biologically Inspired Sensorized Flat Pneumatic Artificial Muscles

3 Biologically Inspired Sensorized Flat Pneumatic

Artificial Muscles

Abstract

In recent years, soft components, such as pneumatic artificial muscles (PAMs), have been
increasingly employed in order to design safer wearable devices. Despite the inherent compliance
of the materials used to fabricate PAMSs, the actuators are able to produce relatively large forces
and work when compared to their weight. However, effective operation of these systems has
traditionally required bulky external force and position sensors, which limit the maneuverability
of users. In order to overcome these issues, inspiration was taken from organic muscle, which
incorporates embedded sensors, such as Golgi tendon organs and muscle spindles, to provide real
time positon and force sensing for the muscles. As such, a sensorized flat pneumatic artificial
muscle (sFPAM) with embedded force and position sensors was designed and fabricated. In
addition, a hyperelastic model was developed and verified through comparison with the
experimentally characterized mechanical and electrical performance of the SFPAM. Furthermore,
a sliding mode controller was implemented to demonstrate the feasibility of the embedded sensors
to provide feedback during operation. Ultimately, a lightweight compact actuation system was
designed with the ability to be seamlessly incorporated into a future wearable device.

Keywords: pneumatic artificial muscle (PAM), flat, actuators, soft robotics, design and

manufacturing.

33



Chapter 3: Biologically Inspired Sensorized Flat Pneumatic Artificial Muscles

3.1 Introduction

Technological advances in robotic systems have led to the development of cheaper, more
robust designs that are increasingly becoming everyday aspects of modern society. These systems
encompass a plethora of applications including: autonomous vehicles, teleoperated medical
devices, toys for children, personal robots, and wearable devices. An important consideration for
researchers in this field centers on human-robot interactions which seek to foster safe and efficient
working relationships and environments [42, 43, 44, 45]. This is particularly important in the
design of wearable robotic devices, due to the higher risks involved with linking the mechanics of
the human body to an external system. Thus researchers have sought to produce safe efficient
systems through the implementation of complex control algorithms and innovative system designs
[44, 45, 46].

One such innovation, which is particularly important to this study, can be found in the use
of pneumatic artificial muscles, or PAMs, in the design of wearable devices [29, 31, 38, 47, 48].
PAMs, which are traditionally composed of soft elastomeric bladders constrained by flexible
inextensible mechanisms, have increasingly been used in the field of robotics due to their favorable
characteristics [12, 13, 14]. PAMs are composed of soft materials, which typically have elastic
moduli and stiffnesses in the ranges of those of organic tissue, making them inherently safe when
interacting with humans. These materials allow PAMs to remain lightweight and compliant, while
being able to generate large forces when compared to that of their own masses. In addition, when
pressurized, PAMs generate linear displacements and forces which can be utilized to produce
desired movements. Despite the aforementioned properties of PAMSs, operation of these actuators

is complicated due to their nonlinear response to input pressure.
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In order to overcome this caveat, designers have employed various external and internal
sensors to detect the current state of the actuators during operation. However, current designs fall
short of ensuring effective real-time control of compliant and compact designs. External sensors,
including linear force gauges and strain sensors, increase the bulkiness and add undesirable rigidity
to the overall system. Meanwhile, internal sensors, such as embedded conductive elements in the
elastomeric air chamber for resistive sensing [7, 22, 23] or integrated braided conductive wires to
the outer mesh structure for inductive sensing [24, 25], have not allowed for multimodal sensing
due to difficulties arising from complex fabrication processes. A solution to this issue however,
can be found in biological muscle systems, which operate similarly to PAMs.

Biological muscle, an organic soft tissue, is lightweight, compact, and capable of
generating linear forces and displacements when stimulated by electricity. Muscles, which are
typically found in antagonistic pairs throughout the human body, are composed of millions of
contractile micro units known as sarcomeres, which are connected in series and in parallel to
provide human-scale contractile forces and displacements. Although muscle contractions may be
voluntary (consciously controlled) or involuntary (subconsciously controlled), both neurological
control schemes employ embedded organic sensors to detect the current state of the muscle. These
sensors, known as proprioceptors, detect the stretch, length, and tension of the muscle fibers,
without increasing the muscle’s overall form factor. The primary muscular sensory receptors are
the muscle spindles and Golgi tendon organs [49, 50]. The muscle spindles are located along the
muscle fibers (contractile region of the muscles) and serve to detect the overall length of the
muscle, while the Golgi tendon organs are located in the muscle tendons (terminals of muscle) and

detect the muscles’ generated stress (Figure 3.1). These sensors work in unison to provide the
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human body with a continuous stream of sensory data that is used to provide effective motor
control of the muscle systems.

In seeking to replicate the properties of biological muscles and their sensors, this study
focuses on the design, control, and experimental characterization of a biologically inspired
integrated sensing and actuation system composed of a PAM with embedded sensors (Figure 3.1).
The proposed design utilized a modified version of the flat pneumatic artificial muscle design
(FPAM) proposed by [51] due to the simple layered fabrication method employed, as well as the

ease in which multimodal sensing could be incorporated [31, 51].

Muscle spindle

Figure 3.1: Schematic comparison of sensorized FPAM with biological muscle.
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3.2 Design and Fabrication
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Figure 3.2: (a) Prototypes of the sensorized flat pneumatic artificial muscle 1) at rest and 2) inflated to 82.8 kPa. (b)
Illustration of the completed actuator at rest with labels designating key components. (c) Exploded view provides clear
visualization of the contraction and pressure sensors.

The previous FPAM design proposed by [51], was a thin rectangular actuator composed of
a liquid cure silicone rubber substrate (Dragon Skin 10, Smooth On) that contained embedded
Kevlar fibers (Kevlar 69 thread, McMaster Carr) [51]. The effects of the elastic substrate being
constrained by the flexible inextensible fibers during pressurization of the PAM’s zero-volume air
chamber (ZAC) resulted in the generation of linear forcers and contractions [31, 51]. This study
further improved on the effectiveness of the previous design through modifications to incorporate
embedded multimodal sensing and to improve the repeatability of the fabrication process. This
was accomplished through the substitution of the Kevlar fibers for a laser-cut flexible plastic sheet
(PEI Ultem, McMaster Carr), the addition of a non-inflatable terminal to the actuator design, and
the incorporation of microchannel negatives into the layer molds for both force and contractile

sensing.
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Core Fabrication
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Figure 3.3: Fabrication process of sSFPAM using water-soluble mask: (1) prepare bottom core mold, (2) pour liquid elastomer for
bottom half of core, (3) place water-soluble mask, (4) place top mold and pour liquid elastomer for top half of core, (5) remove
core after curing, (6) remove water-soluble mask with water, (7) prepare thin layer molds, (8) pour liquid elastomer to create thin
outer layers, (9) remove thin outer layers after curing and seal microchannels by spin-coating thin layer on top, (10) Inject liquid
metal into microchannels, (11) align plastic sheet, outer layers, and core, (12) then bond together using uncured elastomer, (13)
finally 3D printed clamps are added and electrical wires are inserted into microchannels.

These alterations allowed for the design of the SFPAM with a constant stiffness tendon and
deformable muscle, Figure 3.2, which contained a bioinspired Golgi tendon organ and muscle
spindle fabricated using eutectic Gallium Indium (eGaln), an extensively studied conductive liquid

metal [5, 6] that has been embedded as a resistive sensor in various soft robotic systems [15, 16,
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17, 18]. In particular, the laser-cut flexible sheet was integral to the current actuator design. The
substitution of the sheet for the Kevlar fibers minimized misalignment issues that led to slack, and
allowed for more rapid manufacturing of the desired sheet design. Additionally, a kirigami design
patterned into the terminal tendon section of the sheet provided minor stretchability, which allowed
the force sensor to change values during operation.

The proposed sFPAM was fabricated using a simple layered manufacturing process. The
fabrication process, Figure 3.3, makes use of liquid silicone rubber and photopolymer (VeroBlack,
Stratasys) molds, which were made using a 3D printer (Objet 30, Stratasys) in order to create two
layers (thin silicone sheets) and a core (central substrate containing the ZAC) with an embedded
water-soluble mask (Water Soluble Stabilizer, Paper Solvy). The mask is removed using water in
order to create the ZAC. The layers were fabricated with embedded microchannels that were filled
with eGaln purchased from Alfa Aesar, in order to act as resistive liquid metal contractile and
force sensors. Afterwards, the layers and core were stacked and bonded together to form the base
actuator in the following order: silicone layer (force sensor), laser-cut plastic sheet (PEI Ultem,
McMaster Carr), core, laser-cut plastic sheet (PEI Ultem, McMaster Carr), silicone layer
(contractile sensor). Finally, an inlet fitting (5463K41, McMaster), flexible wiring (9564T3,
McMaster), and 3D-printed clamps were then added to complete the actuator. A prototype of the
PAM can be found in Figure 3.2(a). The base single cell actuator was made using Dragon Skin 10
silicone rubber (Smooth-On Inc) and had dimensions of 55 mm x 26 mm x 5.5 mm thick, with
ZAC dimensions of 16 mm x 16mm x 0.1mm thick, and weighed about 17 grams. The

microchannels (sensors) had cross sectional dimensions of 0.2 mm x 0.2 mm thick.
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3.3 Hyperelastic Contraction Model
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Figure 3.4: Diagram of top half of SFPAM depicted as a flat sheet under external force F and pressure P.

