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ABSTRACT

The advent of soft robotics has facilitated the development of highly compliant actuators and
end effectors using pliable materials such as polymers and foams. Unlike conventional metal or
plastic devices, soft robots are well suited for industrial and medical applications requiring extreme
care, flexible form factors, smooth motions, and low applied forces. A fundamental challenge across
many of these domains is gentle handling of fragile materials.

In this thesis, we develop nanofiber-reinforced composite soft actuators and demonstrate their
utility for gentle grasping. We conduct a multiscale analysis of nanofiber structure, mechanics, and
processing parameters, and apply these conclusions toward engineering novel manufacturing tech-
niques for tough, highly aligned fibers. To facilitate design of multi-layer composite actuators, we
derive two analytical models which describe the influence of fiber orientation and layup design on
actuator curvature and motion. Combining multiple actuators into an ultra-compliant end effector,
we demonstrate the capability of this device to perform unprecedented delicate manipulation tasks

using laboratory tank testing and pilot field studies.
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Introduction

0.1 BRIEF SURVEY OF SOFT RoBoOTICS

The field of soft robotics has developed rapidly within the past thirty years, producing an exciting
body of work involving flexible material design, smooth movements and locomotion, and novel
grasping paradigms®>>>*. However, to fully appreciate the scope of the field, we must first ask: 1)

what is a soft robot, and 2) what useful qualities do they possess? To answer these questions, we will



briefly examine the history and state of the soft robotics field, exploring the common elements that
unite devices in this domain.

Soft robots are generally classified based on the inherent mechanical compliance of their con-
stituent materials, and the smooth motions and large deformations that they undergo. The con-
ventional idea of a robotic system involves a hard metallic or plastic exterior, discrete degrees of
freedom, and limited flexibility. When asked to give an example of a robot, the average individual
might think of the rapid, precise motions of an industrial robot assembling a car, the sturdy chas-
sis of an automated vacuum cleaning the floor, or even the rigid humanoid forms of science fiction.
In contrast, the field of soft robotics draws inspiration from natural structures, processes, and mo-
tions’. The building blocks for these machines - components such as silicone rubbers, hydrogels,
granular media, and fabric - are inherently pliable and flexible. One of the earliest examples of a soft
actuator is the McKibben artifical muscle, inspired by human muscular tissue and originally used
for orthopedic rehabilitation ®; these devices extend and contract by pressurizing a soft bladder re-
inforced circumferentially with a woven shell %9, As the implementation of compliant materials
within robots progressed, other works explored the utility of soft fingertips for grasping robots using
materials such as foam, gel, and rubber; these studies concluded that pliable robot fingertips can
improve grasp stability and energy dissipation™".

Rather than covering rigid structures with soft coatings, subsequent publications explored the
use of encapsulated granular materials to perform conformal grasping under applied shear stress ™",
Over time, the focus of the field shifted from the development of soft components within compara-
tively rigid structures to the design and fabrication of fully soft robots 1®, Today, the majority of soft
robotic actuators are developed for two major applications: locomotion and grasping; examples of
several contemporary devices are displayed in Figure 1. Terrestrial locomotive soft robots use tech-
niques such as low-pressure pneumatic pressurization or shape memory alloys to generate a crawl-

ing or undulating motion”"®". These devices draw inspiration from the motion of inchworms*,
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Figure 1: Various examples of soft robotic devices. Manipulators, from left: Fin Ray27; SMA-driven soft robotic oc-
topus arm?8°; electroadhesion-based dielectric elastomer actuators??; squishy robot fingers 30. and elastomeric
robot tentacles®!. Locomotors, from left: SoFi soft robotic fish ?; functionally graded soft robot ®; untethered soft
robot *&; bioinspired soft octopus robot **; and multigait soft robot'”. Other applications, from left: deployable endo-
scopic stabilizers >°; fiber-reinforced elastomeric enclosure (FREE) actuators *¢; trajectory matching fiber-reinforced
soft actuator *’; Microfluidic Origami for Reconfigurable Pneumatic/Hydraulic (MORPH) device®®; and 3D printed
soft robot powered by catalytic decomposition *°.

caterpillars™, and snakes**. Marine locomotion has also been achieved using dielectric elastomers

inspired by the motion of fins*»***, and pneumatic actuators whose contraction mimics the stroke

of a manta ray*°.

0.2 Sorr RoBOTIC MANIPULATORS

Soft robotic end effectors are developed to interface with compliant structures, or to deploy in do-
mains for which contact with rigid structures may result in damage or discomfort**'. The smooth
motions and flexible bodies of these high aspect ratio devices make them useful tools for minimally
invasive surgeries *>#>424344_ rehabilitation *%*%?, agricultural produce handling **#%4°, micro-

manipulation®***?, and interacting with delicate organisms**. A common challenge across these ap-



plications is gentle handling of fragile materials in dynamic environments. Many devices consist of
compliant elastomeric matrices containing internal channels or structures. These robots are pressur-
ized pneumatically, hydraulically, by applying heat to shape memory polymers, or by using tension
cables, thus stimulating the structure to bend, extend, and/or twist**?*. As with soft locomotors,
flexible robotic grippers often draw inspiration from nature. For example, Cianchetti et al devel-
oped an artificial muscular hydrostat whose design and motion mimics that of an octopus arm %,
Schaftner et al also demonstrated a synthetic muscular hydrostat by 3D printing photocurable sili-
cone inks of various stiffnesses in alternating patterns®. The bending mode of this class of actuators
is determined by exploiting features such as geometric asymmetry %, fiber reinforcement’®,

and variable material stiffness°".

0.3 MOoDELING SOFT ROBOTIC ACTUATORS

Conventional robots operate in six degrees of freedom, encompassing Cartesian displacements in
the x, y, and z directions and rotations around these axes. However, soft robots are capable of more
fluid trajectories than their rigid counterparts. For instance, a pneumatically actuated robot moves
passively through a continuous path. This movement represents a shift from defined, discrete mo-
tion to nearly infinite degrees of freedom. For this reason, many compliant robots are considered
to be under-actuated. Moreover, the hyperelastic materials used as building blocks for soft actua-
tors result in large deformations and a nonlinear relationship between input pressure, stress, and
strain. These features introduce significant challenges into modeling soft actuator static and kine-
matic behavior, control, and mechanics. To capture this behavior, studies have used strategies such
as nonlinear elasticity approaches*®, optimization algorithms?, Euler-Bernoulli beam mechanics®?,

and support vector regression methods®.
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Nanofibers

Figure 2: SEM micrographs of micro- and nanofibers composed of a variety of polymer and protein materials. a)
from left: Fabric sample from a sportswear garment containing wool, lycra, and Coolmax (polyester) fibers; Spandex
fibers. b) from left: Polyurethane and hybrid polyurethane/nylon nanofibers. c) from left: Polycaprolactone/gelatin and

Poly(vinylidene fluoride-co-trifluoroethylene) nanofibers.



0.4 NANOFIBERS: WHY SCALE MATTERS

This dissertation discusses the design of novel soft actuators and the fabrication of innovative fi-
brous materials to direct the motion of these robots. Specifically, we will focus on the production
and characterization of nanofibers. Nanofibers are defined as high aspect ratio structures whose
diameter is less than 1 m. To lend perspective to this number, the average human hair has an diam-
eter of so um. Like the microfibers (Figure 2a) which compose most of the textile structures with
which we are familiar — such as garments, tents, and furniture covers — nanofibers can be manu-
factured from a wide variety of constituent materials, including polymers, proteins, metals, and
plant materials (Figure 2b-c). Unlike microfibers, nanoscale fibers exhibit unique features such as a
high surface area-to-volume ratio (up to 10? times that of microfibers®#), tunable stiffness, and large
specific strength. These characteristics are important design parameters for engineering materials

where nano- and micro-scale topology inform macroscale applications that range from textiles *°°,

67,68,69,70,71

tissue engineering scaffolds , and drug delivery7»737+ to filtration %, sensors °>7%77, cataly-

sis78798° and optics 81,82,83

0.41 POLYMER NANOFIBER MANUFACTURING

Such a broad scope of applications demands versatile manufacturing techniques amenable to mul-
tiple material processing conditions. Across various fabrication approaches, the first step to gener-
ating polymer-based nanofibers involves preparing a precursor solution of the desired components.
In most cases, the selected polymer(s) are either dissolved in an organic solvent or melted to form
this liquid. A fiber is produced by drawing small volumes of the viscous precursor solution into a
jet, which either cools the molten polymer or evaporates the volatile solvent to expose a polymer
bundle. Properties such as fiber diameter, tensile strength, process throughput, and the percentage

of morphological defects are regulated through solution viscosity, solvent selection, polymer con-
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Figure 3: Schematics of nanofiber fabrication processes, including: a) near-field electrospinning (adapted from 84,
b) melt electrospinning (adapted from®°), c) rotary jet spinning (adapted from®°), and d) Spinneret-Based Tunable
Engineered Parameters (STEP) technique (adapted from®).

centration, and process-specific manufacturing parameters. However, there exist a wide variety of
techniques that can be used to generate polymer nanofibers.

Current fiber-fabrication systems include electro-*+** (Figure 3a), melt®>*° (Figure 3b), dry -2,
or wet spinning *»?* — all of which incorporate solution extrusion through an orifice in the pres-
ence of high temperature and pressure (melt, dry, and wet spinning) or electric field (s-20 kV, elec-
trospinning) *+*. Once formed, the fibers can be collected and processed using external pumps,
alternating applied electric fields, spinnerets, coagulation, and wash chambers, or heated drum rolls
to form aligned functional materials *+*99°. The development of centrifugal force-based systems,
such as rotary jet spinning (Figure 3c), and spinneret extrusion methods %7 (Figure 3d) have

streamlined nanofiber production by reducing the number of process parameters and eliminating



the reliance on electric fields for fiber formation 99109102

0.5 CONTRIBUTIONS

The objectives of this dissertation are the examination of mechanical and chemical principles gov-
erning polymer nanofiber formation, and the use of these materials to enable novel grasping capa-
bilities for soft robotic manipulators. Toward these goals, we investigated the relationship between
processing parameters, fiber structure, and fabric mechanics. To improve our ability to regulate
these properties, we developed nanofiber manufacturing techniques which yield highly aligned
textile scaffolds and multi-material nonwoven sheets. We then incorporated nanofabrics into soft
robotic actuators, and derived two analytical models to determine the impact of fiber orientation,
actuator geometry, and input pressure on device curvature and motion. The utility of these robotic
end effectors for delicate manipulation tasks was investigated through laboratory tank testing and
pilot field studies. The results of these experiments demonstrate the ability of nanofiber-reinforced
soft actuators to perform unprecedented gentle grasping tasks. These contributions can be briefly

summarized as follows:

1. Establishment of novel methods for manufacturing nanofabrics with controllable composi-

tion, orientation, and mechanics.
2. Design of a nanofiber-reinforced soft actuator that is robust and reproducible.

3. Analytical models of composite actuator motion as a function of air pressure, nanofiber ori-

entation, fiber and elastomer stiffness, and laminate structure.

4. Nondestructive grasping of ultra-low modulus (<1 kPa) substrates.



0.6 THEsis OUTLINE

This dissertation explores the structure:function relationship of polymer nanofabrics, presents ana-
lytical tools for designing soft robotic actuators using nanofibers, and demonstrates the use of such
actuators for gentle manipulation. Chapter 1 focuses on the design and validation of a nanofiber
fabrication process capable of producing highly anisotropic fiber scaffolds with controllable me-
chanical and structural properties. We interrogated the critical processing parameters of this system,
and assessed their impact on fiber morphology and tensile strength. Moreover, we presented two
proof-of-concept studies demonstrating the efficacy for this process in synthesizing tissue engineer-
ing scaffolds and point-of-use apparel.

In Chapter 2, we further explored the structure:function relation of nanofibers by examining
the composition and mechanics of bulk nanofabrics. Specifically, we developed a novel approach to
manufacturing multi-material nanotextiles. This technique produced composite nanofabrics that
display higher toughness than either of the constituent polymers alone. Moreover, we demonstrated
the utility of this method to produce functional nanofabrics by fabricating a nonwoven using a
piezoelectric polymer, an elastic fiber, and two immiscible solvents.

Chapter 3 describes the integration of nanofiber sheets into soft robotic actuators. We present
a technique that combines rotary jet spinning with soft lithography to produce a fiber-reinforced
micro-actuator. The purpose of the nanotextile is to limit strain during the pneumatic actuation of
the device, biasing the bending motion toward one direction. The relationship between actuator
geometry, fiber mechanics, and device curvature is explored both analytically and empirically. In ad-
dition, we discuss the potential to imbue soft actuators with a wider variety of motions by adjusting
nanofiber orientation; this theme is explored more extensively in the following chapter.

Chapter 4 builds upon our developing understanding of the composite actuator design space,

and presents a more comprehensive analytical model for actuator motion. Using this framework, we



ascertained the relationship between fiber alignment and actuator stiffness, and described a platform
for predictive design of soft devices with coupled bending modes. As a case study, we examined
bending-twisting coupled motion, and derived the relation between fiber orientation and actuator
twist.

In Chapter s, we demonstrate the grasping capabilities of soft nanofiber-reinforced actuators. To
understand the parameter space in which they operate, we mapped the region of acquisition, as-
sessed the actuators’ resistance to perturbations during a grasp, and evaluated the effect of retraction
speed on gripping ability. Finally, we validated the ability of our soft actuators to perform nonde-
structive grasping of ultra-soft substrates (<1 kPa) through a pilot study featuring gelatinous marine
species.

Finally, we conclude with a brief discussion of future avenues for nanofiber research and soft
robotic development. This section highlights challenges and capability gaps within advanced fiber
manufacturing and recommends potential strategies to address them. We propose paths to build
upon the work presented in this thesis and describe applications and features for next-generation

soft robotic devices.

10



Controlling anisotropy and mechanics of

polymer nanofibers

1.1 INTRODUCTION

Advanced manufacturing of nanofiber constructs requires the ability to tune network composi-

tion, orientation, and structure under ambient conditions using minimal processing parameters.

II



Several electrospinning techniques have been developed to control fiber deposition and structure,
producing aligned fibrous nanostructures by minimizing the distance between a charged nozzle and

103,104,105,106,107,108 \WThile these modifications enable geometries which were previ-

grounded collector
ously unattainable for electrospun fibers, the technique remains limited in both speed and the range
of materials used. Furthermore, harsh reaction environments, low production rates, and lengthy
post-processing steps challenge existing systems to rapidly produce point-of-use fibrous materials.

To overcome these limitations, techniques incorporating extrusion-based spinning, such as
spinneret-based tunable engineered parameters technique (STEP) %%, rotary jet-spinning (RJS) 9901102,
and touch-spinning'®® have emerged as alternatives to the established voltage- or temperature-
dependent fiber manufacturing. These systems extrude polymer solutions to form nanofibers ei-
ther via axial stretching and capillarity (STEP, touch-spinning) or viscous and centrifugal forces
(RJS). While STEP and touch-spinning have been optimized to control the deposition and forma-
tion of high aspect ratio fibers, they do so at low production rates (ss0 rpm in STEP and 2500 rpm
in touch-spinning). Also, the production of free-standing fibers using these techniques is difficult, as
nanofibers are generally suspended along or collected on a fixed substrate. Previously, we developed
a rotary jet-spinning system as a high-throughput nanofiber fabrication technique #>*°***>**2, Unlike
STEP or touch-spinning, RJS uses a high-speed (up to 75 0oo rpm) rotating motor to extrude a non-
woven nanofiber network from a micrometer-sized orifice. This method produces circumferentially
aligned fiber networks and is amenable to a range of solvents and materials previously unexplored
in fiber manufacturing #>*°>'*!. However, a portable system is required for point-of-use nanofiber
production.

We asked whether we could build a portable nanofiber manufacturing device that enables both
high-speed fiber production and precise control of fiber orientation. In this chapter, we describe

the design and utility of a nanofiber fabrication system termed pull spinning, which incorporates

a high-speed (up to 45,000 rpm) rotating bristle that pulls a polymer solution from a static droplet

I2



to a nanofiber. Specifically, the dependence of fiber radius and morphology on system parameters
such as rotational speed, collector distance, and solution viscosity are investigated under ambient
conditions. Ease of use and functionality are demonstrated for two proof-of-concept applications in
muscle tissue engineering (natural precursor materials) and point-of-wear apparel (synthetic poly-
mer materials). The capabilities of the pull spinning system will inform design and process choices

in subsequent chapters.

1.2 EXPERIMENTAL SETUP

1.2.1 PULL SPINNING APPARATUS

The pull spinning apparatus consists of a high-speed air-powered grinder (McMaster-Carr, Elmhurst,
IL) with calibrated speeds up to 45,000 RPM. The pneumatic motor was regulated through a pres-
sure gauge that enabled the direct read-out and calibration of the system under variable pressure.
The collector may be, for example, two static posts fixed to a static base board or a rotating cylinder
that functions as a spool to collect the fibers projected from the reservoir. The collector was con-

nected to a DeEWALT DC 720 1/2” cordless drill driver, operating at 1700 rpm.

1.2.2 POLYMER MATERIALS

Combinations of polymers PCL (Mn 70,000-90,000; Sigma-Aldrich, St. Louis, MO), gelatin
Type A ( 300 bloom; Sigma Aldrich, St. Louis, MO), Fibronectin (BD Biosciences, San Jose, CA),
polyurethane (McMaster-Carr, Princeton, NJ), nylon (Nylon 6, Sigma-Aldrich, St. Louis, MO)
and solvent 1,1,1,3,3,3-hexafluoro-2-propanol (Sigma-Aldrich, St. Louis, MO) were used in the fiber

manufacturing experiments.

3



1.2.3 FIBER IMAGE ANALYSIS

Varying concentrations of polymers and proteins were spun onto fixed scanning electron microscopy
stubs and imaged using a field emission scanning electron microscope (Carl Zeiss, Dresden, Ger-
many). Samples were sputter coated using an Au target (Denton Vacuum, Moorestown, NJ) prior
to imaging. All image analysis was done using Image] software (National Institutes of Health,
Bethesda, MD). Between 150-450 fibers were analyzed (4-7 random fields of view per sample, 2-4
samples per condition). Percent beading was calculated by manually identified beads as individual
regions of interest (ROIs). The area associated with the identified ROIs was then summed and the
collective area was calculated as a function of total fiber area within a field of view. 2-D fast Fourier
transform (FFT) analysis for nanofiber alignment was measured using the Directionality plug-in for
Fiji (heep://fiji.sc/Fiji, Ashburn, VA), according to previously established methods"*™. The Direc-
tionality plug-in calculates the spatial frequencies within an image given a set of radial directions.
The method generated normalized histograms revealing the amount of fibers present between o-
180° with a bin size of 1°. Orientation order parameter (OOP) was calculated using a custom MAT-

II0

LAB plugin, according to previous studies™. A normalized OOP value of o represents an isotropic,

random fiber network, and a value of 1 indicates a fully aligned, anisotropic fiber sheet.

1.2.4 VISCOSITY MEASUREMENTS

Rheological measurements of varying solutions of polycaprolactone (PCL) were recorded using a
viscometer (Model AR-G2, TA instruments, New Castle, DE) using a standard-size 40 mm cone
and plate geometry. Measured viscosities were derived under steady state shear rates from o.1 to 1000

—I

S

14



1.2.§ MECHANICAL AND SPECTROSCOPIC CHARACTERIZATION

Tensile properties of the fiber samples were measured in air using a uniaxial tension test (Instron
5566 mechanical tester, Norwood, MA). Before each measurement, the thickness and original length
of the fiber sample was measured using a micrometer.

Infrared spectra of nanofiber samples were measured in air using Fourier transform infrared spec-
troscopy (Bruker Lumos FT-IR microscope, Billerica, MA) in attenuated total reflectance (ATR)

mode. A resolution of 4 cm™" and 16 scans was used.

2.6 IMMUNOSTAINING AND IMAGE ANALYSIS

Engineered tissues were fixed using 4% paraformaldehyde (Electron Microscopy Sciences, Hartfield,
PA) and 0.5% Triton-X (Sigma-Aldrich, St. Louis, MO) for 5 min. Tissues were labeled with pri-
mary antibodies against sarcomeric a-actinin (Sigma-Aldrich, St. Louis, MO) or 83-tubulin (Sigma-
Aldrich, St. Louis, MO), phalloidin (Life Technologies, Grand Island, NY), and 4’,6-diamidino-
2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA). Immunostained samples were imaged using a

Zeiss LSM s1o0 laser scanning confocal microscope.