A theoretical model was previously developed using a modified von Karman’s formulation
for the large deformation of membranes and the energy method [32, 33, 34], by [51] in order to
approximate the mechanical performance of the FPAM. In this study, the model was further built
upon through the introduction of hyperelastic strain energy density formulations and geometric
constraints. Initially, the sSFPAM was modeled as two flat elastic rectangular composite sheets
simply supported along their edges, Figure 3.4. The z-axis deflection

_ X oY (3.1)
w(x,y) = wgcos >a cos >h

theorized by Timoshenko [32, 33] for the elastic deformation of a simply supported membrane
under uniform pressure, was utilized. Here x and y are the position from the center of the composite
sheet parallel and perpendicular to the fiber direction respectively, and 2a and 2b are the
dimensions of the sheet in the x-axis and y-axis directions, respectively. The modified von Karman

formulation for a composite was calculated as,

16% 16% N ( 1 _ Vxy _Vﬂ> 5 _ [( 52w >2 52W52W] (3.2)

E_y6x4+E_x6y4 Gay E, E, sx* ~ |\6xdy |  6x2 6y2

where Ex and Ey are the elastic moduli in the x- and y-axis directions, respectively, Gyy is the shear
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modulus, vxy is the Poisson’s ratio due to the effects of y-axis stress on the x-axis deformation, vyx
is the Poisson’s ratio due to the effects of x-axis stress on the y-axis deformation, and @(x,y) is the

stress function defined as

5% (3.3a)
x — 6__')/2’
52¢ (3.3b)
% T X2
8% (3.3c)
Yy = T Sxsy

The particular and homogenous solutions for the stress function &, were then solved for the

boundary conditions of a simply supported plate, resulting in the complete stress function

E,a*w§ nx\ E.b*w? Ty (3.4)
w708 () + Tz eos ()

2 E,(m*a*w§ + 16vya?b) + E,vy, (m2b*w§ + 16uyab?)
x
64a2b?(vyy vy, — 1)

2 Ey v,y (m2a®w§ + 16vya2b) + E,(m*b*w§ + 16ugab?)
64a2b2(vxyvyx - 1)

and the final x-axis and y-axis displacement formulations

2 2
UpX TTWE Ty\  VxyEya®l | mx (3.53)
= 1 A WIS el ™=
u(x,y) g +32al +cos(b)+ Eb? lsm(a)
2 2
VoY TTW§ X\ VyxExb®]  my (3.5b)
-2 0 il W 7. el y
v(x,y) 5 T 320 +cos(a)+ B, o sm(b),

where wp is the maximum displacement in the z-axis direction, ug is the maximum displacement
in the x-axis direction, and vo is the maximum displacement in the y-axis direction. With the
formulation of solutions for u(x,y) and v(x,y) , in addition to w(x,y,), the displacement of any point

in the composite sheet during elastic deformation was determined. Given that hyperelastic
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solutions should reduce to the elastic formulations, in their linear regime, it can be assumed that
the hyperelastic solutions take on a similar form as the elastic solutions. As such, the hyperelastic

displacement formulations were assumed to take on the form

ulx,y) = % + u; sin (%C) + u, cos (7%) sin (7%) (3.6a)
v(x,y) = % + v, sin (7;_}/) + v, cos (%) sin (72—31) , (3.6b)
w(x,y) = wycos (%) cos (%), (3.6¢)

where Uo, Uz, U2, Vo, V1, V2, and wo are unknown constants to be solved for through the minimization
of the system’s potential energy, /7. In order to solve for these unknowns, a nonlinear hyperelastic
strain energy density term, W, was incorporated. The composite sheets were assumed to be
incompressible Neo-Hookean solids with deformation tensor, B, and right Cauchy-Green

deformation tensor, C, defined as

€ 3.7a
g o
=€
0 0 2
&z £ 3.7b
[ 2+ 2242 o 470)
C=B"B=|¢ 2 .
— (Ac+2,) B+ 0
0 0 22

The strain energy density of a Neo-Hookean solid, is defined as the shear modulus multiplied by
the first invariant, or trace, of the right Cauchy-Green deformation tensor, which resulted in the

strain energy density formulation

E &2 3.8
W=€<A§+A§+A§+%—3>, (38)
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with the resulting volumetric stretch ratio defined as

g2 3.9
J = det(B) = A, 4,4, — %AZ, (39)

The normal stretches /x in the x-axis direction, Jy in the y-axis direction, and shear strain exy were

defined as
_bu N 1 <5W)2 52w 1 (3.10a)
¥ 8x  2\6x Zoxz T
L 5V N 1 <5W>2 52w 1 (3.10b)
Y 8y  2\8y Ty T
_Su  Sv  Swéw 52w (3.10c)

Exy = @ + 5 Sx &y d 5x8y’
while 4; , the stretch in the z-axis direction, was found from the incompressibility constraint | =
1. In addition to the incompressibility constraint, 2 additional constraints were applied to the
system due to the nature of the composite sheets. Firstly, due to the presence of the laser-cut plastic
sheet, the average x-axis stretch of the composited sheet is constrained. In other words, the length

and location of the plastic sheet within the composite dictated the overall deformation of the

actuator. This constraint was defined as 4, 4,y = 1 + ﬁ, where F is the acting x-directional force
[

along the edges x = ta, A is the area which the force acts on, and E¢ is the x-direction Young’s

modulus of the composite sheet. Here ﬁ is equivalent to the strain induced by the deformation of

the composite sheet by the applied force at the edges. This geometric constraint resulted in the

following relationship between wo and uo,

n (3.11)

1 Fa
Wy = = 16uya + 8E A
c

Secondly, the deformed volume of the composite sheet had to be equivalent to the initial volume
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due to the incompressibility constraint. This was accomplished by defining the x, y, and z positions
of the composite sheet as X = x + u(x,y), Y =y +v(x,y),and Z = z + w(x, y), where X, Y,
and Z, are the deformed Cartesian coordinates of a point in the composite sheet. The initial volume
was then compared to the deformed volume such that V, = [[[ |V| dxdydz, where V, the change
in variable between the coordinate systems, is the determinant of the Jacobian of (X,Y,Z) with
respect to (x,y,z). This volumetric constraint resulted in the following relationship between vo and
Uo,

_2ub (3.12)
2a + ug

Vg =

Utilizing the relationships found from the applied constraints, the potential energy of the system
could then be defined as

n:zﬂ Wdv — 2W, — Wy, (3.13)

where [[f WdV is the strain energy of a composite sheet, W, = [[[Pw(x, y)]dxdy is the work
done by the applied pressure on a sheet, and Wy, = Fu, is the applied force at the loaded edges

x = ta. Subsequently, Equations (3.11) and (3.12) were substituted into (3.13). /7 was then

minimized with respect to the unknowns uo, U1, U2, vi, and vz (i.e. ;TH: 0) to establish a
0

relationship between the required input pressure, P, and the maximum generated force, F, &
contraction, uo. The mathematical solver Maple was used to find an analytic solution P (u,, F).
The theoretical model developed was then compared to experimental data in order to further assess

the effectiveness and fidelity of the model to approximate the behavior of the SFPAM.
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3.4 Experimental Apparatus
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Figure 3.5: (a) Diagram of Experimental apparatus used to conduct force and contraction experiments. (b) Diagram
of sensor amplification circuit. (c) Block diagram of controller used to implement force and position control.

The sFPAM was subjected to experimentation in order to characterize its mechanical and
electrical performance, as well as demonstrate its feasibility to be controlled. The experimental
characterization was conducted using a single-axis motorized test stand (ESM301, Mark-1)
equipped with a single-axis load cell (STL-50, AMCells), a National Instruments USM-600 Data
Acquisition Unit (DAQ), a 30 psi pressure gauge and regulator (McMaster Carr), a custom
amplifying PCB, and a custom LabVIEW program designed to collect experimental data. Using
this experimental apparatus, Figure 3.5(a), the SFPAM was subjected to a set of experimental
procedures in order to characterize the mechanical performance of the actuator and determine the
corresponding sensor data during operation. The actuators were pretensioned to 0.5 N prior to

experimentation in order to minimize errors in actuator performance due to slack and/or differing
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initial conditions. After the application of the aforementioned pretension, the actuators were
subjected to tests in order to characterize the force vs contraction response, determine the
maximum force generation and contraction with corresponding sensor data, and identify the real-
time effectiveness of the sensors at pressures ranging from 0 to 82.8 kPa (above which failure

occurs).
3.4.1 Experimental Characterization

The force vs contraction response characterization was conducted by installing a single
sFPAM at rest in the experimental apparatus and holding it fixed (contraction = 0 mm). After the
actuator was pretensioned, the LabVIEW program was tared. Subsequently, a constant pressure in
the aforementioned pressure range was applied, inducing an increase in the force reading of the
program. After the force reached a steady state value, the SFPAM was then manually contracted
at a speed of 10mm/min until the LabVIEW program’s force reading returned to zero. This
procedure was repeated in order to produce the force vs contraction characterization of the SFPAM.

In the procedure to identify the maximum force output of the SFPAMs due solely to
pressurization of the air volume, the actuators were placed in the experimental apparatus and held
fixed at their rest length (contraction = 0 mm) throughout the experiment. Following the
application of the pretension, the program was tared and the actuators were pressurized from 0 to
89.7 kPa in increments of 6.9 kPa. At each increment, the force was allowed to settle to a steady
state value, at which point data was recorded for the maximum generated force and resistance
change of both the force and contractile sensors.

The maximum contraction of the sSFPAMs was identified through the experimentation in
no load conditions (applied force = 0). The actuators were placed on the experimental apparatus

with one end free to move, but initially maintained physical contact with the base of the Mark-10
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test stand. The Mark-10’s distance measure was then tared. Subsequently, the actuators were
pressurized fromO to 89.7 kPa in increments of 6.9 kPa. At each increment the actuators freely
deformed due to the input pressure, contracting along the axial direction. The actuators were then
lowered until their free ends once again contacted the base of the test stand. At this point, the
maximum contraction and resistance change of both the force and contractile sensors were
recorded.

The x-axis tensile modulus was also found experimentally. The actuators were pretensioned to
0.5N prior to testing. Subsequently the actuators were stretched to failure. Using the rule of
mixtures, the effective fiber modulus was calculated [39, 40]. The results of these experimental

procedures were then used to develop a controller for force and position control of the SFPAM.
3.4.2 Force and Position Control

A custom amplifier PCB was used to measure small changes in the resistance of the
sFPAM. This PCB drives the sensor with a precise reference current, then measures the voltage

across the sensor leads. The sensor resistance can then be calculated using Ohm’s law: Rgep, =

Ysens — _Yoens |y the circuit, Figure 3.5(b), Operational Amplifier U1 (OPA2377, Texas

Iarive Vref/R .
se

Instruments) is used to drive a constant current set by Rset and Vrer. The Instrumentation Amplifier

U2 (LTC6915, Linear Technology) outputs a voltage proportional to the voltage across the sensor.
The gain of U2 is adjusted by on-chip resistors manually configured through digital inputs. An
internal 3kHz switched capacitor circuit allows for zero drift. Two single-pole RC low-pass filters
between the sensor and U2 are used to limit aliasing. The 12-bit ADC in the USB-600 DAQ
records the output voltage. This circuit allows for precise, independent control of drive current
and amplifier gain. Drive current is set based on the geometry of the sensor to avoid thermal

effects. Next, the maximum amplifier gain is selected that maintains the output voltage within
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supply rails for the full working range of the sensor.

This amplification circuit, alongside a microcontroller and two solenoid valves, was then
used to implement a sliding mode controller. As seen in Figure 3.5(c), the control scheme used
both the force and position as inputs to the controller. The controller developed prioritized position
over force, through the choice of system gains. During experimentation, the actuators were
subjected to either force or position control tests, in order to determine the viability of the overall
system to be controlled. During position control experiments, the actuators were fixed to a
stationary mount on one side, and the constant spring force position sensor on the other. The
embedded sensor signals were amplified and sent to the microcontroller, after being calibrated,
and used to implement the desired position control tests. During force control experimentation, the
sFPAMs were fixed the force gauge on one end, and a stationary mount on the other. After being
pretensioned, the actuators were then subjected to the designed control algorithm. During both the
position and force control experiments, the force gauge and constant spring force position sensor
were used to provide base values for comparison of how effectively the embedded sensors

performed during real-time operation.

3.5 Results and Discussion
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Figure 3.6: sSFPAM force-contraction relationship at pressures ranging from 0 to 82.8 kPa.
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The experimental data collected for the SFPAM was utilized to characterize the mechanical
performance of the actuator. In addition, the resulting resistance changes of the contractile and
force sensor were mapped to the mechanical performance in order to provide a relationship to be
used for the design and implementation of the controller. Figure 3.6 provides an example of the
sFPAMs’ force-contractile relationship at pressures ranging from 0 to 89.7 kPa. At pressures above
89.7 kPa, the actuators failed due to the laser-cut plastic sheet shearing during bending. The
maximum contractions and generated forces of the SFPAM over the operational pressure range are
found in Figures 3.7(a)-3.7(b). In addition, experimental values were compared to the theoretical

model developed and showed close agreement.
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Figure 3.7: (a) Maximum % contraction of SFPAMs at pressures in the range of 0 — 89.7 kPa. (b) Maximum force
of SFPAM at pressures in the range of 0 — 89.7 kPa. (c) Resistive response of force and contractile sensors due to
contraction. (d) Resistive response of force and contractile sensors due to force.
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Overall the sSFPAM produced a maximum contraction of 19.8 + 0.2% and maximum force
of 24 £ 1.37 N. The theoretical model approximations predicted the contraction of the SFPAM to
an average root mean squared error (RMSD) of 0.47% contraction (max RMSE 0.83%) and 0.68N
force (max RMSE 1.45 N). Additionally, the model accurately captured the trajectory of both the
contractile and force responses to input pressures. The corresponding sensor values can be found
in Figures 3.7(c)-3.7(d). The effects of contraction on the sensors specifically, can be found in
Figure 3.7(c). As shown, the contractile sensor exhibited a linear response to input pressure when
the sSFPAM was allowed to freely deform to its maximum contraction. Overall the contractile
sensor changed 36.4 + 1.2% in resistance, resulting in a resolution of 0.54 percent contraction to
percent change in resistance. In addition, the force sensor remained nearly constant maxing at a
0.15% change in resistance which is less than a twentieth of the respective change due to the
sFPAM’s generated force. This result demonstrated that the force sensor was minimally affected
by contraction, and thus could be considered completely decoupled from the effects of contraction,
which would be key to implementing effective control of the SFPAM in real world applications.

The effects of force on the sensors is found in Figure 3.7(d). The force sensor changed 3.1
+ 0.2% in resistance and resulted in a resolution of 8 N of force to percent change in resistance.
However, there was a more significant coupling between the contractile sensor and the force
generated by the actuator. Despite the SFPAM being held fixed during max force experiments, the
air volume still deforms slightly in the z-axis direction, inducing a change in the resistive sensor
that maxed out at 23.2 + 0.4% resistance change. The change in the contractile sensor due to force
is about two-thirds the respective change due to contraction for the actuator. However, because of

the advantageous decoupling of the force sensor from contraction, as previously mentioned, the
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contractile sensor coupling could be readily alleviated during development of the control

algorithm.
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Figure 3.8: (a) System response during position control experimentation. (b) Corresponding force sensor response
during position control experimentation. (c) System response during force control experimentation. (d) Corresponding
contractile sensor response during force control experimentation.

Force and position control experiments were conducted to demonstrate the feasibility of
the SFPAM to reach desired set points. For position control experiments, an example of which is
provided in Figures 3.8(a)-3.8(b), the actuator was able to reach desired step inputs with a rise time
of 0.82 s. Meanwhile, during force control experiments, an example of which is provided in Figure
3.8(c)-3.8(d), the actuator was able to reach desired step inputs with a rise time of 0.28 s and an

average error of 1.5 N. The control scheme implemented in both cases relied solely on proportional
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3.6 Conclusion

In this study the SFPAM, a novel pneumatic actuator with embedded sensors, was designed
and fabricated. A modification to previous fabrication techniques for the manufacture of FPAMs
was made through the substitution of a patterned laser-cut plastic sheet, which served an integral
role in the design of the overall integrated sensing and actuation unit that is the SFPAM system. In
addition, an analytic hyperelastic theoretical model capable of predicating the behavior of the
sFPAM was developed. This model provides researchers and designers with a means to effectively
select dimensions and materials for the SFPAM in order to produce forces and contractions within
specific pressure ranges in order to successfully complete their desired tasks. In addition, due to
the use of the plastic sheet, researchers can quickly iterate through sheet patterns in order to
optimize the mechanical and electrical performance of the SFPAM.

Ultimately, a sensorized flat pneumatic artificial muscle capable of acting as a compact,
readily deployable, standalone system which can easily be incorporated into a wearable device
was developed. The sSFPAM, which contained embedded force and contractile sensors that mimic
the behavior of organic sensors found in human muscles (namely Golgi tendon organs and muscle
spindles), was experimentally characterized and demonstrated favorable agreement with the
developed hyperelastic model. Additionally, the feasibility of the system to be controlled to desired
force and positon set points was displayed. However, additional considerations should be made to
further improve the performance of the overall system.

Although controlled operation was successfully demonstrated, sensors should be modified
to improve two key defects. Firstly, microchannel location and layout should be optimized to
minimize the coupling effects of the contractile sensor. Ultimately the contractile sensor should

have minimal change in its signals during purely force based experimentation or operation.
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Minimization of the coupling effect should reduce the complexity of control algorithms required
for effective real time operation of the SFPAM. Secondly, the sensitivity of the force sensor should
be improved. This can be achieved by switching to capacitive sensing, utilizing a soft polymer
instead of the liquid resistive sensing, optimizing the Kirigami pattern used on the laser-cut plastic
sheet, or utilizing a higher resolution fabrication process for molds to create microchannels for
improved resistive sensing. These improvements should ensure higher fidelity in the design of
position and force controllers for set point and trajectory tracking inputs with varying loads, similar

to what the sFPAM would experience during real world applications.
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4 Fiber-Reinforced FPAM for the Suppression of

Hand Tremor

Abstract

Tremor, including essential tremor (ET) and those associated with Parkinson’s discase
(PD), is the most common movement disorder affecting humans in modern society. Current
solutions involving medication or surgical options can be very expensive, while wearable assistive
devices fall short of providing an effective compact design for the suppression of the
aforementioned tremor types. In order to overcome these limitations, a prototype flat pneumatic
actuator (FPAM) capable of being placed into a custom glove for everyday use was created. A
theoretical model was developed to approximate the behavior of the actuator. Furthermore,
experimental characterization was conducted to measure maximum deflection angles and bending
force generated at the tip of the actuator. Experimental data compared favorably to the theoretical
model, which was subsequently used to aid in the development of an open-loop control scheme to
simulate active compensation of tremor created by ET and PD on a human index finger. Results
demonstrate the feasibility and effectiveness of the prototype FPAM to stabilize tremors within
the finger, despite the lightweight, compact design of the system.
Keywords: flat pneumatic artificial muscle (FPAM), PAM, actuators, soft robotics, design and

manufacturing, hand tremors, tremors.
4.1 Introduction

The human body is the subject of various movement disorders, the most common of which

is known as tremor [52, 53, 54]. Tremor is characterized as an involuntary, rhythmic movement
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which manifests at the joints, inducing uncontrolled oscillatory deflections [54, 55, 56, 57]. The
most prevalent instances of this disorder may occur naturally, as in the case of physiological tremor
(PT), or as part of a medical syndrome, as in the cases of essential tremor (ET) and Parkinson’s
disease (PD). The causes behind each of these instances vary, resulting in medically
distinguishable characteristic behaviors for the aforementioned tremor types. In the case of PT,
which affects all individuals, tremors are characterized by 8-12 Hz oscillations, typically of small
amplitudes (0°-2.5°), making them invisible to the naked eye [56, 57, 58]. Researchers have
identified a mixture of mechanical resonance, synchronization of motor unit firing, and instabilities
in the stretch reflex arc as causes of PT [56, 57, 58]. ET and PD however, are characterized by
slower easily visible oscillations (amplitudes of 0°-20°) in the range of 4-8 Hz [57, 58, 59]. In the
case of ET, abnormal oscillations occur during voluntary movement (action tremor) and are
characterized as monosymptomatic neurogenic tremors [54, 57, 60, 61]. Meanwhile, PD is
characterized by abnormal oscillations during rest (rest tremor) that are caused by the degradation
of the central nervous system leading to the erratic behavior and death of neurons controlling
movement [54, 59, 62]. These syndromes become increasingly prevalent with age, significantly
impairing afflicted individuals. Although affecting various parts of the body, these symptomatic
tremors are particularly severe in the joints of the hands and fingers.

Individuals afflicted with hand tremors induced by ET and/or PD are severely inhibited in
their dexterity and ability to manipulate objects, which are essential to completing everyday tasks
(e.g. dental hygiene, writing, eating). Unfortunately, there currently are no cures to halt the
progression of ET or PD. However, treatments exist to mitigate the effects of tremor through
medication or surgical options. Current treatment options are very expensive, which has pushed

researchers to search for alternative means of addressing hand tremors [63]. In recent years, there
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has been a rise in the development of inexpensive assistive devices designed to suppress tremors
in the hands and fingers. These products include passive devices [64, 65, 66] such as the Readi-
Steadi Glove and GyroGlove as well as active devices [67, 68, 69, 70] such as the Emma Bracelet.
These wearable devices however, have a few drawbacks in their design. The passive systems add
inertia to the hand which limits maneuverability and do not sufficiently address tremors in the
finger joints. Meanwhile, the active devices are typically bulky, conspicuous, and rigid, inhibiting

mobility and drawing unneeded attention to users.
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Figure 4.1: (a) Solid model of complete FPAM with labels designating key components, (b) Fabricated fiber-
reinforced FPAMs composed of Smooth-Sil 960 (green), Smooth-Sil 945 (purple), Smooth-Sil 935 (blue), and Dragon
Skin 30 (transparent). (c) Top view of potential actuator-glove configuration on human hand, d.) Side view of potential
actuator-glove configuration on human hand.