L2.7 STATISTICAL ANALYSIS

All error is reported as standard error of the mean (SEM). Analysis of variance (ANOVA) tests were
used during statistical comparisons. For data that were not normally distributed, ANOVA on ranks
followed by Dunn’s or Tukey’s pairwise comparison was used. P-values of less than o.05 were used

to measure statistical significance.
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Figure 1.1: Design and function of the pull spinning system. a)Schematic of the pull spinning apparatus with a side
view illustration of a fiber being pulled from the polymer reservoir. The pull spinning system consists of a rotating
bristle that dips and pulls a polymer jet in a spiral trajectory. Scale bar: 100 mm. b) High-speed images capture the jet
initiation as the bristle dips into a polymer droplet, jet elongation as the bristle pulls the droplet, solvent evaporation
as the polymer jet solidi es, and fiber detachment from the bristle as the process begins again. The red arrow denotes
the location of the bristle/fiber interface, the green arrow represents the location of the nozzle, and the dashed white
line denotes a fiber formed throughout one revolution. Scale bar: 1 mm. c) Scanning electron microscopy images of
various 6 wt%/vol% PCL:gelatin (3:1) scaffold structures and fiber alignments:aligned sheets (scale bars: 100 um),
laser cut cantilevers (scale bars: 200 @m), multilayered woven configurations (scale bars: 50 (m), and threads (scale
bars: 50 pm).
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1.3 MANUFACTURING NANOFIBERS USING PULL SPINNING

The pull spinning system incorporates two components that work together to initiate nanofiber
formation: a fixed polymer reservoir and a rotating bristle attached to a calibrated pneumatic motor
(Figure 1.1a and Figure A.2). When the mandrel is rotated about its axis of symmetry and the bristle
is in close proximity (~ 0.050 cm) to the reservoir, it dips and pulls an ejected polymer droplet into
an elongated nanofiber. High-speed imaging captured during fiber formation suggests four stages:
(1) initiation as the bristle contacts the polymer droplet, (2) elongation when the bristle pulls the
polymer droplet into a jet, (3) solvent evaporation as the fiber solidifies during one revolution, and
(4) detachment of the fiber from the bristle (Figure 1.1a,b). When the bristle is rotated at an angular
speed (Q) of 45,000 RPM, a polymer jet forms within 35 ms (Figure r.1b). The extension of the
jetas it is pulled by the rotating bristle is the most crucial stage of the process, without which fiber
formation cannot be completed. This jet travels around the bristle holder in a spiral trajectory until
one rotation is complete at 6o ms. Both ends of the fiber detach from the bristle at 6o ms as it draws
a new droplet from the reservoir. The leading end of the fiber attaches to the reservoir below the
droplet, while the trailing end continues rotating around the bristle holder until it travels toward
the collector (Figure 1.1a,b). The resulting fibers can be collected across static posts or directly onto
glass coverslips as aligned or threaded scaffolds, laser cut into custom configurations, or assembled
as woven multilayered structures, illustrating the versatility of fibers generated using this process
(Figure r.1c).

The pull spinning apparatus consists of a bristle (length o.531cm, diameter o.1cm) that is fixed
perpendicularly onto a rotating disk (0.877cm radius, S, Figure 1.2a). An external syringe pump fills
the polymer reservoir at a constant rate of 0.2 mL/min. In this configuration, three variables dom-
inate nanofiber formation: collector distance (R;), angular speed of the bristle (Q), and kinematic

viscosity of the polymer solution (v). We asked how these system parameters influence fiber radius
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() and fiber morphology (% beading). First, R, was varied on a log, scale from 4 to 16 cm using a 6
wt%/vol% PCL solution in hexafluoro-2-propanol (HFIP), and fiber radius was measured at a con-
stant Q of 45,000 RPM (Figure 1.2b). Next, Q was varied on a log, scale from 8,000 to 32,000 RPM
using the same 6 wt/v% PCL solution at fixed R, of 10 cm (Figure 1.2¢). We observe no significant
differences in fiber radii under the various conditions, suggesting minimal dependence of fiber ra-
dius on collector distance and rotational speed within the specified ranges. The experiments were
repeated using a 10 wt%/vol% nylon-6 solution in HFIP, and the same trend was observed (Figure
A.3). Solution viscosity of PCL was varied, and fiber radius was measured at constant R, of 10 cm
and Q of 45,000 RPM (Figure 1.2d-¢). We observed that fiber radius increases significantly as a func-
tion of polymer concentration (Figure 1.2¢). In spite of these trends, fibers exhibit less than 20%
surface defects as evidenced by % beading along the fiber (Figure 1.2d). These findings were indepen-
dent of collection time or polymer composition. We observed no significant changes in average fiber
radius or % beading in 6 wt%/vol% PCL nanofiber samples collected after 1, 5, or 10 min of continu-
ous fabrication (Figure A.4). Examination of nanofibers fabricated from a 6 wt%/vol% solution of
PCL, polyurethane, or nylon further revealed fiber morphology to be smooth and uniform, without
visible pores or defects at the sub-micrometer scale (Figure A.1). Collectively, these data suggest that
while increasing solution concentration significantly increases fiber radius, variations in rotational

speed, collector distance, or collection time do not over the ranges we tested.

1.4 MECHANISM BEHIND FIBER FORMATION

A previously reported scaling law describing jet extension using the RJS system elucidated how fiber
formation is governed by a balance between viscous and centrifugal forces, where fiber radius scales

with kinematic viscosity. Equation 1.1 describes this relation as**°:
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Figure 1.2: Characterizing structural properties of pull spun nanofibers and manufacturing system parameters. a) Side

view of fiber being pulled using bristle rotating at speed Q). R, is collector distance (~10 cm), and S, is the radius
(0.877 cm) of the bristle holder. b) Radius of 6 wt%/vol% PCL fibers measured as a function of the distance to the
collector (cm). Fibers were produced at a constant  of 45,000 RPM. c) Radius of 6 wt%/vol% PCL fibers measured

as a function of the motor rotation speed (RPM). Fibers were spun at a constant R, of 10 cm. d) Percent beading as a
function of concentration of PCL in HFIP. ) Fiber radius as a function of polymer concentration. f) Identifying system

parameters with varying concentrations of PCL in HFIP (2-15 wt%/vol%). Fiber radius measured as a function of

viscosity and best fit by ~ /2, where C = 1050.4 m* s'. g) Scanning electron images of nanofibers from PCL spun
at 2 wt%/vol% in HFIP, 6 wt%/vol% in HFIP, and 15 wt%/vol% HFIP, respectively. Scale bars: 1000 nm. In all graphs,

N is at least 200 fibers across four samples for each condition. Error reported as SEM. * indicates p <0.05.
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In this expression, « is the initial jet radius, U represents the angular jet velocity, v is the kinematic
viscosity of the solution, R, is the collector distance, and Q represents the angular speed of the RJS
polymer reservoir. We asked whether similar parameters can be applied to describe the pull spinning
process. Pull spinning propels a polymer jet in a linear trajectory from a reservoir to a collector. Un-
der these conditions, 4, U, R, and Q are fixed parameters. However, the reservoir is static, unlike
the rotating one in RJS. In this configuration, the jet is pulled and projected toward one primary di-
rection, and fiber formation occurs within a narrow time frame as centrifugal force is applied (o-60
ms at O = 45,000 RPM). In this time scale, centrifugal force is proportional to the bristle radius but
vanishes beyond one rotation cycle because the fiber detaches from the bristle (Figure 1.1a,b). This
suggests that the fiber thinning process ceases before the nanofiber is projected toward the collec-
tor. Experimentally, we observed that the maximum collector distance at which 6 wt%/vol% PCL
nanofibers could be spun was 29 cm. ANOVA indicated that the average radius of these fibers (125.01
+ 7.22 nm) was not statistically different from that of fibers tested at closer ranges (Figure 1.2b).
Thus, the distance between pull spinner and collector has a negligible effect on fiber radius for the
given polymer concentration (Figure 1.2b).

Increasing solidification speed has been shown to increase fiber radius and to mitigate bead for-

mation in the R]S system**?

. The use of a pneumatic motor in the pull spinning system introduces
an external air flow to facilitate the fiber solidification process. Increasing angular velocity of the
bristle results in two competing effects: a larger centrifugal force that accelerates fiber thinning and

a higher air flow that hastens fiber solidification rates, thus slowing fiber thinning. These two pro-

cesses cancel each other, and the change in fiber radius as a function of angular speed is negligibly
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small, even as Q increases fourfold (Figure 1.2¢). One factor that does directly correlate with fiber
radius is solution viscosity, which reduces the rate of fiber thinning and increases with polymer con-
centration (Figure A.s and Figure 1.2¢). The scaling relation between the fiber radius and the kine-
matic viscosity has been derived in the previous model for the RJS system as » = C»/*, where Cis

a dimensional constant with units of (m?* s')**°

. The constant C for the pull spinning system can be
fit from the experimental relation between radius and viscosity (Figure 1.2f and Figure A.s), demon-
strating that increasing solution viscosities contribute to larger nanofiber radii (Figure 1.2g) reported

within the specified range.

1.5 QUANTIFYING ANISOTROPY OF PULL SPUN NANOFIBERS

Point-of-use fiber production for biomedical and textile applications requires the capability to con-
trol nanofiber orientation. Previous force spinning methods utilized centrifugal force to regulate

fiber orientation and anisotropy ™

. Electrospinning techniques decrease jet instability and control
deposition by adjusting the electrode setup, collecting fibers between fixed plates, or minimizing dis-
tance between spinneret and collector'*+"*"%"27_ However, significant decreases in throughput or
disruption of fiber morphology can occur due to residual charge buildup, low collection speed, in-

19807128 - A comparison of these

sufficient solvent evaporation, applied voltage, or polymer flow rate
techniques, along with other nanofiber fabrication systems, is further summarized in Table r.1.
We asked whether pull spinning is capable of generating free-standing anisotropic nanofibers
in the absence of an underlying substrate or rotational collector. PCL nanofibers of various con-
centrations (6, 8, and 10 wt%/ vol% in HFIP) were collected in air at a distance of 10 cm from the
bristle. Network fiber anisotropy was quantified by calculating OOP using a custom MATLAB

script; OOP is a normalized parameter, in which o represents an isotropic network and 1 indicates

a fully aligned sheet™>"?. Nanofibers of all three polymer concentrations displayed OOP values
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above 0.96, indicating the formation of free-standing, highly aligned nanofiber networks (Figure

A 3¢). While certain near-field*»"®"7 or capillary force-based 7" fiber manufacturing methods
also provide control of nanofiber spacing and deposition, pull spinning generates highly aligned
fiber scaffolds with increased throughput and scalability (details listed in Table r.1). Although the
production rate of pull spun nanofibers (0.15 g h' for 6 wt%/vol% PCL/HFIP) does not equal that
of previously established gyratory (6000 g h*)""° or centrifugal force-based (6o g h') %™ methods,
fibers produced using this technique demonstrate greater alignment. Thus, pull spinning represents

a balance between fiber production rate and precise control of fiber anisotropy.

1.6 FIBER MuscULAR THIN Fizms SurPORT CONTRACTILITY MEASUREMENTS

Given the capability of the pull spinning system to rapidly manufacture anisotropic fiber scaffolds,
we asked whether these fibers could be used to build a functional iz vitro contractility assay to di-
rect muscle formation and to support function of smooth and skeletal muscle. Previously reported
muscular thin films (MTFs) have demonstrated the ability to model the structural and functional
changes that occur in cardiomyopathy and allergic asthma, using hiPSCs and human-derived pri-

129,130,831 [{ vy~

mary airway smooth muscle, respectively, and expand capabilities for drug evaluation
ever, these models are limited to formation of monolayer tissues on 2D polymeric thin films. Quan-
tification of skeletal muscle contractility on a biomimetic nanofibrous substrate has not yet been
demonstrated. Using the pull spinning system, we built anisotropic scaffolds (OODP, 0.95) com-
posed of 6 wt%/vol% PCL:gelatin (75:25 in HFIP), a polymer:protein biohybrid known to promote
proliferation and maturation of muscle tissue**'. The scaffolds, termed fiber muscular thin films
(fMTFs), were collected on 22 X 22 mm? glass coverslips, bound to the edges of the coverslip sur-

face with PDMS, and laser engraved into cantilevers. In this configuration, one end of the cantilever

remains anchored to the glass coverslip while the other end is free such that muscle contraction elic-
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Figure 1.3: Proof-of-concept use of fiber muscular thin films (fMTFs) for in vitro functional testing of muscle tissue.

a) Stereomicroscopy image of laser cut 6 wt%/vol% PCL:gelatin (75:25) fMTFs on a glass coverslip. Scale bar: 4 mm.
b) Schematic of myoblasts cultured on fMTFs, subsequently released and stimulated electrically. Muscle contraction
bends the cantilevers. c) Stereomicroscopy image of fMTF cantilevers. Blue lines indicate fMTF borders prior to their
release from the glass coverslip. Horizontal red lines indicate the leading edge positions of the fMTFs during contrac-
tion. Scale bar: 500 pm. d) Immunofluorescence staining of murine skeletal muscle (left) and human vascular smooth
muscle (right), cultured on fMTFs. Nuclei are stained blue (DAPI) and F-actin is stained green (Phalloidin 488) in both
tissues. In murine skeletal muscle tissue, a.-actinin is also stained red. Scale bars: 50 um. e) Stress readouts from an
fMTF cultured for 10 days in DMEM at various pacing frequencies: 2, 4, and 8 Hz. f) Stress trace of human vascular
smooth muscle fMTFs serially treated with 10 X 10° m Acetylcholine after 10 min, 500 X 10° m Endothelin-1 after
20 min and 100 X 10° m HA1077 after 30 min. N = 1 chip, 6 films. All errors are reported as SEM.
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its film bending (Figure 1.3a,b). fMTFs were fabricated through the following procedure: (1) thin
semi-cured polydimethylsiloxane (PDMS) films were deposited on two ends of a glass coverslip, (2)
PCL:gelatin (75:25, 6wt/v%) nanofibers were spun and collected on the coverslip, (3) fMTF can-
tilevers were cut using a CO, laser prototyping system (Epilog Laser, Golden, CO) with 3% power
and 6% speed settings, (4) muscle cells were cultured for a desired time, and finally (5) fMTFs were
released and electrically stimulated. The thickness of fMTFs was measured using an optical profiler
(Veeco Wyko NTtoo, Edina, MN).

Seeded with a murine myoblast cell line (C2Crz; please see Appendix A for detailed protocol),
the fMTFs supported myoblast fusion and maturation into functional muscle tissue, enabling mea-
surable dynamic stress values with quantifiable twitch and tetanus curves (Figure 1.3c—e and Figure
A.6). Immunofluorescence staining of et-actinin further confirmed the contractile phenotype of the
engineered muscle tissue (Figure 1.3d).

Next, we asked whether the fMTFs could also be utilized to quantify the slow, sustained contrac-
tion, and relaxation of primary human vascular smooth muscle. Nanofiber scaffolds were seeded
with human vascular smooth muscle and monitored over 4 days in vitro (Figure 1.3d). Our results
indicated an increase in contractile stress when treated with the known vasoconstrictors acetyl-
choline and endothelin-1. Additionally, the engineered human vascular smooth muscle relaxed in
response to rho kinase inhibitor HA1o77 (Figure 1.3f). Both muscle cell types exhibited an extended
morphology, proliferating along the fiber axis (Figure 1.3d). Collectively, these data demonstrate
the ability of pull spinning to manufacture highly anisotropic, biocompatible fibrous scaffolds that
recapitulate native muscle structure and function by supporting and directing the formation of en-

gineered smooth and striated muscle.

24



12 cm

Collector

(b)

Frequency of
Fiber Angle

40 80 140 160
Direction (Degrees)

0 40 80 140 160

Direction (Degrees)

0.04
0.03
0.02
0.01
0.00

F
Frequency of
Fiber Angle

Frequency of
ber Angle

0 40 80 140 160
Direction (Degrees)

0 40 80 140 160
Direction (Degrees)

Figure 1.4: Pull spun nanofibers for proof-of-principle apparel design. a) Schematic of collection scheme and sample
of 5:5 wt%/vol% polyurethane (PU):nylon (1:1) nanofiber swatches collected after pull spinning. b) Scanning electron
images and histograms representing the fiber angle (alignment) as a function of the frequency of the angle of 10
wt%/vol% nylon (gray), 10 wt%/vol% PU (black), 5:5 wt%/vol% anisotropic PU:nylon (green), and 5:5 wt%/vol%
PU:nylon crosshatched nanofibers (blue). A multimodal distribution denotes an isotropic mesh, whereas a unimodal
distribution indicates uniaxial fiber alignment (N = 3-5 fields of view over two samples). Scale bar: 20 pum.
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1.7 NANOFIBER ANISOTROPY INFLUENCES MATERIAL PERFORMANCE

Having demonstrated the capability of the pull spinning system to produce anisotropic nanofibers
for tissue engineering, we asked whether fiber orientation impacts material properties in the context
of apparel design. To test this, we built nonwoven nanofiber networks composed of 10 wt%/vol%
nylon-6, 10 wt%/vol% polyurethane (PU), and a 5:5 wt%/vol% PU:nylon blend along a rotating
collector (Figure 1.4a). Polyurethane and nylon were selected based on their widespread use in per-

32 The collector consisted of a drill driver attached to a metal rod terminated

formance athletic wear
by a glass slide. The glass slide permitted continuous collection and facilitated control over fiber
orientation, yielding reproducible network thicknesses of 220 & 29 um (N=17). After a 15 min pull-
spinning cycle, networks of nonwoven fibers were removed from the mandrel and analyzed using
bright field (Figure 1.4a) and scanning electron microscopy (SEM, Figure 1.4b). Network isotropy
of 5:5 wt%/vol% PU:nylon samples was manually varied by adjusting collection angles to produce
anisotropic and crosshatched patterns (Figure 1.4b). Fiber alignment in the networks was quantified
using Fast Fourier Transform (FFT) to measure preferred orientation of structures across multiple
fields of view in both x and y directions®"+. FFT decomposes an image into constituent sine waves
by considering the intensity of pixels to be signal intensity and the displacement in the x and y axes
to be the frequency component. The output of this operation describes the intensity of the sine
waves with specific frequencies in the Fourier transform; this information can be used to map the
spatial information within an image and to provide insight on the patterns within it. In this study,
FFT is a metric for fiber anisotropy, wherein a histogram with a narrow, unimodal peak represents
perfectly aligned fibers, and the abundance or lack of peaks represents a completely isotropic sample.
In our analysis, fibers that are collected as aligned networks have a unimodal histogram; whereas,
samples collected in the crosshatched configuration display a bimodal distribution, representing

two directions of fiber orientation (Figure 1.4b). These data suggest that pull spinning onto an ad-
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justable collector at different angles can produce fibrous networks with distinct orientations. Un-
like previous electrospinning techniques that have been used to control nanofiber orientation, pull
spinning does not require additional devices such as auxiliary*** or parallel™ electrodes, perforated
collectors™®, or controlled electrode geometries™ to induce fiber alignment during deposition.

We then asked how fiber orientation and composition affect the bulk mechanical properties of
nanofiber networks. Fiber networks were uniaxially loaded at a constant rate of 8 mm min' until
failure. The ultimate tensile strength (UTS, Figure 1.5a) and strain at failure (Figure 1.5b) for each
of the four conditions are reported under tensile load. 5:5 wt%/vol% PU:nylon was the strongest
material tested, exhibiting a UTS of 2.63 & 0.19 MPa and strain at failure of 0.73 £ 0.06. The cross-
hatched s5:5 wt%/vol% PU:nylon nanofabric displayed significantly lower ultimate tensile strength
than the anisotropic 5:5 wt%/vol% PU:nylon sample. In contrast, low UTS (o.19 & 0.01 MPa) and
strain at failure (0.18 % 0.02) values for the 10 wt%/vol% nylon networks suggest that nylon is the
least resistant of the tested networks to mechanical load. The nylon fibers are also the thinnest, with
an average radius that is nearly 40% less than that of the other samples (Figure 1.5¢), suggesting that
fiber structure and composition may contribute to bulk mechanical properties.

To further understand the role of molecular structure in bulk tensile strength, we used ATR-
FTIR spectroscopy to examine the structural changes in the fiber networks as a function of polymer
composition (Figure 1.5d). Characteristic vibration modes of both nylon and PU are evident in the
spectra (Table A.1, Appendix A). Our analysis focused on the vibration peaks indicative of hydrogen
bond formation— a sign of intrachain bonding. These peaks are represented by amide and carbonyl
stretches: 1637 cm' (amide I), 1547 cm' (amide IT), 1729 cm' (carbonyl), and 3300 cm' (amide). Hy-
drogen bonding between amide groups of nylon and urethane linkages of PU increases bulk tensile
strength by reducing slippage between the anisotropic polymer chains. The increase in hydrogen
bond formation is indicated by amide and carbonyl peak broadening and a downshift of N-H and

C=0 stretching (Figure 1.5d, black lines). Overall, the frequency peak positions of the IR data for
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the three polymer compositions suggest that blending PU and nylon increases hydrogen bonding
within the formed fibers. These interactions manifest on the macroscale through stronger tensile
strength for the anisotropic 5:5 wt%/vol% PU:nylon blend. These data are compared against drop
cast films of similar compositions (Figure 1.5d, red lines). Comparing the vibration modes of the
cast films to those of the polymerized pull spun nanofibers reveals significant increases in hydro-
gen bonding after pull spinning (Figure 1.5d), further suggesting the role of this process in forming
intrachain bonds.

Collectively, these data suggest that pull spinning can be used to fabricate point-of-use nanofibers
whose mechanical performance can be customized according to the composition and structural
properties of the starting material. This capability will enable us to tune fiber performance specific
to a final material application, such as producing fabric on demand, reinforcing soft lithographic
structures on the micro-scale, and directing motion of soft robotic structures by selectively limiting

strain.