In order to address these shortcomings, this study focuses on the development of a flat
pneumatic artificial muscle (FPAM) capable of providing active suppression of tremors, while
remaining lightweight, compliant, and inconspicuous. The FPAM, which was integrated into a
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form-fitting single-finger prototype glove, was experimentally characterized and tested for its

feasibility and effectiveness in suppressing tremors associated with ET and PD.
4.2 Design & Fabrication

A fiber-reinforced FPAM, shown in Figure 4.1, was designed with inspiration from soft
pneumatic actuators previously developed by Wirekoh & Park et al. [31, 51, 71], Bishop-Moser et
al. [20, 19], and Polygerinos et al [29, 21]. The FPAM was composed of a thin elastomeric core
section, containing a zero-volume air chamber (collapsed air chamber), which was fabricated from
a water-soluble mask (Water Soluble Stabilizer, Paper Solvy) and various silicone rubbers from
Smooth On Inc., including Dragon Skin 30 (Ei00 = 0.593 MPa), Smooth-Sil 935 (E1g = 1.172
MPa), Smooth-Sil 945 (E100 = 1.793 MPa), and Smooth-Sil 960 (E100 = 1.931 MPa). Here E1o is
the tensile modulus of the silicone rubber at 100% strain. The thin rectangular form factor of the
core was chosen to allow the FPAM to remain compact in its rest state and during operation. The
removal of the water-soluble mask by flushing water through the core several times, allowed for
the creation of the collapsed air chamber or ZAC. Following this step, an inlet nozzle and stopper
are added to the two ends of the FPAM. Subsequently, a single laser-cut plastic sheet (PEI Ultem,
McMaster Carr) was secured to the core section by winding Kevlar fibers at alpha and beta helix
angles of 75° (Kevlar 69 thread, McMaster Carr) along the outer surfaces. Figure 4.2 provides
additional information regarding fabrication of the proposed FPAM. A high volume fraction of
Kevlar fibers was utilized in the completed actuator in order to geometrically constrain the

deformed form factor of the actuator when inflated with pressurized air.
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Figure 4.2: Fabrication process of FPAM using water-soluble mask: (1) prepare bottom core mold, (2) pour liquid elastomer for
bottom half of core, (3) place water-soluble mask, (4) fill top half of mold and place acrylic cap, (5) after curing, remove core from
mold, and open air volume using water to remove mask, (6) cut actuator to length, then insert tube fittings, (7) align flexible/inelastic
plastic sheet, (8) secure the plastic sheet by winding the fibers, followed by cutting the plastic sheet to allow extension at the joints.

In other words, the fibers served to restrict the deformed thickness of the actuator, ensuring
the system would remain compact during operation. The plastic sheet provided an additional
geometric constraint to the system, which was integral in forcing the actuator to bend when
inflated. By attaching the sheet to a single side of the FPAM, the deformed length along that side

was constrained to its original length. The opposite side of the actuator however, was free to
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elongate along its length. This constraint on the first side coupled with elongation of the opposite
side caused the actuator to bend with increasing pressure input. The actuator was then completed
by utilizing zip-ties to ensure that the tube fittings, plastic sheet, and fibers were firmly secured in
place. The final actuator dimensions of the FPAM were 110 mm x 7 mm x 2.5 mm thick, with

ZAC dimensions of 110 mm x 4 mm x 0.1 mm thick.

4.3 Hyperelastic Bending Model
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Figure 4.3: Schematic of FPAM depicting coordinate system used to develop the theoretical model.

In order to approximate the behavior of the proposed fiber-reinforced bending FPAM, a
theoretical model was developed. The model incorporates a modified Von Karman formulation
for large deformations [51, 71], utilizing superimposed solutions for simply supported plates and
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plates undergoing pure bending. Geometric constraints similar to those imposed in [29, 20, 19, 21]
for the design of fiber-reinforced PAMs using helical patterns were also incorporated.
Subsequently, the energy method was used to find an analytic solution to the modified von
Karman’s formulation for the large deformation of plates [32, 33, 34]. The formulation begins with
the hyperelastic model developed in [71] in order to approximate the mechanical performance of
the FPAM. Assuming an initial z- axis deflection

_ X oY (4.1)
w(x,y) = wgcos >a cos >h

as postulated by Timoshenko [32, 33], and solving the modified von Karman formulations for a

composite plate

1 6% L1 54 NERR s*¢ [(8°w\" &%wsw (4.2)
E, 6x*  E,0y* \Gy, E. E,)éx* |\6x6y 5x2 §y2|’
yielded the following form for the x- and y-axis displacements:
_ HoX in (X " sin (£ (4.3a)
u(x,y) = o +u151n( a>+u2cos( p )sm( a)'
_ Doy in (™ ™\ sin (&Y (4.3b)
v(x,y) = b +v151n( p ) +v2cos( a)sm( p )

Equations (4.1) and (4.3) provide solutions in the case of pure deformation of the actuator in the
plane. In other words, the plates have no z-axis deflection on their edges. In order to model the
bending deformation, a bending deflection was devised using a similar form to that postulated by
Timoshenko. In this case, where pure bending is being assumed, the z-axis deflection was assumed
to take on the form

_ x (4.4)
w(x,y) = w; cos 2a"

The assumed deflection has no dependence on y, but has z-axis deflection at the maximum x-axis

dimensions of the plate (x=a). Solving Equation (4.2) using (4) yielded the following x- and y-axis
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deflections:
_ UoX (X (4.5a)
u(x,y) = >a +uy sm( ),
_ Yoy (4.5b)
v(x,y) = oh

With knowledge that the actuators both bend and deform during operation, a superimposed
formulation was used to solve for the deformation of the system. As seen in Figure 4.3, the FPAM
was modeled as two flat rectangular composite sheets simply supported along their edges and free
to bend with dimensions 2a x 2b x 4h.

The total effects of the deflections of the two plates were specified by combining the displacements

of both pure bending and pure deformation such that

w(X,Y) = Waeform + Whenas (4.62)
u(x,y) = Ugeform + Upends (4.6b)
v(X,¥) = Vaeform + Vbenas (4.6c)
Ax = Exdeform + Expena T 1, (4.6d)
Ay =€y dqerorm + Eypena + 1, (4.6e)
Exy = Exydeform T Exy,pend- (4.6f)

The formulations in Equation 4.6 could then be further specified for each of the plates as,

X VA X
w(x,y) = w;, cos = €08 % + Wy, i1 COS 2 (4.7a)
_ [UioXx . E . Q ) E (47b)
u(x,y) = > + uyy sm( " ) + ujy cos( > )sm( ” )]

Up i0X . TX
+[ - + uy ; sm(—)]
2a b1 a
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v(x,y) = [ + vj; sin (ny) + v;, COS (nax) sin (ny)] [Ub oY ’ (4.7¢c)

2b b

where i is the index equal to 1 for the top plate or 2 for the bottom plate (Figure 4. 3), and the
constants are unknowns to be solved for through the minimization of the system’s potential energy.
A nonlinear hyperelastic strain energy density, W, with volumetric stretch ratio J, was then

incorporated from [71]

2
W, = E(AZ + A2+ 2+ 2 Bt _ ) (452)
L 2 )
g2 . (4.8b)
Ji = Aaidyidg — =2 Ay

4

for an incompressible Neo-Hookean solid. The normal stretches Ax in the x-axis direction, Ay in the

y-axis direction, and shear strain exy were then defined as,

s 6ui+1(6wi>2 52w;] N 6ub,i+1<6wb,i>2 4+ 52wy, 1 (4.9a)
= ox " 2\ex) T exz | T Tox 2\ ox 2T e | T
Sv;  1/8wn® 82wy [Svp; 1 /6wpi\° 52wp;] (4.9b)
Ay = |— —( l) — |+ | =X —( l”) —(z+h)—2[+1,
oy oy Sy? | dy 2\ 6 Sy? |
Su; Sv;  Sw; Sw; 52w; 4.9¢
S L Pl L L (499
6y 6y 6x Oy 6x6y

_ Sub‘i n va,i n 5Wb,i 6Wb,i
oy oy 6x Oy

where w, u, and v are displacement formulations due to pure deformation and ws, Us, and v;, are the
displacement formulations for pure bending. The bending strains through the thickness of the
plates were defined with this form to account for the fact that the two plates must maintain contact
at their edges during bending. This edge constraint manifests in the following boundary

constraints:

62



Chapter 4: Fiber-Reinforced FPAM for Suppression of Hand Tremors

Wa1 = —Wi1 (4.10a)

(due to coordinate system of plates),

Uzp = Uqp, (4.10b)
V20 = V10 (4.10c)
Up,20 = Up,10; (4.10d)
Ub,20 = VUp,10- (4.10e)

In addition, two geometric constraints were defined. First, the actuator had to maintain a constant
length at z, = h due to the location and properties of the plastic sheet. This constraint was
formulated using an average stretch

1 b ra
2a+2b j_b j_alxz(z = —h)dXdy

Secondly, a geometric constraint associated with the fiber windings was incorporated as in [21-

(4.10f)

24] at z=h for both plates. This constraint was given as

wdyi2b sgn(B) ,1—cos(ﬁ)21§i cos(a)-sgn(a) ,1—cos(a)zl)2a- cos(B) (4'109)

w+2b sin(a—B)

where w is the distance the fibers wrap around the undeformed sections of the actuator per loop.
The incompressibility of the plates resulted in a volumetric constraint caused by the deformation
component of the plates’ deflection which was defined as

_ 2uyb (4.10h)
(2a + u;g)

Vio =
Finally, a constraint was placed on the maximum x-axis and y-axis deflection such that the
deformed actuator configuration was realistic. This constraint was defined such that the ends of

the actuators would come into contact at a bending angle of 360° and bending would have

negligible effects on strain in the y-axis direction as,
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0 (4.10i)

Vpio = 0. (4.10))
Utilizing the constraints 4.10(a)-(j), the potential energy of the system could then be defined as

H - j] WldVl + ff WZdVZ - WPl - WPZ - Wm (411)

Ty

2b+

where [[f W;dV; is the strain energy of each plate, WpizﬂP[incos%cos

W i1 COS %] dxdy is the work done by pressure to deform the plates, and W, = M@ is the work

done by the acting moment, with the maximum moment being defined as M,,,, = 2a * F. I was

then minimized with respect to the unknowns ui1, Uiz, Vi1, Viz, U21, U2z, Vo1, V22, Wp 11 and & (i.e.