1.8 PoINT-OF-USE APPAREL FABRICATION

A simple proof-of-principle application of the pull spinning system for apparel was demonstrated
using the strongest tested polymer material, the 5:5 wt%/vol% PU:nylon blend, spun directly onto
the knee joint of a 30 cm doll (Figure 1.5¢). The knee was selected as an ideal trial area based on its
high range of motion and nonuniform topography. We found that the nanofibrous textile con-
formed to the shape of the joint during pull spinning, demonstrating no delamination following
fiber formation. The joint was extended from o° to 135° through the full range of motion. The rate
at which the knee is flexed was varied from 1 to 200 extensions min'. Regardless of the rate of defor-
mation, the nanofiber network remained intact during joint movement, exhibiting no tearing (Fig-

ure 1.5e). This preliminary trial suggests that pull spinning is a viable fabrication tool for point-of-

2.8



®
-
. d Cast droplet Nanofibers
(o4 10 wtiv% Nylon (e)

(a)

O = =NMNhO
» o oo wmo
o
w

Ultimate Tensile
Strength (MPa)

i} o M
0.0

10 wt/v% Polyurethane

(b)

Strain at Failure

©o o o © o o
o » » @ O

(c) 500
400
300
200

100

5:5 wtiv% Nylon Polyurethane

Fiber Radius (nm)

A_M

3500 3000 1500 1000
Wavenumber (cm-1)

Figure 1.5: a) Ultimate tensile strength and b) strain at failure of each nanofiber network measured under tension. c)
Fiber radius measured from SEM images (N = 200 fibers over four samples). d) ATR spectra of solution cast (red lines)
polymer films and pull spun nanofibers (black lines). Data are averaged for n = 2 production runs per composition,
with 4-6 FOVs per sample. e) Proof of concept demonstration of point-of-use apparel: a nylon/PU fiber network pull
spun directly onto the knee joint of a 30 cm doll. Scale bars: 1 cm. All error is reported as SEM. * indicates p <0.05.
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wear manufacturing and for robotic actuation systems, which must sustain numerous cyclic strain

cycles and large deformation motions without delamination.

.9 SUMMARY

In this chapter, we presented a compact nanofiber fabrication system that rapidly generates continu-
ous anisotropic nanofibers independent of external system parameters. Like other well- established
techniques, pull spinning works by extruding a polymer or protein droplet into a solid nanofiber
that can be collected as single fiber-thick layers or as a nonwoven network on a static or rotating
substrate. Unlike other processes, pull spinning is a “point-and-shoot” method that facilitates high-
speed nanofiber fabrication while maintaining control of fiber orientation (OOP >0.96) and depo-
sition. We highlighted two proof-of-concept applications for tissue engineering and textile design,
illustrating the versatility of the pull spinning system for nanomaterials manufacturing. Moreover,
we demonstrated the effect of rotational speed, collection time, collector distance, polymer con-
centration, and composition on the radius and morphology of pull spun polymer nanofibers. Fur-
ther, we analyzed the structural, chemical, and mechanical properties of centrifugally spun polymer
nanofibers. We adapted a scaling law to describe how centrifugal force and kinematic viscosity influ-
ence nanofiber formation, and established upper and lower limits for fiber radius based on solution
viscosities. In the next chapter, we will further apply this knowledge of nanofiber formation kinetics

to investigate strategies for multi-material nanofabric manufacturing.
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Fabricating Multi-Material Nanofabrics

using Rotary Jet Spinning

2.1 INTRODUCTION

Nanofiber composite textiles based on two or more distinct fiber types would facilitate tuning ma-

terial, physical, and chemical properties, and combining base materials that require the use of im-
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miscible solvents. On the microscale, reinforcing fibrous constructs with fibers of disparate elastic
moduli is used to control the elastic modulus (resistance to elastic deformation) and toughness (abil-
ity to absorb energy without fracturing) of the composite structure . Integrating multiple types
of polymer fibers at the nanoscale will enable the development of scaffolds whose toughness and
elasticity can be easily regulated through material selection and the ratio of components.

However, current fiber fabrication techniques are challenged by applications requiring multi-
phase nanotextiles or orthogonal solvents. Recent approaches to fabricating multi-material nanotex-
tiles are either limited to adjoining biphasic (Janus-type) fibers'*°, constrained by charge interference
from adjacent spinnerets'', or produce highly delineated sheets rather than well-integrated multi-
modal textiles'**. These arrangements limit customizability of the final nanofabric by requiring
the use of similar solvents and processing parameters for both solutions™. The centrifugal force-
based rotary jet spinning (R]S) system has the potential to overcome these limitations by eliminating
the reliance on electric fields for fiber formation and reducing the number of processing parame-
ters 6699102,

In this chapter, we describe the fabrication of tough multi-material polymer nanofabrics using
a custom-designed dual chamber R]S reservoir. We study the influence of reservoir chamber and
nanofabric composition on fiber structural and mechanical properties, respectively. Our results
show that composite multi-material nanofabrics are tougher than either individual component, as
well as single fiber blends of both materials. Further, both polymers are heterogeneously distributed
across a composite nanofiber sheet. Finally, we demonstrate that this method can be used to manu-

facture multi-modal nanotextiles from distinct polymers that require the use of orthogonal solvents.
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Figure 2.1: a) lllustration of multi-material nanofabric fabrication using rotary jet spinning (RJS) and the dual cham-
ber reservoir (DCR). Inset: Cutaway side view of the DCR. Inner and outer chambers are denoted in blue and red,
respectively. b) FTIR spectra of single and dual chamber nanofabrics. Data are averaged for n = 3 production runs per
condition, with 16 random FOVs per sample. c) Bright field with spectra overlay and micro-Raman images displaying
distinct nylon and PET nanofibers. The nylon and PET nanofibers are indicated in red and green, respectively.
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2.2 EXPERIMENTAL SETUP

2.2 MATERIALS

Precursor solutions for nanofiber fabrication were prepared by dissolving nylon (Nylon 6, Sigma-
Aldrich, St. Louis, MO), polyurethane (Lubrizol, Cleveland, OH) and/or polyethylene terephtha-
late (PET, McMaster-Carr, Princeton, NJ) in 1,1,1,3,3,3-hexafuoro-2-propanol (Sigma-Aldrich, St.
Louis, MO). Poly(vinylidenefluoride-co-trifluoroethylene) (PVDF-TrFE, Sigma-Aldrich, St. Louis,
MO) solutions were prepared using dimethylformamide (DMF, Sigma-Aldrich, St. Louis, MO) and

acetone (Avantor Performance Materials, Center Valley, PA) as solvents.

2.2.2 RESERVOIR DESIGN AND FIBER FABRICATION

The RJS system consists of a brushless DC servo motor (Maxon Motor Company, Fall River, MA)
attached to a custom-designed aluminum reservoir rotating at 30,000 RPM. The single chamber
reservoir contains one 340 um sidewall orifice. The dual chamber reservoir (DCR) consists of two
concentric cavities, each containing a soo um aperture. Infusion rate of precursor solutions into the
reservoir was regulated using an external syringe pump. All solutions were infused at a constant rate
of' s mL min™". Fibers were collected on a rotating cylindrical collector (3000 RPM) mounted on a

linear motor.

2.2.3 FIBER IMAGE ANALYSIS

Various concentrations of polymer nanofibers were sputter coated using a Au target (Denton Vac-
uum, Moorestown, NJ), and then imaged using a field emission scanning electron microscope (Carl
Zeiss, Dresden, Germany). Image analysis was performed using Image] software (National Institutes

of Health, Bethesda, MD). 300 fibers were analyzed, including 4 random fields of view (FOVs) per
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sample and 3 samples per condition.

2.2.4 MEcCHANICAL CHARACTERIZATION OF FIBERS

A uniaxial tension test (CellScale BioIester, Waterloo, ON, Canada) was used to measure the me-
chanical properties of nanofiber sheets in air. Prior to each test, the thickness, width, and gauge

length of the fiber sample were recorded using a micrometer.

2.2.5 SPECTROSCOPIC NANOFIBER ANALYSIS

Infrared spectra of nanofabric samples were recorded in air using Fourier transform infrared spec-
troscopy (Bruker Lumos FTTR microscope, Billerica, MA) using the attenuated total reflectance
(ATR) technique. A resolution of 4 cm' and 16 scans was used for both local spectra sampling and
2D contour mapping. For contour mapping, data was normalized to maximum intensities.
Raman spectra of nanofiber samples were acquired in air using a confocal Raman microscope
(LabR AM HR Evolution, Horiba Scientific, Edison, NJ). A 532 nm Ar-ion laser was used to excite

the sample with a 100x objective. The spectra were processed using LabSpec 6 software.

2.2.6  STATISTICAL ANALYSIS

All error was reported as standard error of the mean (SEM). Analysis of variance (ANOVA) tests
were performed during statistical comparisons. P-values below 0.05 were considered statistically

significant.

2.3 FIBER STRUCTURE CONSERVED ACROSS RESERVOIRS

We developed a dual chamber reservoir (DCR, Figure 2.1a) to fabricate multi-material nanofabrics

using rotary jet spinning. The reservoir contains circular (inner) and annular (outer) compartments,
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which are separated and vertically offset to prevent solution mixing (Figure 2.1a, inset). The side-
wall apertures of the two chambers are aligned vertically relative to each other to limit contact of
nanofiber jets during fiber fabrication. Precursor solutions of nylon-6 and polyurethane (PU) in
L,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were simultaneously infused into the DCR and were con-
tinually fed during fiber manufacture. (Figure 2.1a). During high speed reservoir rotation, centrifu-
gal force propels each solution through its respective orifice. As these polymer jets elongate and the
volatile solvent evaporates, two discrete nanofibers are formed and accumulate on a rotating collec-
tor (Figure 2.1a).

First, we asked whether the choice of DCR chamber (inner or outer) influenced nanofiber struc-
ture, and whether these fibers differed from those fabricated by the single chamber reservoir used
in previous RJS studies . A blended s wt/v% nylon / 5 wt/v% PU solution was injected individu-
ally into the inner and outer DCR chambers. Fourier transform infrared spectroscopy (FTIR) was
used to assess the structural properties of polymer nanofibers as a function of the DCR fabrication
process. Vibrational peaks corresponding to both nylon (Amide I, 1641 cm ™) and PU (Amide II,
1547 cm™ ') are evident in the spectra recorded for nanofibers fabricated using both chambers (Figure
2.1b). No peak shifts are observed between spectra acquired for the inner and outer chambers, indi-
cating no significant differences between the structure of polymer nanofibers fabricated using either
compartment. Further, FTIR verified that DCR fiber fabrication does not significantly affect the
structural properties of nylon/PU nanofabrics, in comparison with the conventional single chamber
reservoir (Figure 2.1b).

In a similar test, a multi-material nanofabric was manufactured by simultaneously infusing a
10 wt/v% nylon solution into the inner DCR chamber and a s wt/v% PET solution into the outer
chamber, both using HFIP as the solvent. Micro-Raman spectroscopy confirmed that both nylon
and PET nanofibers were independently present in a composite multi-material nanofabric (Figure

2.1¢). Collectively, these results indicated that fiber formation was consistent across both channels,
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Figure 2.2: a) Average diameter and b) Scanning electron images of nylon and polyurethane nanofibers spun at 4
wt/v%, 6 wt/v%, and 8 wt/v% in HFIP. Data are averaged for n = 3 production runs per condition, 3 samples per run,
and 300 fibers across 4 FOVs. * indicates p <0.05. All scale bars: 10 um.

no structural artifacts were introduced during chamber selection, and distinct polymer nanofibers

were produced from each chamber.

2.4 FaBric COMPOSITION INFLUENCES MATERIAL MECHANICS

We then investigated the impact of nanofabric composition on network mechanical properties by
comparing the toughness and specific elastic modulus of multi-material, blend, and single-component
polymer nanofibers. Nylon and polyurethane were selected for this analysis based on the significant
difference between their elastic moduli. First, the concentration of nylon and PU solutions was var-
ied from 4 to 8 wt/v% in HFIP in increments of 2 wt/v%, and nanofiber diameter was measured for

each condition (Figure 2.2a-b). Next, multi-material nanofabrics were manufactured by infusing a
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6 wt/v% PU solution into the inner DCR chamber, and a 6 wt/v% nylon solution into the outer
chamber. Single fiber polymer blends were fabricated by mixing nylon and PU into one 6 wt/v%
solution. As a control, pure 6 wt/v% nylon and pure 6 wt/v% PU nanofibers were each spun in-
dividually using the outer and inner DCR compartments, respectively. The samples were loaded
uniaxially until failure at a constant elongation rate of 8 mm min™".

Multi-material nylon/PU nanofabrics manufactured using this technique are tougher than ei-
ther material alone (Figure 2.3a). Equally important, they displayed increased specific elastic mod-
ulus (Figure 2.3b), in comparison with single fiber polymer blends. Moreover, these parameters
can be tuned by adjusting the concentration and relative ratio of each component in a multi-modal
nanofabric. Because 4-6 wt/v% solutions yielded nanoscale fibers for both polymers, these con-
centrations were used to assess the influence of polymer ratio on network mechanical properties.
Using various combinations of 4 wt/v% and 6 wt/v% nylon and PU solutions, the nylon:PU ra-
tio in multi-material samples was varied from 1:1 to 3:2 and 2:3. Due to the higher toughness and
lower elastic modulus of PU relative to nylon, we predicted that higher concentrations of the elas-
tomer would increase the toughness and decrease the tensile modulus of the overall composite. As
expected, multi-material fabrics with a lower nylon:PU ratio and larger PU nanofibers exhibited
higher toughness and lower specific elastic moduli than those with higher ratios or thinner elastomer
fibers (Figure 2.3c-d). The difference in mechanical properties between single fiber blends and multi-
material composite samples may be influenced by whether nylon and PU are both localized in each
fiber (blend) or in separate fibers (multi-material). To further explore the dispersion pattern of both
polymers in a nanofiber sheet, we used FTIR to generate 2D contour maps. Two characteristic vi-
brational modes for nylon and for PU were selected, and the intensity of these peaks was recorded to
map the location of each polymer across 75 regions of interest on a 1o mmz2 nanofiber sheet (Figure
2.4a). The normalized intensity of each polymer at a given location was illustrated using a color gra-

dient from red to blue, with red indicating higher polymer concentrations and blue denoting lower
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toughness and d) specific elastic modulus of a multi-material nanofabric. *,**, N, B, and P indicate p <0.05. N, B, and
P denote significant difference from Pure Nylon, Pure PU, and Blend, respectively. For all conditions, n = 3 production
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local concentrations. In our analysis, 2D FTIR contour maps indicate that nylon and PU nanofibers
are well-integrated in the multi-material sheet (Figure 2.4b), and suggest that their dispersion is
more heterogeneous on the network level than in the blend sheet (Figure 2.4c). This stratification
may account for the higher toughness of the multi-material nanofabric by facilitating load transfer

from stiffer nylon fibers to more elastic PU fibers.

2.5 MANUFACTURING COMPOSITE NANOFABRICS USING ORTHOGONAL SOLVENTS

Finally, we asked whether the DCR could be used to fabricate multi-material nanotextiles using or-
thogonal solvents. To explore this question, we chose the piezoelectric co-polymer PVDF-TrFE as
a proof of concept. Unlike nylon and polyurethane, PVDF-TrFE has limited solubility in most of

the organic solvents used for RJS. Moreover, although the co-polymer is less brittle than more com-
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monly used inorganic piezoelectric ceramics (e.g. lead zirconate titanate), many PVDF-TrFE-based
sensors rely on sandwiching nanofiber mats between elastic sheets to increase flexibility'*#. Thus,
by producing a composite nanofabric using PVDF-TrFE and PU, this method has the potential to
preserve the piezoelectricity of the co-polymer while incorporating an elastomer on the nanoscale as
a mechanical support.

Precursor solutions of 6 wt/v% PU in HFIP and 15 wt/v% PVDF-TrFE in DMF:acetone (1:1)
were infused into the inner and outer DCR chambers, respectively. Relevant vibrational modes
of PVDF-TrFE (crystalline 8 phase, 840 cm™") and PU (C-O-C stretch, 1162 cm™") were examined
using FTTR. Composite nanofabric spectra were compared to those of pure PU nanofibers and
of PVDF-TrFE cast films (Figure 2.5). Both characteristic peaks are present in the multi-material
PU/PVDEF-TrFE nanofabrics, indicating the presence of both types of polymer nanofibers. This
data suggests the ability of this technique to fabricate composite nanofabrics using two materials
with orthogonal solvents. Future research may investigate the mechanical and electrical properties of

PU/PVDEF-TrFE composites and explore the impact of component ratio on bulk piezoelectricity.

2.6 SUMMARY

In this chapter, we demonstrated a novel technique to manufacture multi-material polymer nanofab-
rics using rotary jet spinning. Taken collectively, our data suggest that adding a dual chamber reser-
voir to the RJS system provides three key advantages for fiber fabrication: (1) mechanical properties
can be controlled by tuning the ratio and concentration of each component, (2) both fiber types

are well dispersed throughout the nanofabric, and (3) multiple polymers can be spun into the same
nanofabric regardless of solvent compatibility (e.g. orthogonal solvents can be used for each individ-
ual material). This method simplifies the process of generating multi-phase nanofabrics using two

polymers and/or immiscible solvents. In the next chapter, we will utilize the toughness and flexibil-
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Figure 2.5: FTIR spectra of pure PVDF-TrFE, pure PU, and multi-material PVDF-TrFE/PU nanofabrics. Data are av-

eraged for n = 3 samples, with 16 FOVs per sample. Inset: Scanning electron micrograph of multi-material PVDF-
TrFE/PU nanofabric.

ity of rotary jet spun nanofabrics to reinforce soft robotic actuators.
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Nanofiber-Reinforced Soft Fluidic

Micro-Actuators

3.1 INTRODUCTION

In the previous two chapters, we have discussed methods for manufacturing and characterizing poly-

mer nanofibers. In this chapter, we will examine their utility as strain-limiting materials and demon-
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strate the integration of nonwoven nanofiber sheets into composite micro-actuators.

Micro-scale soft actuators may be classified according to their expansion method, namely: mem-
brane deflection (Figure 3.1a), bellows expansion (Figure 3.1b), balloon inflation (Figure 3.1c), or
contraction-based artificial muscles (Figure 3.1d)*. Currently, state-of-the-art soft micro-actuators
are fabricated using processes such as soft lithography, dip-coating, casting, and additive manufac-
turing*5>%»'45_ The bending modes of balloon-type micro-scale actuators manufactured through

14658 thickness or elastic modulus of

these methods are controlled by varying the air channel angle
layers surrounding the channel #+57"47"4% /and device geometry >, However, the curvature and

full actuation pressure of elastomer-based micro-actuators are limited by the thickness of the strain
limiting layer . Reinforcing soft actuators with a strain limiting fiber has successfully bridged this

149,26,150 Fibers are an effective rein-

capability gap for larger, centimeter-scale pneumatic actuators’”
forcement layer for fluidic actuators because: 1) their inherent anisotropy facilitates directional con-
trol of actuator bending and mechanical properties, and 2) their flexibility and porosity are compati-
ble with existing soft lithography techniques. However, yarn and woven fiber-based reinforcements
used in macro-scale devices are too large to act as a strain limiting layer for micro-scale actuators. A
lightweight, yet tough fibrous material is needed to regulate micro-scale bending without signifi-
cantly increasing the actuator size, reducing compliance, or impairing its interaction with delicate
objects.

Nanofibers are a promising reinforcement material for soft micro-actuators due to their flexibil-
ity, high specific strength, customizable size and mechanical properties, and ease of processing*%+.
Nonwoven nanofabrics have previously been established as a basis for a wide range of applica-

152,86

tions, including: tissue engineering scaffolds , artificial muscles and bio-actuators™>*4, filtration

158 112

membranes ™, flexible sensors"”"*, and textiles™*. Using fabrication processes such as rotary jet
spinning and electrospinning, it is possible to regulate the mechanical and material properties of

nanofabrics and to manufacture uniform fiber sheets with customizable fiber diameter and orien-
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Figure 3.1: Classification of soft actuators. a) Membrane deflection. Reproduced with permission from **? with per-

mission from the Royal Society of Chemistry. b) Bellows expansion. Reproduced with permission from>°. c) Balloon

inflation. d) Contraction-based artificial muscles. Reproduced with permission from **°.

tation 99,102,125,

o4, Despite their compliance, robustness, and controllable morphology, nanofibers
have not yet been integrated into soft robotic devices.

To overcome the limitations of existing elastomer-based micro-actuators, we present a novel fab-
rication process for nanofiber-reinforced pneumatic actuators. In this chapter, we demonstrate man-
ufacturing of composite PDMS-nanofiber actuators using a combination of rotary jet spinning and
soft lithography. Furthermore, we examine the influence of layer design and nanofiber orientation
on actuator curvature, bulk mechanical properties, and actuation pressure. Finally, we highlight the
ability of this method to replicate two benchmark bending modes of macro-scale fiber reinforced

actuators: bending and bending-twisting. Our data reveal that composite micro-scale actuators are

tougher and stronger than pure elastomer devices, while displaying comparable elongation.
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3.2 EXPERIMENTAL METHODS

3.2.1 NANOFIBER FABRICATION USING ROTARY JET SPINNING

Nonwoven nanofiber sheets were manufactured using rotary jet spinning, following a previously
reported protocol99’86. A solution of 3 wt./v% nylon-6 (Nylon 6, Sigma-Aldrich, St. Louis, MO)

/ 3 wt./v% polyurethane (McMaster Carr, Princeton, NJ) was prepared in 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP, Sigma-Aldrich, St. Louis, MO), and infused into the reservoir for one minute at
arate of s mL min™" (Figure 3.2a). The resulting nanofiber sheets were collected using a rotating
cylindrical mandrel attached to a linear motor. Following fiber fabrication, samples were compressed
to remove creases and to improve uniformity during the subsequent soft lithography process. Each
sheet was pressed for 10 min at 3000lbs (applied over an area of 132 cm*) and 50°C using a laboratory

hydraulic molding press (Carver Laboratory Press, Wabash, IN).

3.2.2 ACTUATOR DESIGN AND FABRICATION

Composite nanofiber micro-actuators were fabricated using a four step process. First, PDMS was
formulated by combining Sylgard 184 (Dow Corning, MI, USA) elastomer base and curing agent
in a 10:1 ratio. The mixture was spin coated onto an embossed silicon wafer at 300 rpm, de-gassed
in an vacuum chamber for 10 min, thermally cured for two hours at 65 °C, and then removed from
the wafer (Figure 3.32). Next, a PDMS layer was spin coated at 100 rpm onto an unpatterned sili-
con wafer, de-gassed, and partially crosslinked for ten minutes at 75°C. Using a film applicator, a
nanofiber sheet was coated with 20 um uncured PDMS. The fiber sheet was placed on the semi-
cured PDMS wafer, spin coated at 200 rpm, thermally cured for 30 minutes, and removed from the
watfer (Figure 3.3b). At this stage, the soft lithography-based work flow can be easily adapted to con-

struct other laminate configurations. In addition to the three-layer (air channel, passive PDMS layer,
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nanofiber layer) actuator, we fabricated a four-layer composite (air channel, passive PDMS layer,
nanofiber layer, passive PDMS layer) to test the effect of the nanofiber layer position with respect
to the neutral axis on actuator curvature. The four-layer laminate was fabricated by spin coating an
additional layer of PDMS onto the nanofiber sheet before the 3omin cure stage. The fabrication
process for three- and four-layer actuators was identical following this step: the patterned and un-
patterned layers were irreversibly bonded together using an oxygen plasma treatment (65 W for 30
s). The resulting composite actuators were machined in the desired geometry using a custom DPSS
laser, then removed from the bulk sheet (Figure 3.3¢). Lastly, catheter tubing (MicroRenathane
Catheter Tubing, Braintree Scientific, Inc., MA, USA) was inserted and sealed (Scotch-Weld 1838

B/A, 3M) into the channel of each micro-actuator.

3.2.3 MODELING BENDING OF COMPOSITE SOFT ACTUATORS

An analytical 2D model was derived to better understand the effect of layer design and composition
on bending behavior of multi-layer composite micro-actuators. Our model includes the following
assumptions: 1) perfect bonding and no slippage between layers, 2) each layer is homogeneous, with
known properties, 3) the PDMS matrix and membrane are incompressible, 4) the bending moment
of a pressurized actuator is constant along the actuator length, 5) the Young’s moduli of PDMS and
polymer nanofibers remain constant during pressurization, 6) the strain limiting layer is inextensi-
ble, and 7) gravity is neglected during actuator bending.

Here, a pressurized micro-actuator was considered to be a clamped-free cantilever beam (Figure
3.4a), and modeled as an incompressible Neo-Hookean material. The assumption of incompress-
ibility yields the following invariant relationship between the three principal stretch ratios (A;, A,,

)
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AN =1 (3.1)

The longitudinal stretch was represented by A, = %, in which L indicates the initial length of
the actuator and /is the length in the deformed state. Here, we set A, = 1 under the assumption
that longitudinal deformation is negligible compared to axial and circumferential expansion. Thus,
the circumferential (A, ) and axial (A;) stretches can be related as A; = A", Further, circumferential

stretch was defined as A, = -, where s denotes the arc length of the inflating air channel and 24

indicates the width of the inflated channel. Using geometry,

A, = — (3.2)
24
ry
=— (33)
24
— " aresin 2 (3.4)
a 7

Here, 7 represents the radius of curvature of the circular sector. Next, the axial stretch was defined
asA; = IL_, in which T represents the thickness of the upper channel membrane prior to inflation
(measured using scanning electron microscopy as 0.103 mm), and ¢ is the thickness of the inflated air
channel membrane. Using the incompressibility condition, we can express both A, and #in terms of

Ay
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t 1
)\; = ? = )T (3.5)
t= )\3T (3.6)
al
= (37)
rarcsin 7

Therefore, only one independent stretch is present for this geometry. As the actuator inflates,
the relationship between radius of curvature of the air channel membrane and input pressure ()
was calculated by equating the hoop stress of a thin-walled cylindrical pressure vessel in terms of the

applied pressure (7, = £¥) and the principal stretch ratios (¢, = (A2 — A2)):

|72 T < r . a,, I 2)
P=—————|(-arcsin - )" — (— .8
r ~arcsin 7 (a r) ( 2 arcsin 7 ) 8

In this expression, u represents the shear modulus of the PDMS membrane. For the purposes
of this analysis, we assume E,, = 3u (where E,, is the membrane Young’s modulus) to be constant
throughout pressurization; however, future studies will reflect the instantaneous elastic modulus as
the elastomeric membrane strains and stiffens. Although the inflating membrane is monolithic, the
stiffness of PDMS samples undergoes a shift from bulk behavior to dimension dependence below a
thickness of 200 um. Below this inflection point, the Young’s modulus of PDMS samples is greater
than 1.2 MPa™°. As the thickness of the inflating membrane is within this range, we assume E,, =
1.2 MPa for Equation (3.8). However, the bulk elastic modulus (recorded as 0.6 MPa,) was used for
calculations involving the thicker, passive PDMS layers in the actuator.

As per Euler-Bernoulli beam theory, the curvature (¢~") of a composite beam is given by:
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1 M

g = 7511‘ T E I, (3.9)

where E'is the effective Young’s modulus of the composite beam, /; is the total area moment of
inertia for the passive PDMS and fiber lamina, £, is the Young’s modulus of the inflating PDMS
membrane, I, is the area moment of inertia of the membrane, and A/is the bending torque of the
actuator due to air pressure on the distal cap. The Young’s modulus of 3 wt./v% nylon / 3 wt./v%
polyurethane nanofiber sheets embedded longitudinally and transversely in 20 em PDMS layers
were measured to be 1.5 MPa and o.741 MPa, respectively (Figure A.7a).

The area moment of inertia for the composite laminate structures can be calculated using a paral-

lel axis theorem:

1
1= (Li+ 4id) (3.10)

=1

In this expression, /; is the moment of inertia for an individual layer, 4; is the layer’s cross-sectional
area, and d; is the distance from the layer’s centroid to the actuator centroid. The summation index
i represents each layer in the composite structure, and /is the total number of layers in a given actua-
tor. The moment of inertia for rectangular layers of PDMS and nanofibers was calculated using the

following equation:

_ bibj

I2

I, + bibid (3.1)

in which b; and /; represent the width and height, respectively, of a given layer in a laminate. For

composite laminates with disparate elastic moduli, the width of the stiffer layer is typically scaled
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using an expansion factor, 7 = %, in which E,<E,. Thus, the width of the nanofiber layer was
2

determined by multiplying the expansion factor n = EEﬁﬂ by the measured width of the fiber
PDMS
lamina. The inflated air channel was considered to be a hollow circular sector, and its area moment

of inertia was calculated as follows:

- g(R4—7‘4)(I— smoccosa) (3.2)
4 a

In this equation, a is one half the circular sector angle, and R and » denote the outer and inner radii

of curvature of the inflated channel, respectively (Figure 3.4a)"®"

. Thus, I, were calculated using
Equations (3.10) and (3.12). Using Equations (3.9)-(3.12), the moments of inertia of each layer were
summed to determine the total moment of inertia for the composite actuator.

Finally, the bending torque of internal air pressure (A4) was calculated. Based on Assumption
(4), the bending moment is constant along the longitudinal axis of the actuator. In this analysis, 44
was derived with respect to the cap (Figure 3.4a) with which the air channel terminates at the distal
end of the actuator. The bending torque of internal air pressure on the distal cap was determined
by multiplying the applied air pressure (P), the summed cross-sectional areas of the inflated channel

and the original area of the air channel (4i,), and the lever arm of the inflated area with respect to

the total actuator centroid (diy):

M= PA di, (3.13)

We assume that the cross-sectional area of the inflated section is constant along the length of the

actuator, and that the distance between the distal cap and the end of the actuator is negligibly small
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with respect to the total device length. Using this analytical framework, the actuator curvature was

calculated as a function of pressure and compared with empirical results.

3.2.4 NANOFIBER IMAGE ANALYSIS

Nanofiber samples were affixed to carbon-taped scanning electron microscopy stubs, and subse-
quently sputter coated using a Pt/Pd target (Denton Vacuum, Moorestown, NJ). Coated stubs were
imaged using a field emission scanning electron microscope (Catl Zeiss, Dresden, Germany). Im-
age analysis was performed using Fiji (http:// ji.sc/Fiji, Ashburn, VA). For each case, 135 fibers were

analyzed using three random fields of view per sample and three samples per condition.

3.2.5 MECHANICAL CHARACTERIZATION OF COMPOSITE ACTUATORS

Rectangular samples of PDMS (length = 20 mm, width = 10 mm), monolithic nanofabrics coated
in 20 um PDMS (length = 20 mm, width = 10 mm), and composite PDMS-nanofiber laminates
(length = 20 mm, width = 0.78 mm) were laser cut from bulk samples. For fibrous materials, 2
mm on either side of each sheet was sealed using epoxy and tape to prevent slippage of fibers in

the Instron clamps. Using a uniaxial tensile test (Instron ss44A, Norwood, MA), specimens were
extended in air at a rate of 8§ mm/min undil failure. Before each run, the gauge length, width, and
thickness of each sample were recorded using a micrometer. Following the measurement, materials

were weighed; uniform density was assumed for each sample.

3.2.6 ACTUATOR BENDING CHARACTERIZATION

The curvature of composite micro-actuators was recorded in air. First, each actuator was fixed at a
distance of 12 cm from a Canon Eos Rebel Ti. Next, the actuators were pressurized using a syringe

pump at a rate of 1 mL/min until failure. Actuators were photographed every o.1 bar; the resulting
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Figure 3.2: a) Schematic of the fiber fabrication process using the rotary jet spinning system, post-processing using
a hydraulic press 12, and a scanning electron micrograph of 6 wt./v% Nylon/Polyurethane (1:1) nanofibers, b) Aver-
age diameter and c) porosity of as-spun, pressed, and pressed/heated nanofiber sheets. 7z = 3 production runs per
condition, one sample/run, three random fields of view/sample. Error is reported as SEM. * indicates p <0.05.

images were analyzed using Fiji.

3.3 NANOFIBER MORPHOLOGY IS INDEPENDENT OF POST-PROCESSING

Prior to assembling the composite micro-actuators, we examined whether fiber post-processing
steps (e.g. compression molding and heating) alter the fiber diameter or porosity of nanofiber net-
works. First, nanofiber sheets were manufactured via rotary jet spinning (Figure 3.2a), as described
in Section 3.2.1. Average fiber diameter (Figure 3.2b) and fabric porosity (reported in Figure 3.2c as
the fiber area fraction) were measured for as-spun nanofiber sheets, and compared to those of sam-
ples that had been pressed, and both pressed and heated. Samples were heated for 30 min at 75°, to
simulate the conditions under which PDMS is cured. While neither post-processing step signifi-
cantly impacted the average fiber diameter, the area fraction of fibers increased after both pressing

and heating. This result is logical, as the compression process reduces the area between adjacent
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nanofiber layers. The lack of damage to fiber sheets during post-processing confirms our capabil-
ity to regulate fiber morphology during the nanofiber manufacturing processes, and the ability of

nanofibers to withstand post-processing steps for soft lithography.

3.4 EFFECT OF NANOFIBER ORIENTATION AND ACTUATOR DESIGN ON BENDING

Having established a consistent method to control nanofabric morphology, we then investigated
whether the position of the nanofiber layer relative to the neutral axis impacts actuator radius of
curvature and pressurization range. Composite actuators were fabricated using a four step method,
detailed in Section 3.2.2 and illustrated in Figure 3.3. This process was used to assemble three- and
four-layer devices, varying the location of the nanofiber sheet. As a control, two-layer actuators were
fabricated using only PDMS (Figure 3.4b). Three-layer actuators featured the fiber sheet as the outer
layer of the device (Figure 3.4c), while four-layer actuators incorporated an additional PDMS layer
around the nanotextiles (Figure 3.4d). To understand the impact of fiber orientation on actuator
bending, nanofiber sheets were positioned at either 0° or 9o° relative to the longitudinal axis of the
actuator.

Using the analytical framework discussed in section 3.2.3, actuator curvature was modeled as a
function of pressure and compared to empirical data. All actuators were pressurized from rest (o
bar) to failure. To ensure consistent statistical analysis among each sample set, averaged experimental
values are shown for the range between the onset of inflation (constant within each device layout)
and the earliest failure point within that category; analytical values are displayed within the same
range for each actuator design (Figure 3.5). Figure 3.5a displays theoretical and empirical results for
the control two- layer actuators, composed only of PDMS. Nonlinearity in the relation between
pressure and curvature is due to that of the pressure-stretch and pressure-area relations (Figure A.8),

as well as the balance between membrane thinning and material stiffening during inflation ™4, As
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Figure 3.3: Fabricating composite soft actuators. a) PDMS (yellow) is coated, cured, and peeled from a patterned
wafer (blue). b) PDMS and fiber (striped) layers are coated, cured, and removed from a blank wafer. c) Sub-laminates
are plasma bonded and the actuator is laser-cut.
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the air channel is pressurized, curvature will first increase rapidly as the elastomeric membrane in-
flates and its thickness decreases; thinning of the inextensible membrane can be assumed according
to assumption (3). At higher pressures, membrane thinning will outweigh the impact of the material
stiffening, and the rate of change of the curvature will decrease before the membrane ruptures. Sim-
ilar trends are evident for three-layer composite actuators with nanofibers oriented parallel (Figure
3.5b)) and perpendicular (Figure 3.5¢) to the longitudinal axis, and four-layer actuators with parallel
fibers (Figure 3.5d). The analytical model addresses this nonlinearity by assuming the reference state
of the actuator air channel to be inflated, and considering small perturbations from this deformed
geometry. Generally, the model predicts the experimental trends well, though we expect that future
analyses will increase the accuracy of analytical predictions by accounting for membrane stiffening
during inflation (i.e. determining the instantaneous Young’s modulus rather than assuming £, =
3u, where w is the shear modulus).

Figure 3.6a compares the pressure-curvature relationship for PDMS-only and three-layer fiber-
reinforced micro-actuators. Curvature is inversely proportional to actuator stiffness; thus, the fully
elastomeric actuators are more sensitive than fibrous devices to pneumatic pressure and display
greater curvature for a given pressure. However, this correlation does not apply between com-
posite actuators with parallel (Young’s modulus: 1.sMPa) and perpendicularly (Young’s modulus:
0.741MPa) oriented nanofibers. For both parallel and perpendicularly oriented nanofibers, the rate
of change for actuator radius of curvature is inversely proportional to applied pressure (Figure 3.6b).
Experimentally, actuators with fibers oriented at 90° (labeled perpendicular) begin inflating at a
slightly higher pressure, as compared to those with fibers placed at 0° (labeled parallel). Although
the perpendicular nanofibers have a lower Young’s modulus when encased in PDMS, it appears that
the stiffer parallel fibers are more sensitive to applied pressure and experience more deflection for a
given pressure. Decreasing stiffness of the strain limiting layer in the bend direction shifts the lami-

nate’s centroid upwards toward the inflating membrane, thus inhibiting bending at low pressures.

58



Moreover, the orientation of nanofibers orthogonal to the air channel potentially stiffens the infla-
tion chamber, limiting its ability to expand. While the analytical model presented here predicts this
behavior, the deformation of the inflated channel due to directional stiffening may be explored in
future studies using finite-element method modeling.

Empirical data for three- and four-layer actuators reinforced by parallel fibers is shown in Figure
3.6¢. While both devices initiate bending at a similar pressure, three-layer devices display slightly
higher curvature under moderate pressure, and four-layer actuators sustain significantly higher pres-
surization before failure. This result indicates that while movement of the neutral axis toward the air
channel inhibits bending, positioning the fibrous layer within the actuator increases robustness of
the device. Finally, Figure 3.6d displays the pressure-curvature relations for all four actuator varieties.

Opverall, all composite actuator designs displayed a significantly larger curvature compared to
pure PDMS actuators. Moreover, composite designs were able to withstand up to 30% higher pres-
sure before failure (rupture at the side of the channel). The average maximum pressurization of
fiber-reinforced actuators was between 2.5-3.25 bar, on par with that of existing elastomer-based

62,148

micro- and centimeter-scale pneumatic actuators*®. This range of maximum pressure is ap-

proximately 3-12 times higher than recently proposed PDMS actuators fabricated using 3D printing
(0.95 bar)*, soft lithography (0.25 bar)?, spin coating (1 bar)**, and inverse-flow injection (1 bar) .
Collectively, these results indicate that by modulating the position and orientation of nanofiber

sheets, we can both conserve and modulate the curvature of elastomeric micro-actuators while ex-

tending the pressurization range.

3.5 COMPOSITE STRUCTURE INFLUENCES BULK MECHANICAL PROPERTIES

On the macro- and mesoscale, it is well known that incorporating comparatively stiffer reinforce-

ment fibers in a compliant matrix increases bulk strength and toughness by transferring tensile load

59



0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

&

Curvature (1/mm)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

S

Curvature (1/mm)

— PDMS (Data)
------- PDMS (Model)

O
~

Curvature (1/mm)

05 1 15 2 25

Pressure (bar)

3

35

— 3-Layer: Perp. Fiber (Data)
------- 3-Layer: Perp. Fiber (Model)

(o}
~

Curvature (1/mm)

05 1 15 2 25

Pressure (bar)

3

35

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

— 3-Layer: Parallel Fiber (Data)
------- 3-Layer: Parallel Fiber (Model)

L

0 05 1 15 2 25 3
Pressure (bar)

3.5

— 4-Layer: Parallel Fiber (Data)
- 4-Layer: Parallel Fiber (Model)

-

0 05 1 15 2 25 3

Pressure (bar)

3.5

Figure 3.5: Analytical and experimental results for the curvature of a) tri-layer, b) quad-layer, and c) pure PDMS
micro-actuators. d) Comparison of empirical data for three-layer composite and PDMS actuators. 7z = 2-3 actuators
per condition. All error is reported as SEM.

6o



o
o

Curvature (1/mm) o
o O ©O O o
= N w s w
Curvature (1/mm) Z
o ©O O o

= N W B

(=]
(=]

— 3-Layer: Parallel — 3-Layer: Parallel
— PDMS 0.5 ||— 3-Layer: Perp.

o

05 1 15 2 25 3 35 0 05 1 15 2 25 3 35
Pressure (bar) Pressure (bar)

S

— 4-Layer: Parallel 0.5 ||— 3-Layer: Parallel
~— 3-Layer: Perp.
0.4 | |[— 4-Layer: Parallel

o
o
o
Q.

o
o
o

o
[3)]

o
-

Curvature (1/mm)
o o
2288 2
Curvature (1/mm)
o
w

o
=y

(=]
(=]

0 05 1 15 2 25 3 35 0 05 1 15 2 25 3 35
Pressure (bar) Pressure (bar)
Figure 3.6: Curvature of (a) pure PDMS and three-Layer composite device with nanofibers parallel to actuator, (b)
Three-Layer composite actuators with parallel and perpendicular fibers, (c) Three- and four-Layer PDMS-nanofiber

actuators with fibers oriented parallel to device, and (d) Comparison of curvature for three- and four-layer composite
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from the matrix to the reinforcement materia] 2%-166-67-163

. We expected to observe a similar trend by
reinforcing micro-scale PDMS actuators with nanofiber sheets. To understand the effect of laminate
design and fiber orientation on device mechanics, tensile properties of composite and PDMS-only
actuators were quantified using Instron uniaxial testing (Figure A.7b).

Both three- and four-layer actuators reinforced by parallel nanofibers displayed higher toughness
(Figure 3.7a), specific ultimate tensile strength (Figure 3.7b), and specific elastic modulus (Figure
3.7¢) than pure PDMS. This increased stiffness explains, in part, the lesser curvature of composite
actuators relative to PDMS-only devices. However, three- layer actuators were significantly tougher

and stronger than four-layer actuators with fibers in the same respective configurations. Further-

more, unlike four-layer constructs, three-layer laminate devices maintained the elongation of pure
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Figure 3.7: Mechanical properties of composite and elastomer actuators. a) Toughness, b) Specific ultimate tensile
strength (UTS), c) Specific Elastic Modulus, and d) Elongation of three- and four-layer composite actuators, nanofiber

sheets embedded in a 20um PDMS layer, and pure PDMS actuators. 7 = 3 samples per condition. All error reported
as SEM. * indicates p <0.05.

PDMS (Figure 3.7d). Lastly, a three-layer design with 0° nanofibers displayed a similar toughness

to that of a pure nanofiber sheet of the same orientation; this value was 2.3 times greater than the
toughness of PDMS alone. Taken as a whole, this data indicates that a three-layer actuator design
increases toughness while preserving desired extensibility of elastomer actuators. Based on these re-
sults, the three-layer composite design was selected for use in future devices. Examination of samples
under a scanning electron microscope revealed no deformation between the nanofiber sheet and
PDMS matrix (Figure A.7c-d). As the composite sheet was extended to failure, cracks formed nor-
mal to the tensile stress plane and fracture occurred in the plane of fiber fracture. This failure mode
is consistent with a reinforcing material that is stronger and more brittle than the matrix material,
and with the lack of fiber de-bonding from the surrounding PDMS'. It is also possible that the

high surface area of nanofibers resists de-bonding of the fiber layer from the surrounding matrix.
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Figure 3.8: Composite micro-actuators. a) Pure bending, b) Bend-twist coupling c) Line pattern on bend-twist actua-
tor d) Twist angle as a function of pressure. Error reported as SEM. 7 = 2 actuators.
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3.6 REGULATING ACTUATOR BENDING USING NANOFIBER ORIENTATION

After demonstrating that nanofiber-reinforced composite actuators bend controllably under pneu-
matic pressurization (Figure 3.8a), we investigated whether varying fiber patterns could be used

to achieve more complex bending modes. One mode of interest is the combination of bending
and twisting. Prior studies on macro-scale fiber reinforced actuators have demonstrated that the
twisting motion of a pneumatic actuator depends upon fiber orientation*>*#*7°, Similarly, Finio
et al demonstrated that the maximum twist of a piezoelectric micro-actuator occurred when the
anisotropic fibrous laminate was oriented at 45°; zero twist and torque were present at 0° or 90° 7.
Embedding monolithic fiber sheets oriented between 0° and 90° did not induce a twisting mode

in composite micro-actuators. We hypothesized that the anisotropy of these sheets was too low to
measure a twist. Thus, we predicted that incising a linear pattern onto a uniform nanotextile would
induce a bending-twisting mode by reducing cross-coupling in the nonwoven fiber sheet, thereby
amplifying anisotropy. To test this hypothesis, we fabricated a composite micro-actuator capable of
bend-twist coupling by laser micromachining a pattern of parallel lines on the enclosed nanofiber
sheet (Figure 3.8b). This approach was selected because laser cutting provided consistent control of
line spacing and pattern uniformity.