[

5= 0) to establish a relationship between the required input pressure, P, and the desired bending

angle 6. The theoretical model developed was then fit to the experimental.
4.4 Experimental Characterization

The fiber-reinforced bending FPAMs were subjected to various experiments in order to
characterize their mechanical performance. The experimental apparatus employed (Figure 4.4)
was composed of four proportional solenoid valves (MDPRO5VCF8S 11.5 VDC, Parker), two
industrial pressure sensors capable of reading up to 150 psi (BangGood), an Arduino Uno
microcontroller (Arduino), a force sensor capable of reading up to 10N (FSAGPDXX001RCABS,
Honeywell), a custom microfluidic soft sensor designed to measure bending angle of the actuators,

and custom electronics designed to effectively power the system.

64



Chapter 4: Fiber-Reinforced FPAM for Suppression of Hand Tremors
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Figure 4.4: Diagram of experimental apparatus used to characterize the prototype fiber-reinforced FPAMSs. (a)
Overlay of the bending deformation of an FPAM during angle characterization experiments. (b) FPAM positioning
during force control experimentation. (c) Schematic of electronic components utilized throughout experimentation

Several tests were conducted to establish how the FPAMSs behaved during operation.
Initially, the FPAMs’ maximum bending angle at various input pressures was examined. During
this procedure, the FPAMs were secured to a flat surface, then pressurized with compressed air, as
seen in Figure 4.4(a). The actuators were inflated up to a maximum angular deflection of 270°
(physical limitation of experimental setup) where possible. The angular deformation was captured
by the soft angle sensor and recorded using the Arduino microcontroller.

In the next procedure, the dynamic properties of the FPAMSs were examined. The actuators
were again fixed to a flat surface at one end. The actuators were then cycled from 0 to their
maximum experienced pressure during the angle experiments. This experiment was used to
dynamically characterize the activation time, deactivation time, and bandwidth of the actuators.
Cycles occurred at frequencies of 0.25-12 Hz, which are frequencies at or below those typically
seen in individuals experiencing pathological hand tremor.

Subsequently, experiments were conducted to measure the maximum tip force generated

by the FPAMSs at input pressure. During this procedure, the actuators were fixed against a flat
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surface at three points as seen in Figure 4.4(b). The actuators were then pressurized using the same
pressure ranges used for the bending experiments. Weights were used to ensure contact was
maintained between the tip of the actuators and the force sensor during experimentation. In the
final procedure the FPAMSs were secured, in antagonistic pairs, to the index finger of a human
hand at rest, in order to evaluate the potential of the actuators to suppress hand tremors. The
actuators were subjected to an open loop control algorithm designed to simulate the maximum
amplitude and frequencies associated with tremor. The goal was to assess the feasibility of the
actuators to generate oscillatory motions and forces that would be required to suppress acting

tremor in real life situations.

4.5 Results & Discussion
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Figure 4.5: Mechanical performance of the four fiber-reinforced FPAMs fabricated. (a) Maximum experimental
bending angle measured during experimentation. (b) Maximum generated bending tip force measured at zero angle
deflection.

The four fiber-reinforced FPAMs developed in this study, which were composed of Dragon
Skin 30, Smooth-Sil 935, Smooth-Sil 945, and Smooth-Sil 960, were experimentally
characterized to determine their maximum bending tip force and bending angle when pressurized.
These values were then used to determine effective hyperelastic moduli to be used for fitting the

theoretical model to the actuators’ mechanical performance. The effective moduli can be found in
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table 1. In addition, the maximum bending angles and generated forces can be found in Figure

4.5(a)-(b) respectively, with additional results found in Table 4.1.

Table 4.1: Performance and Theoretical Comparison of FPAMs

Material Effective Max Angle Max Force Theoretical Theoretical
Modulus (Deg) (N) Angle RMSE Force RMSE
(MPa) (Deg) (N)

Dragon Skin 3.558 282.9+1 1.26+.05 20.2 0.066
30

Smooth-Sil 3.310 272.3x15 .98+.12 26.15 0.055
935

Smooth-Sil 9.308 176.7+2.4 1.65+.22 10.36 0.324
945

Smooth-Sil 10.963 164.6+4.1 1.96+.06 6.43 0.179
960

As seen in Figure 4.5 and table 4.1, the actuators are able to reach maximum bending angles
far larger than the required 40° range associated with ET and PD. The actuators composed of
Smooth-Sil 945 (SS-945) and Smooth-Sil 960 (SS-960) reached bending angles of 176.7+2.4° and
164.6x4.1° respectively, while those composed of Dragon Skin 30 (DS-30) and Smooth-Sil 935
(SS-935) reached bending angles of 282.9+1° and 272.3+1.5° respectively. The former 2 actuators
could further reach larger bending angles, if not for the constraint of the experimental setup which
limited the maximum deflection of the actuators. In addition, the FPAM’s fabricated from DS-30,
SS-935, SS-94, and SS-960, generated maximum overall forces of 1.26+£0.05 N, 0.98+0.12 N,
1.65+0.22 N, and 1.96+0.06 N respectively. During experimentation the actuators were found to
fail above 345 kPa for DS-30 and SS-935 and above 655 kPa for SS-945 and SS-960. Typically
these failures were due to the wound fibers shearing through the actuators at the corners or were
pinhole failures occurring around the inlet fittings due to the material being stretched to

accommodate the cylindrical tube fittings.
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Figure 4.6: Dynamic performance of prototype FPAMSs. (a) Magnitude response of actuators at frequencies up to 12
Hz. (b) Examples of the dynamic response of the actuators at various frequencies. Maximum amplitude of 270° for
DS- 30 & SS-935 and maximum amplitude of 180° for SS-945 and SS-960.

The developed theoretical model compares favorably to the mechanical performance of the
fiber-reinforced FPAMs measured experimentally. The theoretical model has an average root-
mean squared error (RMSE) of 15.8+9° and 0.16+.13 N for its approximation of the bending angle
and tip for of the developed actuators. When compared to the maximum overall performance of
the actuators, this amounts to an RMSE ratio of 6.7+2% and 9.9+7% for the force and bending
angle respectively. This error can partially be attributed to the SS-935 material, which behaves
particularly differently than the other silicone rubbers utilized in this study. In addition, poor
sealing of the actuators led to air leakage at higher pressure inputs. However, due to model’s
ability to approximate the trajectory and performance of the FPAM’s, researchers should be able
to utilize it to predict the performance for future designs.

Examples of the dynamic performance of the actuators are shown in Figure 4.6. The
actuators had activation times of 0.159+0.005 seconds and deactivation times of 0.278+0.023
seconds. These times were evaluated as the time required to reach the maximum angular
deformation, which was about 180° for the stiffer materials, and 270° for the lighter materials.
This results in an average activation and deactivation speed of 1415°/s (40° displacement at 35.4

Hz) and 820°/s (40° at 20.2 Hz) respectively, which is sufficient to address the range and amplitude
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of hand tremors. Additionally, the bandwidth of the actuators was calculated as 4 Hz based on the
traditional definition of the 3 dB cutoff for maximum amplitude reduction. However, for this
specific application, the bandwidth was calculated as the frequency at which the actuators could
not reach 40° displacement, (the maximum joint deflection associated with PD and ET), which

was around 8 Hz.
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Figure 4.7 Real life bending angle displacement during dynamic experimentation on a human index finger.

The ability of the actuators to produce oscillatory movements on a human finger in vivo,
was demonstrated and can be found in Figure 4.7. Although the FPAMs could produce large
angular displacements at frequencies between 4 and 8 Hz when unloaded, the added stiffness of
the finger significantly reduced the overall displacement of the actuators. When attached to a
human finger, the FPAMs were able to generate oscillatory behavior of at a maximum of 7.5° at
frequencies up to 8 Hz. However, this range of motion is still significant, and when coupled with

the stiffness of the actuators, should be able to significantly reduce the effects of hand tremor along

the finger.
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4.6 Conclusion

A fiber-reinforced bending flat pneumatic artificial muscle was designed and fabricated to
suppress hand tremors including essential tremor and tremors associated with Parkinson’s disease.
The mechanical performance of the prototyped FPAM was experimentally characterized through
both static and dynamic tests with actuators manufactured from a variety of silicone rubbers. In
addition, a theoretical model was developed to approximate the bending angle and force generation
of the actuator at input pressure and showed close approximation when compared to experimental
characterization of the actuator. Ultimately, the actuators were capable of acting in the required
frequency range of 4-12 Hz on an actual human finger. However, this is only a first step, and
additional improvements should be made in order to more effectively address hand tremors.

Further considerations for future work include the improvement of actuator performance
in two key areas. Firstly, the actuators should be fabricated with elliptical edges to minimize the
occurrence of failure due to the fibers shearing through the material along the corners of the
actuators. Secondly, the bending force generated by the actuators should be improved through a
redesign and/or material selection in order to allow greater displacement of the finger at high
frequencies. One potential redesign is by fabricating the antagonistic actuator pair as a stacked
singular actuator instead. In this way, angular bending and extension can be combined into a single
actuator that fits over the back of the finger with the capability to produce larger bending moments
due to the increased width of the air volume. In addition, custom tube fittings should be designed
to better fit the form factor of the FPAMSs. Subsequently, a full glove system should be designed
to better house the actuators and provide improved transmission of the actuator force to the fingers

during operation.
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5 Soft Miniaturized Actuation and Sensing Unit for

Cardiac Ablation Procedures

Abstract

Recently, researchers have actively sought to improve the efficacy of treatments for atrial
fibrillation through the augmentation of catheter systems. These augmentations have included
integrated force sensing and external actuation of the overall catheter. However, limited research
has been aimed at providing autonomous force control at the site of treatment through the
integration of sensing and actuation at the tip of the catheter, which can significantly enhance the
success rates of such procedures. This study provides a solution to this demanding challenge by
miniaturizing the actuation and sensing components and integrating them into a flexible functional
catheter tip. Fabrication strategies are presented for a series of novel soft thick-walled cylindrical
actuators with embedded sensing. These actuators have diameters within the range of 2.6-3.6 mm,
and can both sense and generate forces in the range of 0-0.4 N (required for the application), with
a bandwidth of 1-2 Hz. A hyperelastic deformation model for soft thick-walled cylinders with
fiber-reinforcements was developed. Furthermore, an experimental setup was developed for the
conduction of static and dynamic characterization tests, which allowed for comparison with the
theoretical model. Overall, experimental results demonstrated that the prototype units were able to
meet the required design specifications for the treatment of atrial fibrillation through a cardiac
ablation procedure.