Using a custom DPSS laser, lines spaced 0.18 mm apart were inscribed on a monolithic nanofiber
sheet (Figure 3.8¢). A three-layer actuator was prepared using the soft lithography process described
in section 3.2.2. The sub-laminate containing the laser-cut fiber sheet was plasma bonded to the pat-
terned layer at an angle of 30° from the longitudinal axis of the air channel. Although a 30° angle
was chosen as a demonstration in this study, the relationship between fiber orientation angle and
actuator twist will be analytically modeled and further discussed in the next chapter. The twist angle
of bend-twist coupled composite actuators as a function of pressure is shown in Figure 3.8d (device

was not tested to failure). This preliminary study suggests the potential for using laser patterning to
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combine multiple actuation modes on the micro-scale. Future chapters will build upon this princi-

ple to generate multiple curvatures in a single actuator by varying fiber orientation.

3.7 SUMMARY

In this chapter, we presented a novel class of fiber-reinforced soft micro-actuators. To fabricate these
actuators, we used a novel manufacturing process combining soft lithography and rotary jet spin-
ning. To our knowledge, this is the first demonstration of polymer nanofibers as a strain-limiting
layer for micro-actuation. Our results indicate that the mechanical properties and radii of curva-
ture for composite micro-actuators are impacted by nanofiber layer location and bulk fiber orien-
tation. Three-layer fiber-reinforced devices were up to 2.3 times tougher than pure PDMS, while
simultaneously preserving the elongation of the elastomer. Although composite actuators can be
pressurized 30% higher than pure PDMS devices, no delamination is observed between the strain
limiting nanofiber sheet and the PDMS matrix. Finally, by incising an angled pattern into mono-
lithic nanofiber sheets, bend-twist coupling can be achieved for three-layer actuators. In subsequent
chapters, we will: 1) expand our analytical model of nanofiber motion to capture additional actuator
bending modes, 2) scale nanofiber-reinforced actuators from the microscale to the mesoscale, and 3)

investigate the use of fiber-reinforced soft actuators in delicate grasping tasks.
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Model-Driven Design of
Nanofiber-Reinforced Soft Fluidic

Actuators Capable of Complex 3D Motions

4.1 INTRODUCTION

Soft actuators are well-suited for manipulation, physiotherapy, and delicate grasping tasks due to
their smooth motion, ease of fabrication, and compliant substrates®. The structure of such devices
generally consists of an elastomeric bladder enclosing a hollow channel. As the actuator is pressur-
ized (e.g., pneumatically or hydraulically), the channel expands and the actuator moves. This mo-
tion is directed using features such as an anisotropic cross-section, in which one side of the bladder
is thicker or stiffer than the other (Figure 4.12)%%%; the inclusion of stiff fibers or polymers®7* (Fig-
ure 4.1b-c); and a sleeve wrapped around the bladder* ™ (Figure 4.1d). Incorporating yarns and
fibers as strain-limiting structures is a simple method to control the motions that a soft actuator can
achieve. Previous studies have used circumferentially positioned fibers to constrain radial expan-
sion 7337455 (Figure 4.1c) and layered stiff filaments (e.g., glass fibers) in a more compliant matrix
material to program bending using geometric anisotropy7*7%. By varying the pitch*"77, stiffness

gradient’”®

, and material properties'7? of reinforcing fibers, it is possible to prescribe specific patterns
of motion, including extension, radial expansion, contraction (Figure 4.1c), bending (Figure 4.1d),

and twist (Figure 4.1b).
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Figure 4.1: a) Bellows-style silicone rubber actuator exhibiting pure bending. Adapted from>°. b) A 3D printed sili-
cone actuator contracts due to reinforcement by stiffer polymer filaments. Adapted from>°. ¢) Pneumatic elastomeric
actuator reinforced with Kevlar fiber. Adapted from'’2. d) Cylindrical bending actuator whose motion is directed

by Kevlar fiber wound helically around the exterior of the actuator. Adapted from®’. ) Schematic of a nanofiber-
reinforced silicone actuator. As the actuator is pressurized, the internal channel inflated and the device bends toward
the (comparatively) stiff nanofiber sheet. In this illustration, a fiber orientation angle of 0° is shown.

Three-dimensional fiber integration strategies often require precise control of fiber pitch and
placement; for example, a pair of antisymmetric yarns may be wound around a cylindrical bladder
to induce bending or bending-extension coupling. Compared to this approach, it is more straight-
forward to incorporate two-dimensional textile sheets into actuator molding and soft lithographic
manufacturing processes. Planar laminate structures (Figure A.10a) execute planned motions sim-

ply by varying the orientation of an anisotropic fiber array‘8°’l77. This approach has been used to

develop flexible piezoelectricm’181 and shape memory 31110}1175’182’183’184 actuators featuring anisotropic

carbon or glass fibers.

To extend the utility of composite laminate actuators into domains necessitating less rigid rein-
forcement fibers, we have demonstrated the fabrication and analytical modeling of soft nanofiber-
reinforced fluidic actuators™®. Previously, we derived an analytical model that facilitated design of

actuators undergoing pure bending by correlating laminate geometry, input pressure, and actua-
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tor curvature. To guide the development of soft actuators capable of both a wider range of motions
(e.g., twisting, extension) and coupled behaviors (e.g., bend-twist coupling), a more comprehensive
analytical model is needed. Here, we present a laminate plate theory model for nanofiber-reinforced
elastomer actuators, demonstrate the correlation between analytical twist data and empirical results,
and present proof-of-concept designs for actuators exhibiting multiple motions. This framework
represents a simple, modular approach to designing and fabricating soft robotic devices with a vari-

ety of fiber orientations, layup designs, and bending motions.

4.2  EXPERIMENTAL METHODS

4.2.1 NANOFIBER FABRICATION USING ROTARY JET SPINNING

Polymer nanofiber sheets were fabricated using rotary jet spinning. A solution of 3 wt./v% nylon-
6 (Sigma-Aldrich, St. Louis, MO) / 3 wt./v% polyurethane (McMaster Carr, Princeton, NJ) in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma-Aldrich, St. Louis, MO) was infused into a rotat-
ing reservoir using a syringe pump at a rate of s mL min™". A rotating cylindrical mandrel attached
to a linear motor was used to collect uniform sheets of nonwoven fibers, as outlined in previous
studies?>**™*°. After collection, each sheet was removed from the mandrel and pressed for 10 min
at 3000 Ibs (applied over 132 cm?*) and 50°C using a laboratory compression molding press (Carver
Laboratory Press, Wabash, IN). This process facilitates the integration of nanotextiles in the actua-
tor manufacturing process by smoothing the fabric surface and removing wrinkles that form as the

fiber sheet is removed from the collector.

4.2.2 ACTUATOR DESIGN AND FABRICATION

Nanofiber-reinforced actuators, illustrated in Figure 4.1¢, were manufactured using a combination

of molding and co-bonding, as shown in Figure 4.2. First, uncured silicone rubber (Dragon Skin 20,
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Figure 4.2: The manufacturing process of fiber-reinforced actuators involves molding silicone rubber components
with oriented rotary jet spun polymer nanofiber sheets. Uncured silicone is poured into a 3D printed mold, and
nanofibers are subsequently layered above it. After thermally curing the concave fiber/silicone structure, it is re-
moved from the mold, co-bonded with a thin layer of uncured silicone, and thermally cured a second time. This step
creates the internal hollow channel that will expand when the actuator is pressurized. Finally, a tube is inserted into
the air channel of the completed actuator, and the surrounding aperture is sealed with epoxy.

Smooth-On Inc, Easton, PA) is poured into a custom-designed 3D printed mold. The mold is de-
gassed in a vacuum chamber to remove residual air pockets, and a nanofiber sheet is then placed on
top of the uncured silicone. If the fiber orientation angle () is equal to o or 9o degrees, a solid fiber
sheet is placed parallel or perpendicular, respectively, to the longitudinal axis of the mold. However,
if 0° <@ <90°, strips of monolithic nanofabric are incised using a razor and placed at the desired
angle. This approach is used because the anisotropy of a pristine nanofabric is too low to generate
twist. Next, the assembly is thermally cured for 15 minutes at 75° C. The molds are subsequently re-
moved from the oven, and the part is removed and cleaned. A thin layer of uncured silicone rubber
is then deposited using a film applicator, and the molded part is co-bonded to this layer. This pro-
cess seals a concave segment of the molded part, forming an internal air channel that will be used to
pressurize the finished actuator. Finally, the co-bonded assembly is thermally cured (15 minutes, 75°

C), and a tube is inserted and sealed into the air channel.
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4.2.3 LAMINATE PLATE MODEL FOR COMPOSITE SOFT ACTUATORS

An analytical model was developed to describe the relationship between the laminate structure and
bending motion of nanofiber-reinforced soft actuators. This composite laminate plate theory frame-
work accounts for the material and mechanical properties of both the hyperelastic polymer matrix
and the nonwoven textile reinforcement layer, as well as the input pressure to actuate the device.
The assumptions included in this model are as follows: 1) perfect bonding and no slippage between
lamina; 2) each layer is homogeneous, with known properties (the fiber layer is assumed to be or-
thotropic); 3) the elastomer matrix is incompressible; 4) the Young’s moduli of the matrix and rein-
forcing fibers remain constant during pressurization; s) the strain limiting layer is inextensible; and
6) gravity is neglected during actuator bending.

The midplane strains and curvatures ({¢°} and {¢'}) of a cantilever actuator can be described by
defining the relationship between the applied forces ([N]) and moments ([44]), and the laminate

compliance matrix.

{°} A B N
= (4.1)
{e} B D| |M
The ABD matrix is a 6x6 matrix composed of three unique 3x3 matrices containing the follow-

ing terms: extensional stiffnesses (4;), bending-extensional coupling stiffnesses (5;;), and bending

stiffnesses (Dj).
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The components of these matrices are defined as follows (schematic shown in Figure A.10):

Aif = Z[@ij]n(zn - zan) (4_3)
Bij = -~ Z[Qj]n(zi} — 2, (4.4)

Dy ==Y [0lu(5 — %) (4:5)

where the z-axis is positioned orthogonally to the laminate plane, 2, indicates the height of the n®
laminate layer with respect to the midplane of the structure, and [Qij} represents the transformed
reduced stiffness matrix of the laminate. To calculate this matrix, we begin by defining the reduced

stiffness matrix [Qy] for a laminate material:

QII _le o
[—Q’]] = le sz o) (46)

o o Qee

For an isotropic material, the following relations for the stiffness matrix coefficients are well-

known. In these equations, £ is the Young’s modulus of the matrix, v represents the Poisson’s ratio,
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and G is the shear modulus.

0u=0u=—
I 22 I— 1/2
0 Ev
12— I— V?‘
Q= ——=G
66 _= p—
2(1+7)
Similarly, for an orthotropic material:
E
QII =
I =Vl
_ VI?.EZ
le -
I — V¥V
E,
sz =
I— V¥
_QGG = Gy,

(4.7)
(4.8)

(4.9)

(4.10)
(4.11)
(4.12)

(4.13)

Using the rule of mixtures, the longitudinal (£,) and transverse (£, ) elastic moduli of the com-

posite laminate can be calculated as:

E,

E,

= Efo—l- E, (I — Vf)
_ EfEm
Ef(l — Vf) + EnVy

(4.14)

(4.15)

in which Erand E,, are the Young’s moduli of the nanofiber layer and elastomer matrix, respectively,

and Vris the volume fraction of the fiber layer. As the local angle of the embedded fiber sheet does

not always coincide with the global coordinate axes of the laminate, a transformation matrix ([7])

was used to convert the compliance matrix between the local and global coordinate systems. Thus,
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for fiber angle 3, m = cos &, and # = sin 9, the transformed reduced stiffness matrix is defined as:

m* n* 2mN

Tl=| » m* —2mn (4.16)

[0, = [T1"@ylln~" (4.17)

The individual fourth order terms of the 3x3 [Ql]] matrix can be expressed as follows in expanded

form:
9, Q. Qg
0= |2. 2. . e
06 Qi e
Q, = 0ucos¥ +2(Qy, +20¢6) cos ¥ sin¥ + Q,, sin 9* (4.19)
Q, =0, = 0n(cos¥ +sin %) + (Qu + Qs — 4Qss)(cos ¥ sin &) (4.20)

Q= @61 = (Qu — Qn — 2Q¢s) cos ¥ sin — (Q,, — O, — 2Q046) cOs Isin P (4.21)

= Qusind* 4 2(Q,, + 2Q4¢) cos ¥ sin & + @, cos H* (4.22)

Q

@26 = @62 = (Qu — Q1 — 2Q¢6) cos ¥sin P — (Q,, — O, — 2046) cOs P sin & (4.23)

Qs = (Qu + Qs — 201, — 2Q066) cos ¥ sin §* + Qg (cos ¥* + sin I*) (4.24)

Next, we consider the resultant force and moment of the inflating actuator, which will be in-
cluded in the matrix . Because the resultant force describes actuator bending about the y-axis

M

(orthogonal to the longitudinal x-axis of the device, as marked in Figure 4.1¢), we assume that the
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resultant force only incorporates forces applied along the x-axis. Thus, Ny, = N, = o. N, is defined
by considering a static balance between the pressure (P) applied on the distal end cap and a traction
force (ov, within the inflating membrane) that opposes this pressure. In the following expressions,

s represents the arc length of the segment, £, is the membrane thickness, and 4; indicates the total
area of the inflating channel (schematic shown in Figure A.10). By considering the pressurized actu-
ator as an incompressible Neo-Hookean material, we can derive ¢y using the invariant relationship

80 (and in

between the three principal stretch ratios: A, A; = 1. As outlined in a previous analysis
Section 3.2.3), we assume that longitudinal expansion is negligible compared to axial and circumfer-
ential deformation and thus set A, = 1. The circumferential (A,) and axial (A;) stretches are defined
in terms of the geometry of the inflating membrane, where 7 indicates the radius of curvature of

the circular sector defined by the inflating membrane, s indicates the membrane arc length, and 24

represents the width of the internal channel:

s
= (425)
24
rd
== (4.26)
24
= Lin—t% (4.27)
a r
I
A= — (4.28)
Thus, the traction force can be written in terms of the principal stretches:
o =pA = A) (4.29)
a 2
=u(1— (rn—l? ) (4.30)
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w represents the shear modulus of the silicone membrane, defined using the relation £,, =
31 (Ep, is the membrane Young’s modulus). Here, we assume that the shear modulus is constant

throughout actuator pressurization. Therefore, the resultant force is defined as:

N, = PA; — austy, (4.31)
ﬂ 2

= PA; — p(1— (rsin—lg) )Stm (4.32)

(4.33)

The resultant moment, A4, can be expressed as the product of the resultant force (Ny) and its
associated lever arm (d;). To derive M, we consider the moments produced by the pressure and
traction forces. In the following equations, d, represents the distance between the centroid of A4; to
the neutral axis and 4 is the lever arm associated with the traction force within the inflating mem-

brane. Using known values for d, and d;, we first solve for 4, and then calculate 44,

Nid, = PA;dy — aystyd; (4.34)
PAld - O-t.ftmdt
d,=—"f mH .

N, (4-35)

PA;dy — (1 — (rsin_,ﬂ )?)stmdy
= z 36
PA,— i~ (e V)i (4:36)
M, = N.d, (4.37)
(4-38)

Using the framework of this model, it is possible to design soft composite actuators with a vari-

ety of motions, including: pure bending, bend-twist coupling, and pure extension. To program a
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specific actuator motion, we can vary laminate geometry (e.g., layer thickness, relative position) and
the orientation of the strain-limiting nanofiber layer. Furthermore, by spatially controlling sections
of the fiber orientations, we can create hybrid actuators that involve serial connections of different

bending/twisting motions all connected to the same pressure source.

4.2.4 ACTUATOR TWIST CHARACTERIZATION

The curvature of nanofiber-reinforced actuators was recorded in air. Each actuator was positioned in
a clamped-free configuration and pneumatically inflated using a pressure control apparatus. Images

were taken at intervals of 1 psi using a Nikon D810, and analyzed using Fiji™®.

4.3 REsuLTs AND DiscussioN

4.3.10 ExamiNING CoUPLED BENDING MODES

Our laminate plate theory framework facilitates design of composite actuators with a variety of sin-
gle and coupled bending motions. By adjusting the geometric and material properties of the actua-
tor and the nanofiber layer, we can tune the laminate compliance and achieve a desired movement.
In a previous study, we derived an analytical model to predict actuator curvature as a function of
laminate layup and material properties. The theoretical framework presented here extends predic-
tive capabilities to motions other than pure bending. Specifically, we demonstrate the ability to
design devices with coupled modes, such as bending-extension and bending-twisting.

It is possible to classify the bending mode exhibited by an actuator by examining the laminate
compliance matrix. For a given laminate design and fiber orientation, the extensional (4;;), bending-
extensional coupling (B;7) and bending stiffnesses (D;j) provide insight on the resulting actuator
motion. A4, and A,¢ denote shear-extension coupling; if these coefficients are o, a laminate is bal-

anced and symmetric. However, if the B;; or D;; matrices (namely Dg, D,¢) are nonzero, the device
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Table 4.1: Impact of laminate layup on extensional, bending, and bending-extensional coupling stiffnesses.

Laminate Design A, Ay Bj; Dy, D,
No Nanofibers o o o
+ Nanofibers (¢ = 0°) o Nonzero o

+ Nanofibers (0° < ¢ < 90°) Nonzero Nonzero Nonzero

will display bend-extension coupling or bend-twist coupling, respectively. Table 4.1 displays details
on the value of these three sets of terms for three soft actuator designs: no nanofibers (elastomer
matrix only), with a nanofiber layer oriented at 0°, and with a nanofiber layer oriented between

0% < @ < 90°. Without the strain-limiting nanofabric, and if the inflating chamber is placed

at the neutral axis, the actuator is balanced and experiences no bend-extension or bend-twist cou-
pling. When a fiber layer is added parallel to the longitudinal axis (¢ = 0°), the laminate experiences

nonzero bend-extension coupling, but no twist. Finally, incorporating an angled nanofiber sheet

introduces bend-twist coupling.

4.3.2 MODELING BEND-TwisT COUPLING

To further understand the magnitude of coupling behavior that the actuator exhibits, it is necessary
to perform additional calculations. Of the canonical coupling modes, we chose to examine bending-
twisting because it is particularly challenging to achieve using soft composite laminates in the ab-
sence of anisotropic layers. We predicted bend-twist coupling of fiber-reinforced elastomer actuators
using our analytical model and then validated these results empirically. In this analysis, we assumed
a constant actuator curvature and focused on the angle of twist () at the distal end of each fiber-
reinforced actuator. 3 can be defined using the midplane flexural strain ('y;c},) of the actuator, which

relates to the device’s vertical displacement along the 2 axis.

_,, 0z
$ = tan (@de) (4-39)
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Figure 4.3: a) Theoretical maximum actuator twist angle as a function of nanofiber orientation. Error is shown as
standard error of the mean. 7 = 2-3 actuators per condition. b) lllustration of various fiber alignment schemes. c)
Bend-twist coupling coefficients as a function of fiber orientation angle (@) and fiber volume fraction (V}). d) Coef-
ficient C65 and the maximum actuator twist as a function of fiber orientation angle. A higher magnitude for the C65
signifies greater actuator twist. To more easily visualize both data sets on the same plot, Css is scaled up by a factor
of 10 and the maximum twist is scaled down by the same factor.

Based on our assumption of constant curvature along the length (L) of each actuator, the integral

used to calculate the slope at the distal tip simplified as per a previous analysis'7*:

L
§ = tan”([ ko) (4.40)

— tan (3, L) (4.41)

For an actuator of fixed dimensions, outlined in Section 4.3.1, and an embedded nanofiber sheet

with £ = 5.23 MPa, we modeled the maximum twist angle as a function of fiber orientation. Nanofiber
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orientation angle was varied from o to 9o degrees in 15 degree intervals, and the theoretical maxi-
mum twist angle occurs at 60 degrees (Figure 4.3a). Given that actuator stiffness is governed primar-
ily by the laminate (and not the comparatively thin inflating membrane), we can assume that the
degree and symmetry of actuator twist as a function of fiber orientation angle depends upon the
stiffness matrix coefficients. While the model slightly overestimates the empirical data, the analytical
results capture the trend, including the skewness toward higher (¢ > 45 degrees) fiber orientation
angles. A potential explanation for the minor overestimation may be the empirically derived ma-
terial constants used as model inputs; this topic is discussed further in the Supplemental Materials
(Figure A.1x). Figure 4.3b illustrates the orientation of three sample fiber alignments, as defined by
the model. To better understand the analytical trend, we examined the bend-twist coupling terms,
D, and D, in the laminate compliance matrix. As described in Section 3.1, a nonzero value for
these coeflicients indicates the presence of bend-twist coupling. Like the maximum actuator twist
angle, the values of D, are skewed slightly to the right with a peak at 60° (Figure 4.3¢). A higher
magnitude for this coefficient indicates that the actuator will experience a larger bending moment
for a given twisting curvature. While the values of both coefficients increase with the volume frac-
tion of nanofibers in the actuator (V}), their trends remain similar. Since the volume fraction of
fibers in the laminate is low (0.05), the difference between the twisting coeficients at @ = 60 degrees
and at @ = o, 90 degrees is also relatively low. However, the difference is more pronounced at higher
fiber volume fractions.