Keywords: Medical Robotics, soft robotics, atrial fibrillation, fiber-reinforced, PAM, pneumatic

artificial muscle.
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5.1 Introduction

Soft robotic technology is finding increased visibility in biomedical applications [72] due
to the inherent compliance and safety of soft medical devices during intimate interaction with
human tissues. Although soft robotic technology has become increasingly prominent in the design
of rehabilitative and prosthetic devices [73, 74, 75, 76], difficulty in the miniaturization of soft
actuation and sensing has been a limiting factor in the design of integrated compact systems for
applications in minimally invasive surgery (MIS) [77, 78, 79, 80]. Minimally invasive surgical
treatments [81] are characterized by keyhole surgeries in which a system equipped with a
functional tip is inserted through a small incision in the body. Due to the nature of MIS operations,
patients experience shorter recovery times and higher success rates [82, 83]. Most MIS procedures
are performed for diagnostic purposes, through localized biopsies, or for the localized destruction
of abnormal cells, such as in the case of cardiac ablation.

Cardiac ablation [84], which involves localized destruction of abnormal heart tissues, is
one of the most-performed MIS procedures with 30,000-35000 being conducted annually for the
treatment of atrial fibrillation (AF). Radio frequency ablation (RFA) is one of the main techniques
utilized for such cardiac ablation procedures. The traditional medical device for RFA consists of a
flexible sheath into which a catheter equipped with a functional tip is inserted. This functional tip,
when in contact with heart tissue, destroys the abnormal cells by a transfer of energy through a
system of electrodes. The traditional surgical workflow for cardiac ablation begins with the
insertion of the sheath through a vein in the groin. The sheath is then moved to the heart. The
catheter equipped with its functional tip is then inserted into the sheath, which serves as a guide.
The physician steers the catheter along the sheath until it makes contact with the abnormal heart

tissue. Subsequently, the physician manually manipulates the position of the catheter tip and
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indirectly controls the contact forces between tip and heart tissues by applying force at the
proximal end of the catheter. The required amount of energy and the lesion size, in the case of
RFA, is determined by the interaction of the contact forces between the tip and the tissue [85].
Unfortunately, manual control of the catheter tip results in large variations in applied force [86,
87], and in some cases complications, such as perforation, arise due to the application of excessive
force [88].

Researches have attempted to alleviate this issue through the integration of force sensors
in preexisting catheter tips [89, 90]. However, these systems do not provide haptic feedback to the
physician, instead relying solely on visual display of the measured contact force, which may not
be sufficient to avoid complications due to variations in manual response and reaction time
between physicians. Recent studies have sought to provide automatic force control of the catheter
tip by externally controlling the catheter handle [91, 92]. With this strategy, however the modeling
of the system becomes increasingly complex due to the presence of friction caused by random
contacts between the sheath and catheter, and viscous forces caused by the motion between the
catheter and the sheath in vivo. In addition, in this workflow, the physician does not retain control
over the catheter inside the sheath and the overall procedure. Commercially available catheter
sheaths, designed to provide navigation for the catheters to the site of treatment, restrict the
external diameter of ablation catheters to 2-5 mm, which makes the integration of actuation and
sensing challenging at the catheter tip. Moreover, the catheter tip has to be able to bend and traverse
the flexible sheath, which takes the shapes of the veins into which it is inserted.

In order to overcome these limitations, a miniaturized flexible functional catheter tip

containing integrated actuation and sensing was designed. The miniaturized catheter tip is
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composed of a soft force sensor and a soft fiber-reinforced hydraulic thick-walled cylindrical
actuator, which could be embedded at the tip of conventional catheters.

In order to approximate the behavior of the prototype catheter tips, previous research
regarding the modeling of both thin-walled cylindrical shells and fiber-reinforced actuators [19,
21, 93] was examined due to the lack of current theory on the modeling of fiber-reinforced thick-
walled cylindrical actuators. However, the usual assumptions made for thin-walled cylinders, such
as vanishing stress through the radial thickness, do not hold in the case of thick-walled cylinders.
In addition, analytic models for thick-walled cylindrical shells established by developing
differential equations for the equilibrium condition involving stresses in different directions [94,
95] do not hold when fiber-reinforcement of thick-walled cylindrical shells is considered, which
will be further detailed in this study. As such, an exact analytic model for fiber-reinforced thick-
walled cylindrical shells was developed.

In order to address these issues, this study includes the design, modeling and experimental
evaluation of a miniaturized soft sensing and actuation unit designed to meet the requirements of
cardiac ablation procedures. Fabrication of the soft thick-walled cylindrical actuators with
embedded soft sensing elements is described. In addition, an exact analytical hyperelastic model
for the deformation of fiber-reinforced thick-walled cylindrical actuators is detailed. An
experimental setup was developed specially to use hydraulic actuation rather than pneumatics,
which more common for soft actuators, to ensure safety in the case of accidental leaks during the
procedural application in vivo (saline solution is typically used for hydraulic actuation in medical
applications for safety reasons). Through this experimental apparatus, static and dynamic
characterization of both the soft sensing and soft actuation elements was conducted to ensure they

adhere to the required specifications for the application. The main advantage of this approach lies
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in the ability to do in situ actuation of the catheter tip, as opposed to external actuation, which
makes the system modeling and force control more transparent. Moreover, such a design keeps the

manual control of the catheter in the hands of the physician, which is desirable for safety.

5.2 Design and fabrication

5.2.1 System Requirement Specifications

This subsection details the specifications for the mechanical design, static, and dynamic
performance of the developed miniaturized sensing and actuation unit which are derived from the
cardiac ablation procedures intended for treatment of AF.

1.) Size: AF treatment begins with placing the catheter sheath inside the blood vessel
through which a catheter is later inserted. The size of the blood vessels determines the diameter of
the catheter sheaths and in turn of the catheters used for the treatment, which ranges from 6-15 Fr
(2-5 mm).

2.) Actuation: Apart from the constraints on the size, the miniaturized actuation must be
able to apply a force in the range of 0-0.4 N [87], which is observed during diverse catheter ablation
procedures for AF treatment. Since the catheter tip should remain in contact with the heart wall
during the procedure, limits on the linear displacement and the linear speed of the actuator should
be enough to compensate for the heart wall movement (1-2 mm at 1-2 Hz) due to the beating of
the heart and expansion/contractions of the lungs during breathing [96].

3.) Force Sensing: At least one® of freedom (DOF) in the force sensing is required to
measure the interaction force between the tip and heart tissue. The force sensor should be able to
measure force within the range 0-0.4 N with a resolution of 0.01 N, which the range required for

actuation. Moreover, it should have a bandwidth within 1-2 Hz.
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5.2.2 Design of Miniaturized Actuation and Sensing Unit

39

N ‘;3:':

Figure 5.1: Conceptual design of miniaturized soft actuation and sensing unit: (1) thick cylindrical shell, ( 2) two sets
of wound fibers in opposite directions, (3) representative microchannel, (4) soft sensing elements, (5) pressure inlet
tube.

A functional catheter tip, as shown in Figure 5.1, was designed and fabricated to satisfy the
system requirements for the treatment of AF through a catheter ablation procedure. More
specifically, the prototype device incorporated two major systems, a soft hydraulic actuator and a
soft pressure sensor. In order to ensure a compact, compliant, and effective design, soft materials
were utilized to produce the embedded actuation and sensing components of the functional catheter
tip. The soft actuator was composed of a deformable thick-walled cylindrical shell, composed of
silicone rubber (Dragon Skin 30 or Smooth-Sil 935, Smooth-On Inc.), which was geometrically
constrained by a double helix of inextensible fibers (Kevlar 69 Thread, McMaster Carr). The two
sets of fibers were wrapped at helix angles, @« = 75° and § = 75°. During pressurization with
saline solution, chosen for safety reasons, the soft actuator deformed radially and axially. Here,
the constraint induced by the fiber-reinforcements played a particularly important role, by
minimizing unwanted deformation in the radial direction. This decreased the occurrence of
bending due to imperfections in fabrication, while producing repeatable linear displacements in

the axial direction of the actuator. The soft pressure sensor was composed of a solid cylindrical
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section, made from a softer material (Dragon Skin 10, Smooth-On Inc.), which contained
embedded microchannels filled with liquid (eGaln, Alfa Aesar) for resistive sensing. Forces
applied to this section cause the microchannels to deform, which in turn caused an increase in the

sensor's resistance.

Figure 5.2: Fabrication process of fiber-reinforced functional catheter tip: (1) prepare bottom core mold and front cap
section with extruded cylinder, (2) place steel rod used to make inner diameter of catheter, (3) fill mold with uncured
material, then place on top mold section, (4) replace front cap with cap containing negative of microchannels, (5)
remove cured core from mold and fill microchannels with eGaln, (6) wind Kevlar thread in double helix around core,
(7) replace rod with inlet connector to seal section and add wires to the sensor.
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The actuation section has a length of L=15 mm and an internal radius of A=0.8 mm for all
the prototypes. Prototypes with two external radii of B=1.3 and 1.8 mm were produced. The sensor
section had a length of 2.75 mm and an external diameter of 2.6 mm or 3.6 mm, respectively for

actuator prototypes with external radii of B=1.3 mm or 1.8 mm.
5.2.3 Fabrication

The soft catheter tip was fabricated in a multi-step process, as shown in Figure 5.2, using
customized 3D printed molds (Objet 30, Stratasys) and liquid-cure silicone rubbers. First, the
actuation section was fabricated using either Dragon Skin 30 (Ea= 0.614 MPa) or Smooth-Sil 935
(Ea = 1.173 MPa). A stainless steel rod, 1.6 mm in diameter, was aligned in the mold which
contained extrusions to demarcate where the fibers should be wound. Next, the silicone rubber was
poured into the mold and sealed with an endcap containing an extruded cylinder, to cordon off a
section for the sensor. The material was then allowed to cure. After curing, the end cap was
removed. Subsequently, Dragon Skin 10 (Es = 0.151 MPa), a softer silicone rubber, was mixed
and poured into the mold to fill the previously blocked section. Next, a second end cap, containing
the negative of the microchannel layout was placed. Following this second curing process, the
microchannels were sealed and filled with eGaln. Next, fibers were wound around the completed
actuator section and tied in place. 38-gauge copper magnet wire was then inserted into the reservoir
section of the microchannels. Finally, tubing and the connectors were placed and bonded to the
soft actuator using Dragon Skin 10 to complete the functional catheter tip. Four representative
prototypes of the actuation section were fabricated with different sizes and materials, as shown in

Figure 5.3.
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(©)] (C)] ®)

Figure 5.3: From left to right: (1) US quarter dollar coin, (2) prototype with Dragon Skin 30 E,=0.614 MPa, with
external radius of B=1.3 mm, (3) prototype with Dragon Skin 30 E,= 0.614 MPa, with external radius of B= 1.8 mm,
(4) prototype with Smooth-Sil 935 E,=1.173 MPa, with external radius of B=1.3 mm, (5) prototype with Smooth-Sil
935 E;=1.173 MPa, with external radius of B=1.8 mm.