To further examine the relation between the coupling terms, the curvatures, and resultant mo-
ments, we can refer to Eqn. 4.2. To simplify our discussion, let [4BD] ™" = [C], the compliance
matrix. Recall our assumptions that there are no resultant shear forces (Nxy, = o), and that the
resultant normal force acts along the longitudinal (x) axis of the actuator (N, = o). Moreover, the
asymmetric nanofibers lead to nonzero coupling elements in the ABD matrix, which will in turn

reflect the twist generated as the actuator bends about the y-axis; thus, 4, # o, and we assume
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Consequently, the calculation of 7)., to determine the actuator twist angle is a function of only
two elements in [C]: coefficients Cy; and Cg. Thus, of the two elements governing bend-twist cou-
pling, we can focus on Cg, for our current analytical formulation. Figure 4.3d displays the values of
this element and the maximum actuator twist as a function of fiber orientation angle. To more easily
compare both data sets on the same plot, the inverted coefficient values are scaled up by 10 and the
maximum twist values are scaled down by a factor of 10. A larger magnitude of Cg; signifies a larger
actuator twist. The highest magnitude for both the twist values and the inverted coefficient are both
located around @ = 60 degrees.

To validate these analytical predictions, test actuators were fabricated with a fiber orientation
angle of 60 degrees (Figure 4.4a) and pressurized pneumatically from o to s psi (Figure 4.4b-c). A
60 degree fiber angle was selected because the analytical model predicted a maximum twist for this
value. To simplify photographic measurement of the tip twist angle, the middle region of a 15 cm
actuator was gently clamped (memory foam lining the clamp facilitated channel inflation, but not
bending) with 4 cm of the distal end exposed. This section was able to move and twist freely during
pressurization. While the analytical model predicts a more rapid increase in twist angle as a function

of pressure compared to the empirical results, the predicted twist angles (albeit the value at 1 psi) fall
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within a 95% confidence interval. It is possible that the dynamics of actuator inflation become in-
creasingly nonlinear in two regimes: under low pressure (~1 psi) as the device begins to inflate, and
as the actuator approaches maximum pressurization (~s psi). Although the model assumes homo-
geneous distribution of strain-limiting nanofibers, compliant actuators may be more sensitive to the
location of the fiber strips during empirical trials, particularly at low input pressure. For example, a
lack of fiber strips placed directly over the distal channel cap may enable the distal region to gener-
ate higher moment and potentially increase the tip twist under low applied pressure. Future work
can eliminate the potential for such variation between samples by using precision dowel pins to po-
sition nanofiber strips on the silicone matrix. Within the range of moderate actuator inflation (2-4
psi), the theoretical twist values capture the trend of the experimental data. This analytical model as-
sumes that actuator inflation occurs symmetrically and only at the top of the internal channel; these
assumptions may result in the overestimate of actuator twist at high pressure, when the actuator is
most inflated. In practice, the compliant nature of the silicone matrix results in distention across
other areas of the actuator cross-section, including the bottom of the laminate. Inflation at both the
top and bottom of the internal channel can be observed in Figure 4.4c when the actuator is pressur-
ized at 5 psi. Future studies may further improve analytical modeling by assessing other nonlinear
elastic models and examining the geometry of the pressurized actuator channel using finite element

method simulations.

4.3.3 FABRICATING ACTUATORS WITH COMPLEX MOTIONS

By varying the orientation of the nanofiber layer, we can bias the motion of composite actuators
along specific directions. In addition to tuning fiber alignment with respect to the longitudinal
actuator axis, it is possible to design and fabricate actuators with multiple discrete regions along
the length of each device. Figure 4.5a depicts two examples: i) a pure bending region adjacent to a

bending-twisting region, and ii) two distinct bending-twisting zones. While our analytical model
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Figure 4.4: Twisting nanofiber-reinforced actuators. Twisting nanofiber-reinforced actuators. a) Setup of soft actuator
for empirical testing. In this experiment, the fiber orientation angle for all actuators was 60 degrees. b) Theoretical
and empirical results for actuator twist angle (¢) as a function of pressure. n = 3 actuators, error is calculated as stan-
dard error of the mean. 95% confidence interval shown in blue. c) Images of actuator distal tip during pressurization
and twisting. The distal tip of the actuator is marked with black ink to more clearly delineate its position.

neglects gravity, Figure 4.5 shows these proof-of-concept actuators in a suspended configuration to
display their motion more clearly. Both hybrid actuators are partially pressurized to 1-2 psi. A solid
nanofiber sheet oriented at 0° experiences pure bending when inflated, while diagonal fiber strips
allow the distal actuator tip to twist out of plane (Figure 4.5b). In this setup, suspension of the ac-
tuator has resulted in reduced bending of the top section due to gravitational forces. By juxtaposing
pure bending and bending-twisting regions, mixed bending modes can be incorporated on the same
actuator for grasping tasks. Moreover, reinforcing an actuator with fibers in two separate orienta-
tions (Figure 4.5¢) generates twist in two opposing directions. Under the low operating pressures

(1-2 psi) imposed in this preliminary study, the distal tip angle remained approximately constant.
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In this configuration, the actuator remains asymmetric and would also bend under higher pressure.
These proofs-of-concept represent only a few examples of the myriad combinations that can be fab-
ricated by varying nanofabric orientation. Based on a specific task, it is possible to design an actuator
to achieve the desired bending modes, to predict motion of each discrete segment using the model

presented here, and to fabricate the structure accordingly.

4.4 SUMMARY

In this chapter, we have presented an analytical model for soft nanofiber-reinforced fluidic actua-
tors that correlates fiber orientation angle and laminate geometry with motions such as bend-twist
coupling. This laminate plate theory framework can be used to predict both simple (e.g., pure bend-
ing) and coupled (e.g., bend-twist, bend-extension) actuator motions as a function of applied pres-
sure, fiber and matrix stiffness, device geometry, and nanofiber orientation. Experimental valida-
tion of actuator twist demonstrates good agreement with theoretical results. To perform empirical
tests, we have also developed a novel fabrication process for mesoscale soft actuators, using polymer
nanofibers as a strain-limiting layer. The model derived here can be used to design composite actu-
ators with arbitrary fiber orientations to fit specific motions or material criteria. These capabilities
facilitate development of soft robotic actuators for a wide range of applications, tasks, and domains
of use. In the following chapter, we will combine several composite soft actuators to form a gen-

tle gripping device, characterize its performance using laboratory tank testing, and demonstrate its

effectiveness for delicate manipulation of fragile objects.
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Figure 4.5: a) Hybrid motion actuators with, from left: (i) bend and bend-twist sections, and (ii) bend-twist coupling
with two fiber orientations. b) Diagonally oriented fiber strips enable the distal end to twist, while a solid fabric sheet
restricts the opposite end from twisting. Actuator pressurized from rest to ~ 2 psi. c) Placing fibers in opposing
orientations allows actuators to twist bi-directionally. Device pressurized from rest to ~ 1 psi.
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Ultra-Gentle Manipulation of Delicate

Structures using a Soft Robotic Gripper

5.1 INTRODUCTION

The marine environment has long been a deep well of bioinspiration for novel materials and struc-

186,187,188

tures , and cutting-edge medical treatments 189490 byt it is less common for these inventions
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to also have practical applications toward the biology and ecology of the animals that are the source
of bioinspiration. Gelatinous macroplankton including cnidarian medusae, ctenophores and pelagic
tunicates are becoming increasing recognized as key ecosystem consumers of energy and nutri-
ents'?*?* and are estimated to constitute a global biomass of 38.3 Tg C'?3. For many years gelatinous
zooplankton were overlooked by marine scientists, largely due to lack of delicate equipment to study
them, and have been referred to as “forgotten fauna”*?*. Discoveries such as lifecycle reversal*”’ and
Green Fluorescent Protein™®"7 are two such examples of findings from gelatinous zooplankton
that have cross-disciplinary impacts and demonstrate the importance of learning more about these
lifeforms.

In spite of this vast potential, collecting intact samples of gelatinous organisms to study remains
extremely challenging. Jellyfish are composed of over 95 percent water, and their mesogleal tissue has
an extremely low stiffness (Young’s modulus of 0.34-1.2 kPa)"9%992°2°"_ Capturing these delicate
creatures in the ocean has been a challenge for the research community because existing technolo-
gies (e.g., nets and vacuum devices) frequently damage them in the grasping process*°>'4. The ideal
grasping device for delicate materials in dynamic domains must incorporate a soft and flexible in-
terface, compliant yet tough appendages, and a radius of curvature compatible with the target size.
This work focuses on developing a soft gripper with such properties. The target organisms for this
device are three small (roughly 7-10 cm) jellyfish species: Aurelia aurita, Catostylus mosaicus, and
Mastigias papua. Jellyfish present extreme challenges for delicate grasping and manipulation, and
lessons learned from this exploration can undoubtedly be transferred to other tasks involving fragile,
gelatinous, or mixed-phase objects.

Currently, state-of-the-art aquatic grippers can be classified in five categories: 1) forked metal or
plastic manipulators*°»*°4, 2) soft hydraulic actuators***%, 3) jamming grippers*°°, 4) suction sam-
plers*®7, and 5) non-contact containers that close around a swimming animal. Metal or plastic grip-

pers are the most widespread marine sampling method, but the rigid surface can snag or compress
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gelatinous animals, and a fixed radius of curvature is unable to conform controllably to the shape
of amorphous or soft-bodied animals**®. Foam-coated hydraulic actuators have significantly im-
proved nondestructive sampling of delicate benthic and midwater animals (e.g., coral, sea stars) by
decreasing grip force while increasing pressure distribution*. However, the contact pressure ex-
erted by foam-covered actuators (1-10 kPa) is too high to grasp gelatinous animals without causing
harm (Figure A.12). While particle jamming grippers are capable of lifting sedentary objects, their
operating mechanism is not well-suited for grasping floating organisms™*°°. Suction samplers use
a pump to draw an untethered animal through an inlet tube and into a storage container; however,
delicate organisms can be damaged as they move through the tubing****°. Finally, non-contact
tools such as the Detritus Sampler (“D-Sampler”) or the RAD (rotary-actuated dodecahedron) Sam-
pler are open containers which are positioned near floating specimens and then closed around the
organism. Use of the D-Sampler with remotely operated vehicles (ROVs) is challenging because the
container is typically positioned by moving the entire vehicle****". Moreover, although the RAD
Sampler®°® has successfully captured centimeter-scale squid and octopi, misalignment of the con-
tainer can cleave the tentacles of fragile specimens. A flexible, compliant gripper is needed to bridge
this capability gap, thereby achieving nondestructive grasping of gelatinous marine organisms. In
this chapter, we report a novel approach for gentle grasping using nanofiber-reinforced soft actua-
tors.

Our grasping device is composed of six composite actuator “fingers” connected to a 3D printed
“palm” produced using a PolyJet-based printer (Objet Connexsoo, Stratasys, Edina, MN, USA).
Each actuator contains an elastic yet tough silicone rubber matrix and a strain-limiting layer of
flexible polymer nanofibers. The gripper is lightweight (123 g) and can be actuated using very low
hydraulic pressure (1-6 psi). Upon pressurization, a channel within each actuator inflates and the
appendage bends in the direction of the stiffer fiber-reinforced layer. Inflation of several actuators

spaced around a marine organism enables the animal to be gently cradled by the soft silicone digits.
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The actuators overlap and contact one another, forming a soft network which restricts the position
of the target but does not fully immobilize it*?; this caging grasp reduces the need to precisely con-
trol individual finger placement, and instead relies on collective inflation of all actuators. The low
contact pressure exerted by each actuator (0.0455 £ 0.007 kPa) also facilitates nondestructive in-
teraction. To better understand the device’s performance space, we have empirically identified the
region of acquisition using a synthetic target and quantified the resistance to forces on the object
during a grasp. The soft gripper can be adapted both to deep-sea exploration using a remotely op-
erated vehicle (Figure s.1a) and to portable specimen collection in the shallower waters of the photic

zone. Finally, we demonstrate the use of the portable device setup to successfully grasp three jellyfish

species (Figure s.1b-d).

5.2 EXPERIMENTAL METHODS

5.2.1 FABRICATION OF NANOFIBER-REINFORCED SOFT ACTUATORS

The objective of this study is to design and fabricate a gentle gripper capable of nondestructive sam-
pling of soft-bodied marine organisms. Previously, we developed flexible and robust micro-scale soft

80 Nanofibers were

actuators composed of an elastomer matrix reinforced with polymer nanofibers
selected as the strain-limiting layer due to their ease of processing, high specific strength, and slim
profile (the latter quality is important for micro-scale manipulation); the actuators underwent large
deformations without requiring stiffer reinforcing materials, such as carbon or glass fibers. Further-
more, the nanofabric’s high surface area facilitated bonding with elastomeric materials during the
fabrication processes, and demonstrated no delamination from the matrix following tensile testing
of the actuator to failure. Here, we leverage the scalability, durability, and flexibility of these mate-

rials by engineering meso-scale elastomeric hydraulic actuators using a silicone matrix reinforced by

tough and elastic nylon/polyurethane nanofibers.
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Delicate Gripping

Figure 5.1: a) lllustration demonstrating soft robotic actuators (in green) attached to a remotely operated vehicle.
These actuators are designed for ultra-gentle manipulation of delicate tissues, such as jellyfish and other gelatinous
marine species. The target species for our soft gripper are: b) Aurelia aurita, c) Catostylus mosaicus (Courtesy of Peter
Campbell in Wikimedia Commons), and d) Mastigias papua.
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3 wt./v% nylon-6 (Nylon 6, Sigma-Aldrich, St. Louis, MO) / 3 wt./v% polyurethane (McMas-
ter Carr, Princeton, NJ) nanofabric sheets were manufactured and post-processed according to

protocols discussed in Section 3.2.1 and in previous studies 995

. Composite soft actuators were
fabricated as per the approach outlined in Section 4.2.2 (Figure s.2a). First, the lower portion of
the actuator is fabricated. Uncured silicone rubber (Dragon Skin 20, Smooth-On Inc, Easton, PA)
was poured into a custom-designed 3D-printed mold, and the assembly was de-gassed in a vacuum
chamber for 10 minutes. Next, a nanofiber sheet was placed on the mold, enabling the uncured sili-
cone to permeate the fabric. For all tank and field studies, pristine fiber sheets were embedded into
soft actuators at a fiber orientation angle of o degrees (parallel to the longitudinal axis of the actu-
ator). The component was thermally cured at 75°C for 15 minutes and removed from the mold.
Then, the upper portion of the actuator (a thin membrane enclosing the internal channel) was fab-
ricated. A layer of uncured silicone was generated using a film applicator, and the cured component
was placed onto this film. By co-bonding the upper and lower parts together, we formed the inter-
nal channel that will be pressurized to actuate each device. Finally, the components were thermally
cured (75°C, 15 minutes), tubing was inserted into the channel opening, and the area around the
tubing was sealed with epoxy (Sil-Poxy, Smooth-On Inc, Easton, PA). For selected field tests, several
drops of Smooth-On Silc Pig silicone dye was added to the uncured Dragon Skin 20 during actu-
ator production; the purpose of this pigment was to improve the visual contrast between the soft
actuators and surrounding water. The minute volume of dye added to the mixture did not impact

thermal curing of the silicone rubber.

5.2.2 LABORATORY EVALUATION OF GRIPPER PERFORMANCE

We evaluated the performance of our ultra-gentle robotic gripper using a custom-built testing plat-
form designed for repeated testing of underwater grasping operations. The underwater environ-

ment is a glass tank of approximately 6o cm wide by 180 cm long by 75 cm tall filled with tap water.

91



--------------------------------------------------------- \ L Nanofiber Sheet
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Prepare Membrane
with Film Applicator

Place Cured Part on
Uncured Membrane
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Remove from Film

@ Insert Tubing, Seal ! At Rest

Figure 5.2: a) Nanofiber-reinforced soft actuators are manufactured using molding and co-bonding (cross-sectional
view shown). b) Six soft actuators connected to a 3D printed hub. c) As an actuator is pressurized, the internal chan-
nel inflates and the device bends toward the strain-limiting nanofiber layer.

To position the gripper in three-dimensional space, a custom three-axis gantry is mounted above
the tank, with an arm extending down into the tank. The gripper is mounted to this arm, and can
be positioned within a 100 by 40 by so cm region inside the tank. The soft actuators are driven
hydraulically with a custom control system that supplied the actuators with precise input pres-
sure. The target object (a synthetic jellyfish made of soft silicone rubber) is positioned away from
the walls of the tank using a thin tube connected to a positioning wall. Finally, to ensure precise
re-positioning of the target object before each grasp attempt, the target object was mounted on a
Kevlar tether which is routed out of the tank via a low-friction pulley system. When force is applied
to the tether, the target is moved back to its initial position. Robot Operating System (ROS, *%) was

used to coordinate motion, pressure control, and a camera for documentation purposes.
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5.3 DESIGN CRITERIA FOR ULTRA-GENTLE GRIPPER

The objective for this device is to perform nondestructive grasping of gelatinous marine organisms
in the marine environment. We can identify several performance requirements to ensure successful
function. First, since the gripper will be fully submerged in the ocean during operation, it must be
composed of materials that are resistant to corrosion in salt water. To fulfill this aim, we selected a
silicone rubber matrix, nylon and polyurethane reinforcing fiber, PolyJet palm chassis, and stainless

2526 Second, the materials

steel fasteners, each of which is undamaged by seawater immersion >4
must withstand use at typical ocean temperatures, which reach a minimum of 0-3°C in the deep sea
(several thousand meters) and a surface average of 17°C. The operational range of all the materials
listed above is within this window; for example, silicone rubbers are highly resistant to low tempera-
tures and possess an embrittlement temperature between -20 and -30°C*7. Due to the design of the
hydraulic pump used to inflate the soft fingers*, pressure within the actuators is equalized to that of
the surrounding waters and is therefore not a barrier to operation.

The following design criteria relates to the organisms that the gripper will be required to interact
with. The actuator length must be determined by the average size of the intended object or species.
While gelatinous animals exist in a variety of shapes and sizes, we selected three of the most widely
studied jellyfish species to serve as models: .Aurelia aurita (also called the “moon jellyfish”), Carosty-
lus mosaicus (the “blue blubber”), and Mastigias papua. The average bell diameter for these species
is 7-10 cm *®*. The total length for our composite soft actuators must exceed this amount, and was
set at 15 cm. However, the size of the actuators may be easily scaled to accommodate larger or smaller
organisms. Larger actuators may require thicker nanofiber sheets near the distal tip to maintain uni-
form curvature throughout the length of the actuator; during extended operation, a small amount

of air can become trapped in this location, leading to higher local inflation of the membrane and

lower curvature at the distal end. Finally, to execute a nondestructive grasp, the contact pressure ex-
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erted by each actuator should be below 1kPa, the current state-of-the-art for soft marine grippers.

We will evaluate the pressure exerted by our composite actuators in a subsequent section.

5.3.1 RoBoTic PaLMm DESIGN

The soft robotic gripper includes six modular actuators attached to a custom-designed, 3D-printed
hub (Figure 5.2b) composed of a transparent photopolymer (RGD720, Stratasys, Eden Prairie,
MN). The appendages are individually attached to the central palm and may be removed or ex-
changed in the case of actuator failure or to experiment with different digit configurations. The

set of actuators are pressurized hydraulically (Figure s5.2c) using a single channel at the back of the
hub, which can be attached to a fluid source using quick-disconnect fittings. In the present configu-
ration, the actuators are evenly spaced, with two on either side of a 78 mm rectangular palm and one
on either end of the opposite 45 mm edge. This layout was chosen because adhesion and friction
between actuators on either side of the hub results in a strong caging grasp (Figure A.14). The actu-
ators placed at the top and bottom of the palm prevent a target object from being released on either
end, and contribute to a caging grasp by overlapping the center actuators. Actuator position can

be rapidly adjusted by modifying the hub design. The low cost of fabricating a palm using additive
manufacturing supports iterative development of soft grippers with varying numbers and positions
of actuators (e.g., a hexagonal hub with six actuators, or a circular palm with ten digits). This flexi-

bility can enable further customization to support organisms with specific shapes and symmetries.

5.3.2 AcTUATOR DESIGN

Understanding the impact of geometric and process variables during actuator fabrication is crucial
to regulating input pressure range and reducing manufacturing defects (e.g., nonuniform sections

of cured silicone components). Three key metrics toward achieving these goals are: interior chan-
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Figure 5.3: a) Co-bonding cured actuator section to uncured silicone layer. b) Actuator burst pressure as a function
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and 50 um adhesion layers (cross-section).



nel height, thickness of the inflating membrane, and the thickness of the adhesive layer during the
co-bonding process (illustrated in Figure 5.3a). Each of these metrics were compared against two
variables: the failure pressure of the actuator and the number of channel defects observed during
manufacturing. The primary defect took place during the process of co-bonding the cured portion
of an actuator (the concave portion of the internal channel, as well as a thick silicone layer and the
nanofiber layer) to a thin cast film of uncured silicone, which forms the upper membrane of the
internal channel. The defects were small cylindrical pillar(s) spanning the top and bottom of the
channel, which formed after the cured part was placed down onto the film. We hypothesized that
these pillars formed as a result of surface tension drawing the uncured liquid toward the center of
the channel, forming a Gaussian-shaped mound that eventually contacts the opposite side of the
channel.

The height of the internal channel can be tuned by modifying the 3D-printed mold that is used
to form the thicker portion of each actuator. Three molds were printed, with channel heights of 0.3
mm, 0.4 mm, and 0.5 mm. These molds were then used to fabricate fiber-reinforced actuators with
defined thicknesses of the channel membrane and adhesion layer during co-bonding. The channel
membrane thickness was varied from 0.25 mm to 0.35 mm in 0.5 mm increments. Adhesion layer
thicknesses of 0.03 mm and o.05 mm were fabricated for each set of parameters. For each batch of
actuators, the total number of actuators with “pillar” defects was recorded. Furthermore, the burst
pressure of each actuator under pneumatic actuation was also measured.

Of the tested channel heights, a 0.5 mm channel displayed the highest failure pressure (Figure
5.3b). Thus, we selected this height for all actuators moving forward. Burst pressure also increased
with membrane thickness; a 0.35 mm membrane displayed significantly higher burst pressure than
the two thinner options (Figure 5.3¢). This is a logical result, as imposing a thicker barrier against
applied pressure will require a higher pressure to induce a rupture. Finally, we compared the burst

pressure of an actuator with a 0.5 mm internal channel and a 0.35 mm membrane using either a
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Figure 5.4: a) Contact pressure of the distal end of a nanofiber-reinforced soft actuator is measured during hydraulic
inflation. The actuator tip is placed in a 3D printed fixture, which is attached to a plate connected to a 10 N load

cell. Contact pressure is calculated using the blocked force recorded by the load cell and the area of the fixture. b) A
representative actuator is pressurized and de-pressurized over four cycles. At the typical hydraulic operating pressure
for nanofiber-reinforced soft actuators (6 psi, or 41.4 kPa), the average contact pressure was 0.0455 + 0.007 kPa
(45.5 + 6.7 Pa). Error was calculated as mean == SEM for 7 = 3 actuators, and 4 cycles per actuator.

0.03 mm or o.05 mm adhesive layer during co-bonding. The 0.03 mm adhesive layer yielded a sig-
nificantly higher burst pressure than the thicker layer, as well as a lower incidence of pillar defects
during fabrication (Figure 5.3d). Scanning electron micrographs of actuator cross-sections revealed
that the thinner adhesive layer yields a uniform membrane thickness across the width of the chan-
nel (Figure 5.3¢). In contrast, capillary action resulted in a non-uniform membrane when a 0.05 mm
adhesive layer is used. Thus, we selected the following parameters for all subsequent soft actuators:
o.s mm internal channel height, 0.35 mm channel membrane thickness, and 0.03 mm adhesion layer
thickness. We also noted that the failure pressure of pneumatically pressurized nanofiber-reinforced
actuators was significantly higher than that of silicone-only actuators (both fabricated with the pre-

viously listed parameters, Figure A.9).

5.3.3 CHARACTERIZING CONTACT PRESSURE EXERTED BY INDIVIDUAL ACTUATORS

One benefit of utilizing soft robotic actuators for gentle manipulation is that the contact pressure

exerted by each appendage is lower than that of traditional rigid (e.g., plastic or metal) end effectors.
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To gauge contact pressure of our device, the blocked force exerted by the tip of each actuator (the
part likely to make contact with a target object) was measured using a stationary 10 N load cell con-
nected to a plate. To minimize gravity effects, actuators were mounted vertically with the distal tip
pointing downward (Figure s.4a). This end was secured in a 3D printed fixture, which was attached
to the plate. Each actuator was then pressurized hydraulically, and the blocked force exerted by the
actuator tip on the fixture was recorded using Instron Bluehill 3 testing software (Instron s544A,
Norwood, MA). Finally, the contact pressure exerted by an actuator was calculated using the area of
the fixture and the measured force. At their typical operating pressure of 6 psi (41.4 kPa), nanofiber-
reinforced soft actuators exerted an average contact pressure of 0.0455 & 0.007 kPa (mean + SEM),
which is well below the target of <1 kPa. A representative plot of one actuator being hydraulically
pressurized and de-pressurized over four cycles in shown in Figure 5.4b. These results confirm that

our soft actuators exert a low, safe pressure on target objects and organisms.

5.4 EVALUATION OF UNDERWATER GRASPING PERFORMANCE

The performance of our ultra-soft robotic gripper was empirically evaluated using our underwater
testing platform on the basis of two standard grasp quality metrics: the size of the region of acquisi-
tion**°, and the robustness to external forces on the object*****. Both metrics can be used to inform
end users (remotely operated vehicle pilots) about how to best utilize the capabilities of this gripper

when mounted on a teleoperated ROV.

5.4.1 MAPPING THE REGION OF ACQUISITION

The region of acquisition of a grasping device or hand is defined as the set of all positions (relative
to a target object) that the hand can be placed in order to reliably grasp the target®*°. For this ultra-

gentle hand, we first made a rough map of a planar slice of this three-dimensional region, then per-
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Figure 5.5: We mapped the region of acquisition of our soft gripper using our water tank testing setup. a) A coarse
estimate (7 = 2) of the region indicates a roughly diamond shape, and b) different grasp types were observed, includ-
ing cage grasps, bell hooks, and tentacle wraps. A higher-fidelity investigation along c) the vertical axis, d) the y-axis,
and e) the x-axis behind the target was performed with 7 = 5 grasps for each condition. Error bars in C-E represent
the 95% Agresti-Coull confidence interval.
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formed higher-fidelity testing along key axes. Based on the estimated region of acquisition, we can
gain insight into the precision required to reliably grasp objects when the hand is mounted to the
arm of a ROV.

A slice of the region of acquisition (located approximately s mm behind the target) was estimated
empirically by performing a series of grasps on a surrogate target: a silicone model jellyfish. Each
grasping operation consisted of an approach, grasp, retract, and release cycle. For each centering po-
sition, the palm of the gripper is initially located 350 mm behind the target. The gripper then moves
toward the target, and a grasp is attempted by inflating the actuators to 6.0 psi. Finally, the gripper
attempts to pull the target to a new position (200 mm behind the initial centering position), and
releases it (by depressurizing the actuators) in preparation for the next test. All tests are performed at
very low speeds (0.080 m s™') to ensure minimal fluid drag with the target and fingers. To capture
the entire region, a sweep was performed over a grid of centering positions (z = 2 grasps per posi-
tion) 160 mm in width and 120 mm in height, with a step size of 10 mm in both directions (Figure
5.52).

To quantitatively asses the performance of the gripper at each centering position, the grasp suc-
cess rate was determined by observing the number of successful grasps. A grasp was considered suc-
cessful if the target was moved to its final position and remained there until it was released. If the
target was released early or was not grasped, the attempt was considered a failure. The grasp success
rate at a given hand position is then calculated as the number of successful grasps normalized by the
total number of attempts. Based on the shape of the high-density, low repetition mapping of the re-
gion of acquisition, we also performed higher-repetition sweep (7 = 5) along key axes associated with
the three-dimensional volume of the region. The axes tested include the vertical axis (z) through
the center of the region, one side of the horizontal axis (y) through the center, and the axis directly
behind the center of the object (x) The resulting grasp success rates are shown in Figure s.sc-e.

The region of acquisition measured for our gripper not only provides insight into the precision
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needed to reliably grasp objects, but also into the mechanisms by which the gripper can passively
adapt to achieve reliable grasps. The general shape of the region is a diamond (roughly symmetric
about the vertical axis), as shown in Figure s.sa. This shape is logical considering the placement of
actuators around the rectangular palm. Also unsurprisingly, the center of the main region is located
15 mm below the center of the object, which can be explained by slight buoyancy of the soft actua-
tors due to trapped air. A conservative metric for the characteristic dimension of the region of ac-
quisition can be found by the radius of the largest circle that can be completely contained within the
boundaries of the main region. For our gripper, this radius is approximately 42 mm, indicating that
a centering offset within 42 mm of the target in any direction will result in at least a 50% chance of a
successful grasp. In addition, the gripper has even better performance when translated directly along
the y or z axes (radii of 5o mm and 65 mm, respectively). Moreover, the gripper was able to grasp
objects up to so mm behind the target (x-axis), albeit with high variability in grasp success (Figure
s.se). Finally, we observed that grasps toward the center of the region consistently demonstrated
strong caging grasps, whereas locations along the edge of the region displayed a wider variety of
grasps (hooking under the bell or wrapping around tentacles). Taken collectively, this information

can be used to instruct operators on positioning requirements to most effectively use this gripper.

5.4.2 MEASURING THE ROBUSTNESS TO EXTERNAL FORCES

The robustness to external forces and torques on an object during a grasp is typically defined as the
maximum force the gripper can resist (or conversely, the minimum force required to pull an object

221 This measure of robustness can

out of the grasp) minimized over all force-application angles
be used to understand how to maneuver an ROV arm to transport delicate samples to a storage
container.

To quantify the maximum external force as a function of the applied angle, we executed grasps on

the same synthetic jellyfish target. With zero centering offset, the hand was retracted, then paused
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while force was applied on the object through the Kevlar tether at a known angle. Force was applied
by adding constant increments of mass to a plastic container at the end of the tether (connected via
low-friction pulley system to the target object) until the target slipped out of the gripper. The pro-
cess was repeated five times for angles ranging from o° (perpendicular to the palm) to 90° (parallel
to the palm) in increments of 15° (Figure 5.6a). We assumed that the relationship is symmetric about
the z-axis based on the symmetry of actuator placement.

Our results indicate that the gripper’s ability to withstand external forces improves as the force
application angle increases from o° - 60°, while the grasp success rate decreases as a function of the
angle (Figure 5.6b). We see that the worst-case scenario for our gripper involves pulling the target
object straight back at an angle of 0° with an average maximum pull force of 0.20 £ 0.02 N. As the
angle increases, the mean and error increase up until 60°, where the maximum pull force increases
t0 0.77 £ 0.18 N. In addition, the initial grasp success rate was 100% for angles 30° and below, but
decreased as a function of the angle until 75°, where grasping was no longer possible. However, even
the worst-case pull force (at 0°) is much greater than the theoretical thrust force (0.002-0.004 N,
derived in the Appendix) generated by A4. aurita within the target size range (7-10 cm bell diameter).

To understand the trend in the maximum force as a function of applied angle, one possible in-
sight can be drawn from treating the ultra-soft actuators as tensile members with interactions be-
tween fingers treated as “weak points”, as discussed in Section A.s.4. Based on this simplification,
we find that tensile forces are not shared equally between all fingers, and shear forces between two
fingers have a critical breaking point. This critical shear force causes the fingers to release the object

at a certain applied force, which increases as a function of the applied angle, as shown in Figure A.14.

5.4.3 EVALUATING GRASP QUALITY AS A FUNCTION OF GRIPPER MOTION

During a typical deep-sea biological sampling operation, the act of moving the target animal after

grasping it produces forces on the animal due to fluid drag. To understand how this effect manifests
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Figure 5.6: The robustness of our gripper to external forces on the object was evaluated by a) grasping the target and
pulling it out at an angle. b) The maximum external force before failure increases as a function of the angle applied,

while the grasp success rate decreases (7 = 5 grasps per condition). Error bars represent the standard error of the
mean for pull force measurements, and the 95% Agresti-Coull confidence interval for grasp success rate estimates.

itself during a grasping operation, we performed grasps on the same artificial jellyfish with the grip-
per positioned on-center, but with varying retraction speeds from 0.0080 ms™" to 0.200 ms™". At
lower speeds, the object remained at roughly the same position (with respect to the gripper) for the
entire duration of the retraction motion. However, as speed increased, an increase in extraneous mo-
tion during retraction was observed. Thus, the speed at which the target is pulled could potentially
have a significant impact on the stability of the grasp.

To further understand the maximum speed needed for an object to be pulled from the gripper
due to fluid drag alone, we calculated the drag in water on our target jellyfish (approximated as a
hemisphere), as discussed in Section A.s.3 (Figure A.13). Based on the average grip force measured
ata o pull angle (0.2 N), we found that a velocity above 1.3 m s™* would be required to dislodge a
jellyfish from the soft gripper. Since all of our testing was performed using a 0.080 m s~ retraction
speed (roughly 1/9th the maximum speed), we assume all of our results represent quasi-static grasp-
ing. In addition, these estimates can help inform operators on how fast they can maneuver ROV

arms while attempting to sample these delicate animals.
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Figure 5.7: a) Design of soft robotic gripping device, shown with a four-actuator hub. Inset: Different hubs, includ-

ing this six-actuator palm, can be attached modularly. Soft fiber-reinforced actuators grasping b) Aurelia aurita, c)

Catostylus mosaicus, and d) Mastigias papua. c-d) Photos courtesy of Anand Varma.
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Figure 5.8: Gentle grasping of Aurelia aurita. a) Actuators approach the jellyfish, uninflated. b) Actuators begin to
hydraulically pressurize. c) Actuator pressurization continues until the jellyfish is gently and securely grasped. Photos
courtesy of Anand Varma.

5.5 PRELIMINARY FIELD TESTING OF SOFT ROBOTIC GRIPPER

5.5.1 DESIGN OF PORTABLE GRASPING DEVICE

Although these soft actuators are compatible with the manifold system of existing remotely oper-
ated vehicles, we aimed to test the viability of our robotic gripper outside a laboratory setting. To
achieve this goal, we developed a portable, waterproof, hand-held device to operate the soft gripper
(Figure s.7a). This device uses a 12V peristaltic pump (PM200F, Simply Pumps, PA) to open and
close the actuators. The actuators and hub are fastened to one end of a carbon fiber rod, while the
pump and batteries are housed in a waterproof box at the opposite side. An input tube connected
to the pump draws water from the device’s environment, and facilitates rapid hydraulic actuation

(actuators inflate in ~ 5 seconds) in a marine, laboratory, or aquarium setting.
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5.5.2 GENTLE HANDLING OF JELLYFISH USING SOFT GRIPPER

Having characterized the performance of the soft nanofiber-reinforced actuators in controlled tank
tests, we sought to demonstrate gentle grasping using live jellyfish. Adult 4urelia aurita (Figure
5.7b), Catostylus mosaicus (Figure s.7¢), and Mastigias papua (Figure 5.7D) housed at the New Eng-
land Aquarium (Boston, MA) served as the target organisms (Animal Care and Use Committee
protocol # 2018-09). For A. aurita and C. mosaicus, a single jellyfish was placed in a transparent tank
and the hand-held robotic actuation device was used to carefully grasp and release the animal. The
soft actuators were inserted into the tank (Figure 5.8a), pressurized to roughly s psi as the actuators
enclosed the jellyfish (Figure 5.8b-c), and then de-pressurized to allow the animal to swim away. This
procedure was repeated several times (roughly 7 = 20 grasps) using multiple jellyfish (7 = 2-4 per
species). We demonstrated that once a jellyfish was enclosed securely by the actuators, it was unable
to break the grasp. An aquarist was present to periodically monitor the jellyfishes’ behavior during
the trials. In all cases, the jellyfish displayed no adverse effects or changes in behavior following the
grasp.

Rectangular actuator hubs containing both four and six appendages were tested for their effi-
cacy in grasping and restraining the jellyfish. The four-actuator palm measured 60 mm (length) by
so mm (width), with two digits on each side of the longer edges. The six-actuator hub measured
78 mm by 45 mm, and featured an additional actuator on the top and bottom edges. While both
setups were capable of grasping the gelatinous animals, the six-actuator device displayed a more se-
cure grip. In several trials using the four-actuator palm, the appendages began inflating around a
jellyfish, but the animal swam toward the top or bottom edges and evaded capture. The addition of
an extra actuator at both ends improved grasp quality by gently restraining the jellyfish within the
network of inflated actuators. During this pilot field study, each set of actuators were pressurized

and de-pressurized approximately one hundred times before a failure was observed. The failure was
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arupture in the membrane enclosing the inflating channel of an individual actuator. During the
lifetime of an actuator, the elastic membrane can become distended due to rapid pressurization or
applying an input pressure above 8 psi. Eventually, a ~1 cm tear may occur in the distorted mem-
brane, at which time the actuator will be inoperable. The modular design of the soft gripper hub

enabled the faulty part to be removed, and a new actuator to be inserted in its place.

5.6 SUMMARY

In this chapter, we have demonstrated a novel approach to design, manufacture, and test nanofiber-
reinforced soft robotic actuators for ultra-gentle manipulation of delicate marine organisms. Specif-
ically, we discussed the geometric optimization of individual actuators to increase durability and
batch throughput, and the design of a modular hub to unite a set of actuators into a gripping de-
vice. Moreover, we described two important grasp quality metrics: the region of acquisition of the
gripper in a rectangular configuration and the robustness of its grasp to applied force. Next, we in-
corporated the device into a portable, hand-held tool that can be used to interact with biological
specimens in a laboratory or in shallow marine environments. Finally, we have demonstrated the
use of this portable soft gripper to successfully perform gentle grasping of three canonical jellyfish
species (Aurelia aurita, Catostylus mosaicus, and Mastigias papua).

These results represent an unprecedented capability for delicate manipulation of fragile tissue
samples. While other fiber-reinforced soft actuators have been developed to grasp delicate marine
species (e.g., corals, sea cucumbers), none of these devices are able to apply sufficiently low contact
pressure needed to safely interact with gelatinous soft-bodied animals. Our soft robotic actuators
offer the opportunity for nondestructive interaction with and investigation of extremely delicate
marine organisms whose study had previously been limited by existing collection paradigms. In the

future, we envision the addition of sensors into these ultra-gentle actuators to monitor physiological
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and genomic parameters 7 situ, and to better understand and conserve deep-sea biodiversity. They
may also be utilized in tandem with other robotic devices, such as rotary-actuated folding polyhe-
dra, in an effort to better investigate and characterize deep-sea lifeforms without bringing them to
the surface. The scalability of our technology may be leveraged towards a variety of medical and
industrial applications that require extreme care or low forces, such as tissue manipulation with en-

doscopic end-effectors, assembly line handling of fragile components, and delicate crop harvesting.
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Conclusion

6.1 SUMMARY

This thesis explores the development of novel polymer nanofabrics, and demonstrates their utility
as a reinforcing material for ultra-gentle soft robotic actuators. To recap, the major contributions of

this work are as follows:
1. We have established novel methods for manufacturing nanofabrics, and controlled their com-
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position, morphology, orientation, and mechanical properties. Highly aligned nanotextiles

can be produced using pull spinning; our experiments have demonstrated the flexibility and
utility of this method for tissue engineering scaffolds and point-of-use apparel. In addition,

we have fabricated and characterized multi-material nanofabrics composed of i) two discrete
polymer fibers, and ii) functional polymers requiring solvents immiscible with those com-

monly used to produce nanofibers.

2. We present the design of a nanofiber-reinforced soft actuator that is robust and reproducible.
Using soft lithography, rotary jet spinning, and molding processes, we can manufacture com-
pliant composite actuators at the mili- and meso-scale. These actuators can be operated indi-

vidually, or combined to form a gentle gripping device.

3. We have developed analytical models of composite actuator motion as a function of input
pressure, nanofiber orientation, fiber and elastomer stiffness, and laminate structure. These
frameworks have been used to guide design and development of fiber-reinforced actuators,

and to predict the curvature and bending mode(s) achievable by an actuator.

4. We have demonstrated nondestructive grasping of ultra-low modulus (<1 kPa) objects. Our
results indicate that soft fiber-reinforced actuators apply a low, safe contact pressure on the
order of the stiffness of target organisms. Moreover, we have identified the region of attain-
ment and resistance to applied forces for a soft gripping hand composed of six actuators.
Finally, we have demonstrated the capability and efficacy of this device in a preliminary field

trial involving three jellyfish species.

While these topics represent an exciting fusion of nanotechnology and soft robotics, many av-
enues remain to explore. The following sections provide a brief discussion of future directions in

nanofiber manufacturing, soft robotic actuators, and marine sampling.
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6.2 PoINT-OF-Usk TEXTILES

In Section 1.8, we demonstrated that the pull spinning system can be adapted to point- of-wear ap-
parel, in which a garment or textile is manufactured directly onto the user’s skin. We presented a
simple, proof-of-concept study to show how nanofibrous textiles can be spun directly onto the

knee joint of a doll without delamination as the joint was flexed and relaxed over multiple cycles.
However, the potential of point-of-use textiles extends far beyond this preliminary study. Future ap-
plications for directed production of customized nanotextiles could extend to spray-on sportswear
that gradually heats or cools an athlete’s body, sterile bandages deposited directly onto a wound, and
fabrics with locally varying mechanical properties.