5.3 Hyperelastic Fiber-Reinforced Thick-Walled Cylinder Model

The design concept, shown in Figure 5.1, consisted of a soft deformable fiber-reinforced
thick-walled cylindrical shell, which is closed at one end and fabricated from hyperelastic
materials. Upon application of fluidic pressure, the element deformed both radially and axially.
The controlled axial deformation however, was the more important mode in this study. In addition,
microchannels filled with eGaln were embedded in the closed end to allow for force sensing. This

section details the parametrization and theoretical these soft sensing and actuation elements.

(L,1)
) ©

Figure 5.4: Chosen cylindrical coordinates and parametrization: (a) top view, (b) side view, (c) sectioned view of the
actuator: equilibrium under action of external force F and internal pressure P.

In this subsection, the exact analytical model for fiber-reinforced thick-walled cylindrical
actuators is developed. For thin-walled assumptions to hold, the ratio of the cylinder’s radius to its
thickness must be greater than 10. Due to the size requirements, practical design, and prototyping

considerations associated with cardiac ablation procedures, the actuators considered in this study
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fell under the category of thick walled cylindrical shells.

Figure 5.4(a),(b) shows the parametrization of these fiber-reinforced thick-walled
cylindrical actuators. Given the geometry of the actuators, a cylindrical coordinate system was
used. Modeling techniques utilized in [94] were adopted, so as to easily compare results.
Nonetheless, for completeness a brief description is given here and the full details can be found in
[94]. R, ©, and Z are the cylindrical coordinates for the rest configuration represented by Equation
(5.1a), whereas r, 6, and z are the cylindrical coordinates for the deformed configuration
represented by Equation (5.1b).

A<R<B 0<0<2m 0<Z<L (5.1a)

a<r<b 0<6<2m 0<z<l (5.1b)
Let 4,,4,, and A5 be the principal stretches as defined in Equation (5.2a). The material was
assumed to be an incompressible Neo-Hookean solid with the volumetric stretch ratio relationship
Ad,A3 = 1 holds. Let W = W (44, 1,, A3) be the strain energy density function per unit volume,
which can be expressed after eliminating A3 as W = W (1,15, A7145Y). Let 044, 055, and o33 be

the principal components of the Cauchy stress tensor ¢ as defined in Equation (2b). Also, let 1, =

~ Ay = gand P to be the internal inflation pressure.

_r_ l A3 = (A34,)7 T (5.2a)
Al—E—A /12:12:/11:2 3 (12)
w w (5.2b)
011—033215 J22—0332115_)L1

The incompressibility condition can also be rewritten as a condition for the constant volume of the
cylindrical shell.

n(r? —a®)l = n(R? — A>)L (5.3a)
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R? B2 (5.3b)

In [94] , the equilibrium condition for a thick-walled cylindrical shell was given as Equation (5.4a),
which was used to derivate an expression for P, Equation (5.4b), using Equation (5.2)-(5.3).

doss (5.4a)

w (5.4b)

For the modeling of fiber-reinforced thick-walled cylindrical actuators, the general approach of
minimizing the system’s potential energy under the geometric constraints of fiber inextensibility
and incompressibility of the hyper elastic material were used instead of starting from the
expression for differential equilibrium. The actuator was subject to internal inflation pressure P
and an external force F acting along the axis of the cylinder at the closed end, as shown in Figure
5.5(c). This external force F, which is defined as the contact force between the actuator and heart
tissue during cardiac ablation procedures, must be controlled. Let E be the total energy, E1 be the
total strain energy, E2 be the total work done under pressure P, and E3 be the total work done by

external force F. The corresponding expressions were derived and presented in Equation (5.5)

E1=2 lijT/ dr = 2V, (1 — A2 Jlb Wida (5.59)

= ATT . rar = 0 l( a l) " (1 _1211)2
E2 = —V,P(A21, — 1) E3 =FL(} —1) (5.5b)
E(Ag, Ay, A;) = E1 + E2 + E3 V, = mA?L (5.5¢)

This shows that the total energy was a function of three stretches, 1,, 4;, and 4,. Equation (5.3b)

wa
(1-2214)2

gives a relationship between A, and 1,,. Thus £ (14, 1;) = 2VpA, (1 — A21;) f;‘fua) di —

VoP(A21, — 1) + FL(4; — 1). Without fiber-reinforcements 1, and A, are independent.
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Differentiating £ (1,4, A,) with respect to 1,, such that g = 0, then gives exactly the expression

for P, Equation (5.4b), as derived in [94]. Therefore, the expressions in Equation (5.4) do not hold
when fiber-reinforcements are considered and A, and A, are no longer independent. In order to
complete the modeling for thick walled fiber-reinforced cylindrical actuators, a geometric
constraint arising from the inextensibility of the fibers was added. Let k be the lengths of the fiber,
and let « and —p be the helix angles for the two fiber windings. Equation (5.6) represents the
inextensibility constraint formulated for thick walled cylindrical actuators with fibers wound
externally, and gives a relationship between A4, and A,. For non-bending motion, angles « and
—f must be equal [24].
a=—0; kcosa = A,L; A2(k? —12) =k? - 221>  (5.6)

Thus the expression for the total energy Eis only a function of A, and was obtained in Equation

(5.7). Differentiating E with respect to A, and solving g = 0 gives the desired relationship
1

between inlet pressure P, external contact force F, and the axial stretch A, as a function of the
design, material parameters for the thick walled fiber-reinforced cylindrical actuators. The radial

stretches A, and A, can then be obtained from the Equation (5.3b) and (5.6).

B = 2Voq[1 = 2Q)A] [200 B2y piaz(aa, — 1]+ FLy, —1]  B7)

Aa(A) (1-222))2
5.4 Experimental

In order to validate the actuation and force sensing requirements laid out in Sec 5.2.1 an
active setup was developed to actuate the passive deformable element. This section describes
design and development of the experimental setup which was then used for static and dynamic

characterization of the miniaturized actuation and sensing unit.
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Figure 5.5: Experimental setup with active actuation and sensing }:amﬁbnents: (1) linear actuator, (2) force sensor,
(3) glass syringe piston, (4) glass syringe cylinder, (5) pressure sensor, (6) shut-off valve, (7) miniaturized sensing
and actuation unit.

5.4.1 Hydraulic Actuation

Figure 5.5 describes the active setup with actuation and sensing components. A glass
syringe of internal diameter 3.26 mm (6500T55, McMaster) acted as a hydraulic cylinder, where
the piston was attached to a DC linear motor (LP25-35, Nanotec) capable of applying up to 5 N.
The piston was connected to the linear actuator with a force sensor (FSAGPDXX001RCABS,
Honeywell) in between, in order to measure the interaction force between them. A commercial
pressure sensor (HSCDRRT100PGAADS, Honeywell), which can sense pressure from 0 to 0.6895
MPa was connected to the hydraulic circuit to measure the generated internal pressure due to
actuation of the syringe. The shut-off two-way valve served the purpose of connecting and
disconnecting the hydraulic circuit to another syringe, which was used to fill the hydraulic circuit
with saline. Before filling the hydraulic circuit, the piston was removed completely from the
syringe and then later re-inserted after the hydraulic circuit had been filled. All fixtures in the setup

were fabricated using a 3D printer and a 2D laser-cutting machine.
5.4.2 Characterization Setup

Figure 5.6 shows the additional commercial sensors used for the characterization of the
soft actuator and the sensor. A laser position sensor with a resolution of 0.005 mm (OADM
1216430/S35A, Baumer) was used for measuring the displacement of the soft actuator under
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various pressure inputs. During this procedure, there was no external force applied to the soft
actuator. A force sensor with a resolution of 0.01N (FSGO0O5WNPB, Honeywell) was used for soft

sensor characterization, where the tip of the sensor was held fixed.

(b)

Figure 5.6: Sensors for characterization of the miniaturized actuation and sensing unit: (a) (1) soft actuator, (2) red
laser beam point, (3) laser displacement sensor; (b) (1) soft sensor, (2) leads out of the soft sensor, (3) commercial
force sensor.

The soft sensor and the commercial force sensor (FSGO0O5WNPB, Honeywell) required
amplification boards (EMBSGB200, Tacuna systems) sensor outputs in a readable voltage range.
The data from the force and displacement sensors in the experimental setup were sampled at 100
Hz and acquired on a microcontroller (Due, Arduino). Another microcontroller (Mega 2560,
Arduino) was used solely for controlling the linear actuator in order to generate desired pressure

input profiles used for the various tests performed in this study.

5.5 Results and Discussion

5.5.1 Static Characterization

For static characterization of the soft actuators, the setup in the Figure 5.6(a) was utilized.
The linear actuator was run at a constant speed, producing ramp profiles for input pressure and
corresponding output displacements of the soft actuators. A representative time-dependent input-

output profile can be found in Figure 5.7. The final input pressure varies for each of the four
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different actuator prototypes. However, for the same actuator prototype, the final input pressure
and ramp profile were kept the same for different trials. The four different actuator prototypes,
which varied in material and size, as shown in Figure 5.3, were tested with 10 data sets being
collected for each actuator prototype. Figure 5.8 shows a single trial of the static calibration curve
experiment for each of the four actuator prototypes. In addition a quadratic curve was fit to the 10

data sets for each prototype in order to be used in the dynamic characterization experiments.

T T T T wF T T

Input pressure (MPa)

e ——Qutput displacement (mm)/10

04

0.2

O L
0 0.5 1 1.5 2 25 3 35 -
time (s)
Figure 5.7: Pressure vs time input and displacement vs time output for the soft actuator static characterization.

The root mean square error (RMSE) for each of the four prototypes, Figures 5.8(a)-(d),
were 0.1411 mm, 0.0929 mm, 0.0611 mm, and 0.1567 mm, respectively, while the coefficient of
determination (R?) were 0.9963, 0.9962, 0.9981 and 0.9909, respectively. The theoretical model
closely approximated the performance seen in the experimental data for the Figures 5.8(c) and
5.8(d), but shows large variation when compared to experimental data found in Figures 5.8(a)
5.8(b). This indicates that the experimental modulus didn’t match with the theoretical tensile
modulus (Ea = 0.614 MPa).

As shown in Figures 5.8(a), an output displacement between 7-8 mm was achieved. For
other actuator prototypes, Figures 5.8(b)-(d), the output displacement of the actuator was kept
around 5 mm. However, same displacement range of 7-8 mm should be achievable for these
actuators as well at higher applied input pressure levels. Hysteresis error for the soft actuators,
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(Ea= 0.614 MPa & B = 1.3 mm) & (Ea= 1.173 MPa & B = 1.3 mm), was 14.92% and 9.62%,
respectively. A quadratic curve fit was applied to the forward loading and reverse loading curves
to calculate the hysteresis levels. The hysteresis was lowest at smaller maximum deformation
levels of the soft actuators.
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Figure 5.8: Static calibration curve for soft actuators: (a) Es=0.614 MPa & B=1.3 mm, (b) E,= 0.614 MPa & B=1.8
mm, (¢) Ea=1.173 MPa & B=1.3 mm, (d) E,.= 1.173 MPa & B=1.8 mm.

For static characterization of the soft sensor, the setup in the Figure 5.6(b) was utilized.
The linear actuator was run at a constant speed producing ramp profiles for input pressure, as
shown in Figure 5.9. The commercial force sensor was used to measure the output force of the
soft actuator, and used to calibrate the voltage change induced on the soft embedded force sensor

as seen in Figure 5.10. The same experiment was repeated 10 times in order to collect extended
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Figure 5.9: Pressure vs time input (red), corresponding Figure 5.10: Soft sensor static calibration curve.
actuator force output (green), and force as measured by

soft sensor (blue).
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datasets. The soft miniaturized actuation and sensing unit was able to produce and sense a force
output within the range of 0-0.4 N, as shown in Figure 5.9. Generation and sensing forces above
0.4 N are also possible if the applied pressure is increased beyond the ranges used in these
experiments. In addition, constraint of the soft actuator (i.e. in a catheter sheath) will aid in
transferring the forces generated linearly. Figure 5.10 shows the results of the calibration
experiments. Again a quadratic curve was fit to the experimental data to be used in the execution
of dynamic experiments. The RMSE and R? values for the fit were 0.0308 N and 0.9873,
respectively. The hysteresis error for the soft sensor was 10.62%. A quadratic curve fit was applied
to the forward loading and reverse loading curves to calculate the hysteresis. For determination of
the resolution of the sensor, the datasets in Figure 5.10 were divided into samples of approximately
0-0.01 N with the initial value deducted. This input data set had a mean value of 0.0116 N with a
standard deviation of 9.7218x10 — 04 N. The corresponding output from the soft sensor had a

mean value of 0.0256 V with a standard deviation of 0.0116 V.
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Figure 5.11: Soft actuator response to sinusoidal input Figure 5.12: Soft sensor response to sinusoidal input
for dynamic characterization: (a) at 0.2 Hz, (b) at 1.5 Hz. for dynamic characterization: (a) at 0.2 Hz, (b) at 1.5
Hz.
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5.5.2 Dynamic Characterization

A series of sinusoidal signals in the range of [0.2, 0.5, 1, 1.1, 1.2, 1.3, 1.4, and 1.5] Hz,
were applied with, 0.2 Hz being established as the baseline, in order to determine if there was an
appreciable decrease in the system response, both for soft sensor and soft actuator. For the soft
actuator, it was important to have a system bandwidth in the range of 1-2 Hz for a displacement in
the range of 1-2 mm, which corresponds to the dynamics of the heart wall. The soft actuator with
E.=0.614 MPa & B=1.3 mm was subjected to sinusoidal excitations to determine its bandwidth.
Figure 5.11 shows the response to the baseline 0.2 Hz and maximum 1.5 Hz sinusoidal excitation.
The peak operating pressure input was of approximately 0.13 MPa for each frequency input. The
resulting system response was approximately 1.5 mm peak value for both 0.2 and 1.5 Hz indicating
that the system response doesn't decrease at higher frequencies, and has at least a bandwidth of 1.5

Hz. Figure 5.13 shows the variation of the soft actuator response at different frequencies up to 1.5

Hz.
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Figure 5.13: Magnitude vs frequency plot for the soft actuator and sensor for frequency range [0.2, 0.5, 1, 1.1, 1.2,
1.3,1.4,and 1.5].

The soft sensor should have a bandwidth in the range of 1-2 Hz for a force range between
0.2-0.3 N, which is the range observed during cardiac ablation procedures. Figure 5.12 shows the
response to the baseline 0.2 Hz and maximum 1.5 Hz sinusoidal excitation. The peak generated

force output was about 0.25 N for each frequency input. The resulting system response was
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approximately 0.52 V peak value for both 0.2 and 1.5 Hz indicating that the system response
doesn't decrease at higher frequencies and has at least a bandwidth of 1.5 Hz. Figure 5.14 shows

the variation of the soft sensor response at different frequencies up to 1.5 Hz.
5.6 Conclusion

In this study, a series of soft miniaturized actuation and sensing units varying in size and
material, were designed, and met the challenging requirement specifications for cardiac ablation
procedures with respect to compactness and integration. An experimental setup, using hydraulic
actuation for safety, was specially developed for this application, used to characterize and control
the prototyped units. Through experimental characterization, the soft miniaturized actuation and
sensing units demonstrated the ability to meet the static and dynamic performance requirements
for the cardiac ablation procedures. Furthermore, a hyperelastic theoretical model for fiber-
reinforced thick-walled cylindrical actuators was developed, and can be used by researcher to
conduct a predictive parametric design evaluation for the static and dynamic performance of a
future prototype.

Even though these actuation and sensing units have been developed for the requirements
of cardiac ablation procedures, a parametric design approach with different materials and sizes has
been presented which can be tailored for other applications as well with requirement specification
having similar orders of magnitude. Future work consists of developing force control strategies
with these miniaturized units, and demonstrating their effectiveness under various user case

scenarios and cadaver studies.
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6 Conclusion

Pneumatic artificial muscles have the ability to act as useful alternatives to
electromechanical actuators in the design of systems for human-centered applications. PAMs
produce human scale forces and displacements when pressurized, and can be employed in a variety
of applications due to their ability to produce a wide range of motions. However, these actuators
are not without their challenges. Limitations in regards to their nonlinearity, which results in
complicated fabrication processes, complex system design, and difficulty in developing accurate
models for approximation and controllability must be addressed to improve their effectiveness in
real world applications. We focused on designing a novel flat pneumatic artificial muscle capable
of addressing the current challengers facing researchers employing PAMs in various applications.
In particular, soft pneumatic and hydraulic actuation systems, both with and without microfluidic
sensing, were developed to address existing limitations with soft actuators. The findings in this
thesis have important implications for the development of pneumatic devices for human-centered

applications.
6.1 Summary of Findings

A novel 2-Dimensional rectangular flat PAM was designed and manufactured through a
simple layered fabrication technique which incorporated 3D printed molds. The fabrication
process utilized a water-soluble mask to create a core section with a collapsed air chamber from a
single cured polymer substrate as opposed to bonding two precured layers together. The
introduction of the water-soluble mask eliminated the occurrence of unpredictable delamination
failures, and provided a simple means of introducing a variety of air volume shapes through the

ability to laser-cut desired shapes into the masks. The unique form factor, coupled with the water-
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soluble mask, allowed for the design to be easily scaled and modified through alterations to the
3D printed mold designs. Furthermore, the introduction of laser-cut plastic sheets to serve as a
geometric constraint during deformation, was pivotal in allowing for the creation of a bioinspired
sensorized FPAM with embedded force and contraction sensing capabilities, as well as the creation
of a fiber-reinforced bending actuator capable of fitting on the back of a human finger in
antagonistic pairs. Subsequently, these design and fabrication techniques were employed and
scaled down to develop a miniaturized hydraulic actuation and sensing unit to be used in cardiac
ablation procedures.

Analytical hyperelastic deformation models were developed for the series of actuators
developed. These theoretical models had not previously been presented for the developed actuators
and required verification. Experimental apparatuses were developed to characterize the mechanical
and electrical performance and of the various actuators, and compared favorably with the
approximations made by the models. Furthermore, the feasibility of these design techniques to
develop soft actuators capable of addressing real world applications was demonstrated through the
development of the fiber-reinforced bending FPAM and the hydraulic fiber-reinforced thick-

walled cylinder actuation and sensing unit employed in the functional catheter tip.
6.2 Implications
The results and ideas presented in this thesis have broad implications for the future development
of pneumatic systems for use in human-centered applications.
Simple Fabrication

The introduction of water-soluble masks to form the collapsed air chambers, as well as the
use of plastic sheets as geometric constraints during deformation, are powerful fabrication tools

that provide researchers with significant control over their future designs. These materials not only
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allow for the simple fabrication of FPAMSs through a layered fabrication process using custom
molds, but also provide versatility throughout the design process due to their ability to be cut into
desired forms, shapes, or patterns. We expect that researchers will be able to quickly iterate through
masks and plastic sheet designs, in order to optimize the performance of future FPAMs for their

desired human centered applications.

Scalability

The designed actuators can be easily scaled up or down through the design of molds, shape
of water-soluble masks and patterning of plastic sheets. The ability of these actuators to be
fabricated into systems in both series (FPAM) and parallel (fiber-reinforced FPAM) have been
demonstrated. In addition, the design techniques have shown the ability to incorporate embedded
sensing at both external (SFPAM) and internal (functional catheter tip) human scales. We expect
researchers to be able to further fine tune these techniques, and identify unique methods of scaling

developed actuators to meet a variety of applications.

Improved Predictive Modeling

We expect the modeling techniques developed in this thesis to aid in the material selection
process and provide future researchers and designers with the ability to optimize designs for their
specific applications. Furthermore, we expect that this work will serve as a baseline for the
development of additional techniques for the approximation of more complex deformation
behaviors. Overall, the modeling techniques introduced, coupled with the developed fabrication
process, should allow researchers to effectively analyze potential design configurations through

computer simulations and quickly move into real world fabrication.
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Open Areas

Although we have made significant strides in the development of soft actuators capable of
being used in a variety of human-centered applications, there is still a lot left to be explored. Key
questions include: What are the upper mechanical performance metrics of these soft actuators (i.e.
fatigue life, robustness, etc.), and what are the limiting performance factors? How can we further
translate what we learned through lab-based experimentation into real world applications? How
can we automate the fabrication these soft systems to allow for rapid manufacture? Finally, how
can employ the capabilities of these soft actuators to design integrated systems that are untethered
to the lab, and able to improve the well-being of individuals? Continued exploration of solutions
to these questions, will allow us to push the current boundaries PAM technologies and allow for
the possible development of a multitude of devices aimed at improving the everyday livelihood of

individuals.
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