While these potential directions hold promise for athletes, soldiers, and medical personnel, nanofiber
manufacturing technology must be improved before it can be translated to these domains. The
most critical challenge toward this goal is solvent selection. The vast majority of contemporary
nanofiber fabrication systems utilize either volatile organic acids (which rapidly evaporate to ex-
pose a polymer solute) or dipolar organic solvents, such as dimethylformamide or N-Methyl-2-
pyrrolidone. The latter class of compounds are particularly useful for dissolving conductive poly-
mers, namely polypyrrole and poly(vinylidene fluoride), which are difficult to fabricate in high
volume (as nanofibers), yet are of interest for polymer-based sensors. Nevertheless, both groups
of solvents carry a variety of health and safety risks, which strictly limit their use to laboratory fume
hoods and ventilated gloveboxes. In order to manufacture point-of-use fabrics, it will be necessary
to adapt the fiber fabrication mechanisms to support less volatile solvents, explore novel avenues for
organic solutes from which to spin fibers (e.g., cellulose or other plant-based materials), and/or scale

alternate approaches (e.g., melt spinning) which do not require the use of solvents.
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6.3 SENSING VIA MULTI-MATERIAL NANOTEXTILES

Multi-modal nanofiber manufacturing holds great potential to fabricate multi-material nanotextile
scaffolds, flexible sensors, and lightweight devices by combining electronic, elastic, or drug-eluting
materials. In Chapter 2, we discussed the state of multi-material nanofiber fabriation, and presented
a novel strategy for manufacturing such constructs. Specifically, we demonstrated the use of or-
thogonal solvents to produce a nanotextile containing discrete polyurethane (providing structural
support and elasticity) and poly(vinylidene fluoride) (piezoelectric component) fibers. While this
preliminary study focused on the challenges of manufacturing hybrid textiles with immiscible sol-
vents, the next steps in the development of multi-modal nanofiber sensors must incorporate addi-
tional process control. For example, imposing pre-strain on the nanofabric during manufacturing
may help to orient the polymer backbone into the preferred crystalline 8 phase and to increase the
piezoelectricity of the device. Furthermore, imposing additional environmental controls within the
fiber production chamber (e.g., humidity and temperature control) or doping the poly(vinylidene

fluoride) solution with hydrated salts**

may be useful in modulating solvent evaporation, polymer
chain orientation and dipole orientation. These qualities may also impact the end-stage functional-
ity of the hybrid textile. To optimize both the performance of functional materials and the forma-

tion of the supporting elastic fibers (e.g., polyurethane), the effect of external process controls must

be examined for both precursor solutions.

6.4 EXPANDING THE TOPOGRAPHY OF FIBER-REINFORCED ACTUATORS

In Chapters 3 and 4, we present analytical models that predict the curvature and bending mode of
a cantilever soft actuator based on the materials and geometry of the device. We have shown that by
varying fiber orientation, we can achieve complex coupled motions, such as bending-twisting. The

next step in this development is to apply these custom motions toward specific tasks. For example,
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while many of the grip strategies executed by our soft gripper are related to a caging grasp, we can
imagine a grasper that relies on an entanglement grip to cushion target objects. Rather than wrap-
ping actuators around the object, an entanglement gripper would use points of contact between a
group of adjacent digits to gently immobilize a target. One approach toward achieving this grasp
style is to utilize a variety of bending modes. Actuators that twist, contract into helices, and/or pleat
into waves would be particularly suited to this task.

The preceding chapters have discussed the effect of nanofiber orientation on soft actuators that
take the form of high aspect ratio cantilevers. This geometry is useful for our stated goal of gentle
grasping for fragile tissue specimens, and has the additional advantage of modularity; appendages
that have failed can easily be exchanged for new actuators. However, a cantilever construction rep-
resents just one simple shape that a fiber-reinforced soft robot can take. Another approach could
be the design of a planar fiber-reinforced sheet; upon pressurization, the shape of the sheet would
be transformed from a two- to a three-dimensional structure by regulating fiber orientation and
air channel position. Using finite element models, fiber patterns could be prescribed to fit specific
folding or shape criteria. To construct such patterns, fiber sheets could be incised via laser-cutting,

as demonstrated in previous studies™®°

. This construction would be a promising strategy to gently
capture small marine organisms (~ <3 cm) which may be challenging to grasp using existing robotic

grippers, nets, or vacuum systems.

6.5 THE FUTURE OF SOFT RoBOTIC GRIPPING: MODULAR AND MULTI-FUNCTIONAL

This thesis focuses on the design, fabrication, and testing of soft robotic actuators for delicate ma-
nipulation. However, future robotic systems will incorporate additional functionality besides gen-
tle grasping. By developing a series of actuators with various specific capabilities, a robotic gripper

with specialized “fingers” can achieve multiple experimental objectives simultaneously. A multi-
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functional gripper is of particular interest for use for domains (e.g., the deep sea) in which accessing
the robot during an experiment to augment its function with additional components is either in-
convenient or impossible. Potential functions that can be useful for next-generation soft grippers
include: contact sensing, biological assays, and aqueous sampling.

The integration of compliant sensors with soft robotics is a promising avenue for developing
more responsive actuators. Real-time reporting of contact pressure exerted by actuators on a bio-
logical target will improve grasp quality by providing ROV operators with greater tactile feedback.
Moreover, pressure data may help to distinguish between marine species which visually resemble
each other, but have significantly different stiftnesses. Two novel approaches for flexible and durable
sensing utilize lossy optical waveguides*** and a conductive potassium iodide and glycerol solu-
tion** to provide contact force data. Both strategies are promising for integration with deep-sea soft
robotic grippers due to their biocompatible materials, operability in water, and compliant structure.

Another potential feature for future soft actuators is on-board biological assays. Among the an-
imals encountered by an ROV in the deep-sea, there are many species about which little is known.
Moreover, several of the organisms (e.g., certain corals) are extremely old, having survived in their
environment for thousands of years. Damaging or destroying such rare and fragile specimens in the
gripping process must be avoided at all costs. Instead, we can potentially use soft robotic actuators
to gather biological data about these animals without grasping or applying force to them. For exam-
ple, soft appendages could carefully brush or touch the surface of a delicate sample, releasing debris
containing genetic information into the surrounding water. A small volume water sample may be
taken using a device embedded into the palm, stored using reagents housed on-board, and analyzed
when the ROV returns to the surface. Another option may be to embed sensors directly into the
palm; in this case, data will be collected during a grasp and the animal will be subsequently released.
Ideally, the devices used in this case would gather non-contact data, such as pulse oximetry readings.

These operations could exist concurrently with pressure or curvature sensors within the actuators
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themselves to provide a holistic profile of a grasp.

A third prospective feature for soft hydraulic actuators relates to water sampling, rather than
specimen collection or manipulation. Our manifold design for deep-sea robotic actuation draws
seawater from the area surrounding the ROV to inflate the robotic fingers. It is possible to use this
feature to collect and preserve water or genetic samples instead. For example, the internal cavity of
an actuator could contain dehydrated reagents or preservatives. When the actuator is inflated and
water enters the channel, it would react with these materials in-situ to stabilize fragmented tissue
or DNA samples in the water. Rather than deflating and releasing this water, a carousel hub design

could seal the actuator and shift a new, empty digit into position for the subsequent sample.

6.6 INTERACTIVE SOFT ROBOTICS IN ENTERTAINMENT

Another potential application for the future generation of soft robots is interactive entertainment.
With the rise of augmented and virtual reality, consumers are becoming accustomed to entertain-
ment paradigms in which they can actively participate. Tactile sensation is a significant component
of these experiences, but one which has not yet been comprehensively explored using compliant
robots. One of the primary advantages of soft robots is their safety, particularly when compared
with the rapid motions and heavy materials of conventional metallic robots. Their smooth move-
ments and pliable materials make soft systems favorable candidates for interaction with human
users. These qualities may be leveraged for entertainment by incorporating haptic sensations and
contact sensors into the matrix of a soft robot, enabling a user to communicate with or control the
robot intuitively using touch. For example, the pressure applied to a soft bladder in the body of an
interactive robot could be monitored as the character receives a hug from a user. This measurement
would enable the robot to respond appropriately, returning the action. To ensure that the devices

can be used, maintained, and cleaned for as long as possible, engineers must select matrix materials
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that are both durable and compliant. Other potential applications of soft robots in the entertain-
ment space include: soft animatronic figures that use hydraulic or pneumatic pressurization to exe-
cute smooth motions, wearable compliant systems that extend a user’s capabilities in the context of a
game (e.g., antennae, wings, or a tail), or soft-bodied characters that move around a theme park and

interact with guests.

6.7 CONCLUSION

Taken as a whole, this thesis demonstrates novel manufacturing strategies for polymer nanofabrics,
the integration of nanofibers into soft robotic actuators, and the use of fiber-reinforced actuators
to perform delicate manipulation tasks in an aqueous environment. Lessons learned from devel-
oping a actuator that is both robust enough to withstand marine operation and compliant enough
to successfully capture fragile animals have widespread implications across a variety of applications,
including manipulating tissue and surgical tools, sensing and mapping confined domains, grasping
fragile objects, and industrial crop harvesting. With this potential in mind, the future of robotics

appears bright — and soft.
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Appendix A

A1 NANOFIBER SCAFFOLDS FOR TISSUE ENGINEERING

In Chapter 1, we discussed a case study in which nanofiber scaffolds were used as the basis for an i
vitro contractility assay to regulate muscle formation and to support function of smooth and skeletal
muscle. The following sections detail the protocols used to culture muscle cells on the fiber scaffolds

(fiber muscular thin films, or fMTFs), perform contractility assays, and quantify the contraction of
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muscle tissue on the films.

A1 FiBER MuscULAR THIN Fiim CELL SEEDING AND CULTURE

Mouse myoblast cell lines (C2Cr2) (CRL-1772, ATCC, Manassas, VA) were seeded at 50,000/cm*
and cultured in a growth medium of Dulbecco’s Modified Eagle’s Medium (DMEM, 11995-065,
GIBCO, Carlsbad, CA) supplemented with 15% fetal bovine serum (Invitrogen, Carlsbed, CA) until
confluence. The C2Crzs were then cultured for four days in an initial differentiation medium con-
sisting of DMEM/F-12 culture medium (12-719F, Lonza, Walkersville, MD) supplemented with 1%
horse serum (Gibco, Carlsbad, CA). Next, they were cultured for six days in a second differentia-
tion medium consisting of DMEM/F-12 supplemented with 5% horse serum. Only passage num-
bers from 4 to 15 were used. For the human vascular smooth muscle studies, primary human pul-
monary artery vascular smooth muscle cells (Lonza, Walkersville, MD) were cultured for two days in
Migg culture medium (GIBCO, Carlsbad, CA) supplemented with 10% heat inactivated fetal bovine
serum, 10 x 10> m HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 0.1 x 10 m min-

6

imal essential medium (MEM) nonessential amino acids, 20 x 10™? m glucose, 1.5 x 10~ ° m vitamin

B-12, 50 U mL' penicillin, and so U mL" streptomycin (GIBCO, Carlsbad, CA). After two days, the
medium was switched to a serum-free version of the growth media in order to induce a contractile

phenotype for 24 hours prior to experimentation.

A.12 CONTRACTILITY ASSAY AND ANALYSIS

The contractility assays were performed at desired time points on a stereomicroscope (Model MZ6,
Leica Microsystems Inc., Wetzlar, Germany) outside the incubator connected to a National Instru-
ments LabVIEW data acquisition board. A heating platform was set up on the microscope to repli-

cate culture temperature (37°C) and electrical stimulation was performed using electrodes immersed
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in the well, connected to an external field stimulator (Myopacer, IonOptix Corp., Milton, MA).
During the contractility experiments, the samples were put in a custom Tyrode’s solution developed
in the lab (1.198 g L' HEPES, 0.040 g L' NaH,PO4, 0.901 g L' glucose, 0.265 g L' CaCl,, 0.203 g L'
MgCl,, 0.403 g L' KCl, 7.889 g L' NaCl, pH 7.4, all chemicals from Sigma-Aldrich, St. Louis, MO).
The stimulation was set at high voltage (40V) to obtain strongest force-frequency curve. For the hu-
man vascular smooth muscle, the vasoconstrictors acetylcholine and endothelin (Sigma-Aldrich, St.
Louis, MO) were utilized to induce contraction, while the vasodilator HA1077 (Sigma-Aldrich, St.
Louis, MO) was used to induce relaxation. Drugs were dosed serially after 10, 20, and 30 minutes,
respectively. To capture the slow contraction of the smooth muscle, images were taken once every 30

seconds.

A3 FIBER MUSCULAR THIN FILM STRESS QUANTIFICATION

The horizontal projections of the cantilevers were tracked using a custom Image] (NIH, Bethesda,
MD) software and the radius of curvature was determined using a custom MATLAB software
(Mathworks, Natick, MA). The existing muscular thin film model assumes a cell layer at the surface
of the film and calculates the stress derived from the radius of curvature using a modified version of
Stoney’s equation®"?. The fMTF model was modified to account for cellular infiltration based on

immunostained cryosections.

A2 STRUCTURAL PROPERTIES OF POLYMER NANOFIBERS

Centrifugal nanofiber manufacturing systems, such as pull spinning and rotary jet spinning, gen-
erate fibers by drawing and thinning a viscous jet. At this stage, the volatile solvent comprising the
jet rapidly evaporates, yielding a polymer or protein nanofiber. This process can be used to generate

fibers from a variety of polymers, including polycaprolactone, polyurethane, and nylon-6 (Figure
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Figure A.1: Scanning electron micrographs of pull spun a) 6 wt/v% polycaprolactone b) 6 wt/v% polyurethane, and c)
6 wt/v% nylon-6 nanofibers. Scale bars, 500 nm.

(b)

Polyurethane

50000 -

40000 L4

30000 -

20000 -

10000

Revolutions per Minute

0 T T T T T
0 10 20 30 40 50

Air Pressure (PSI)

Figure A.2: Calibration curve of the pneumatic motor used to drive the pull spinning process. N = 3 production runs.
Error is reported as SEM.

A.1). The composition and, therefore, bond structure of each nanoscale filament impacts the me-
chanical and chemical properties of the bulk nanotextile. In the following sections, we will discuss

the structural properties of pull spun nylon-6 and polyurethane (PU) nanofibers.

A.21 CALIBRATION OF THE PULL SPINNING APPARATUS

As shown in Figure A.2, the pull spinning device was calibrated by relating known air pressure to the
number of revolutions of the bristle per minute. All experiments were conducted at a constant air

pressure to minimize sample variation due to bristle revolution rate.

120



A.22 PuLL SPUN NANOFIBER MORPHOLOGY

We measured polymer nanofiber radii while varying several parameters, namely: motor rotation
speed and distance from the bristle to the collector. Moreover, the degree of anisotropy (using orien-
tation order parameter, OOP) was measured for several concentrations of polymer in the precursor
solution. Results indicated that there were no significant variations in fiber radii under the first
two conditions, suggesting minimal dependence of fiber radius on collector distance and rotational
speed within the specified ranges (Figure A.3a-b). These experiments were also conducted using a 6
wt%/vol% polycaprolactone solution in HFIP, and similar trends were observed (1.2b-c). Further-
more, the OOP of polycaprolactone nanotextile sheets was approximately constant between 6-10
wt/v%, indicating that anisotropy is invariant to concentration within these bounds (Figure A.3c).
To determine whether fabrication time impacts the morphology of pull spun nanofiber sheets,
we calculated the average fiber radius and % beading of a nonwoven fiber sheet while varying the
length of each manufacturing session. No significant changes were detected in average fiber radius
or % beading in 6 wt%/vol% polycaprolactone samples collected after 1, 5, or 10 min of continuous

fabrication (Figure A.4).

A.23 SpECcTROScOPIC ANALYSIS OF POLYMER VIBRATION MODES

Table A.1includes several characteristic vibration modes of nylon-6 and polyurethane. These refer-
ence peaks were used to evaluate the role of hydrogen bonding in pull spun nylon, polyurethane,
and polyurethane:nylon nanofiber samples. The amide I band of nylon 6 is associated with axial
N-H and C=0 bond deformation and has been reported at 1637 cm-1. Previous studies have pos-
tulated that an increase in the amide I band wavenumber indicates interactions between amide
groups and carbonyl bonds within nylon 6 and polyurethane chains, respectively.[1-s] This bond-

ing signifies a decrease in intra-chain nylon 6 interactions as interactions between amide bonds and
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Figure A.3: a) Radius of 10 wt/v% nylon fibers measured as a function of the distance to the collector (cm), at a con-
stant Q of 45,000 RPM. b) Radius of 10 wt/v% nylon fibers measured as a function of the motor rotation speed
(RPM), at fixed Rc of 10 cm. N = 3 production runs, 3 FOVs/run, 100 fibers per FOV. c) Orientation order parameter
of free-standing nanofibers: 6 wt/v%, 8 wt/v%, and 10 wt/v% polycaprolactone (PCL) in HFIP. All error is reported as
SEM.
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urethane linkages increase. The amide I peak for the nylon/polyurethane hybrid in our empirical
data is shifted from 1637 cm-1 to 1641 cm-1. [1-5] The peak intensity of the hybrid nanofibers also
decreases from 0.34 to 0.24 absorbance units, confirming a decrease in interchain bonding within
nylon 6 chains. Unlike the amide I band, the amide II peak is sensitive predominantly to N-H bond-
ing. Our data reveals an amide II peak frequency shift from 1547 cm-1 to 1539 cm-1; previous studies
suggest that this frequency upshift is a result of asymmetric changes in bond length and electron dis-
tribution during the formation of hydrogen bonds. The carbonyl bond stretching peak transition
from 1729 cm-1 in pure polyurethane nanofibers to 1733 cm-1 in the hybrid sample is analogous to
that of the amide I bond. The frequency downshift signals a decrease in intrachain polyurethane
linkages and a consequent increase in polyurethane-nylon interactions. A similar trend is observed
between 3500-3100 cm-1 for peaks denoting axial N-H bond stretching in nylon and polyurethane.

[1-5] Deformation of amide bonds during hydrogen bond formation produces multiple hydrogen
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Table A.1: Selected characteristic vibration modes of nylon 6 and polyurethane

Spectral Position [cm™] Assignment
680 N-H out-of-plane bend (Amide V)
1539-1547 Secondary amine, N-H bend, C-N stretch (Amide II)
1637-1641 N-H stretch, C=0 stretch (Amide I)
1729-1733 C=0 stretch
2944-2966 C-H stretch
3100-3335 Secondary amine, N-H stretch (Amide IT) [lex]

bond geometries, yielding a range of O-H vibration frequencies that comprise a broad band. The
frequency peak shifts observed for the three polymer compositions indicate that blending PU and
nylon increases hydrogen bonding within the resulting nanofiber constructs. Strengthening inter-
and intrachain interactions result in stronger tensile strength for the anisotropic swt/v% PU: ny-
lon composite blend. Comparing vibration modes of the pull-spun nanofibers to those of drop cast
films with similar polymer concentrations reveals significant increases in hydrogen bonding after
pull spinning. The presence of these interactions further indicates the role of this method in facili-

tating intrachain bonding.

A.2.4 DETERMINATION OF CONSTANT FOR SCALING LAw

In Chapter 1, we described a scaling law for the radius (») of pull spun nanofibers as a function of
the kinematic viscosity () of a precursor solution. The viscosity of the polymer or protein solution
reduces the rate or fiber thinning as the solution transitions from a droplet to a jet; this effect inten-
sifies as polymer concentration increases (Figure A.s). The scaling relation, » = /%, was initially
outlined in Mellado et al. (*°°) with respect to rotary jet spinning, another centrifugal force-based
nanofiber manufacturing system. In this expression, Cis a dimensional constant with units of (m*
s'). To adapt this scaling law to pull spinning, we fit the constant C from the empirical relation be-

tween fiber radius and solution kinematic viscosity (Figure A.s). Thus, the relation demonstrates
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Figure A.5: Characterization of pull spun polymer solutions and nanofibers. a) Density (grey) and viscosity (black) of
polycaprolactone (PCL) solutions in 1,1,1,3,3,3,-hexafluoro-2-propanol (HFIP) as a function of polymer concentration
(N = 3, Error reported as standard deviation). b) Empirical determination of the scaling constant C from the relation
between fiber radius () and solution viscosity ().

that higher solution viscosities result in larger nanofiber radii.

A.2.s THICKNESS AND TororLoGY OF FIBER MUScULAR THIN FiLms

In Chapter 1, Section 1.6, we demonstrated that the pull spinning system can be used to fabricate

fiber muscular thin films (fMTFs), a new nanofiber-based platform that can recapitulate the anisotropy
and nanostructure of skeletal and smooth muscle tissue. Figure A.6a depicts the thickness measure-
ment of the cantilever-shaped fMTFs using an optimal profiler. The difference in thickness between

an fMTF scaffold and the murine myoblast cell line (C2Cr2) it was seeded with is displayed in Fig-

ure A.6b. Confocal immunofluorescent microscopy was used to visualize the C2Cr2 cell layer on an
fMTF after 7 days in culture. We showed that fMTFs support functional measurement of twitch

and tetanus curves (murine skeletal muscle) and changes in contractile stress in response to vasocon-
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Figure A.6: Structural properties of fiber muscular thin films (FMTFs). a) Thickness of fMTF measured by optical
profiler. b) Thickness measurements of fMTF and C2C12 cell layer cultured on the fiber scaffold. Thickness of the
overall scaffolds, in comparison with that of the overlying cell layer. N = 2 samples with 2 FOVs. ¢) Confocal im-
munofluorescent microscopy image of C2C12 cell layer in fMTF after 7 days in culture. Nuclei stained for DAPI are
visible in blue. Scale bar, 50 um. Error is reported as SEM. * indicates p <0.05.

strictors and a rho kinase inhibitor (human vascular smooth muscle).

A3 MEcCHANICAL PROPERTIES OF COMPOSITE MICRO-ACTUATORS

In Chapter 3, we described the design and fabrication of nanofiber-reinforced micro-actuators. A
key advantage of using nanofiber sheets as the strain-limiting layer in the laminate is their high sur-
face area, in comparison to thicker microfibers. Higher surface area enables uncured PDMS to en-
velop the nonwoven sheet more comprehensively during the soft lithography manufacturing pro-
cess; thus, the nanotextile is more firmly embedded in the elastomer matrix. To gauge the failure
mode of the nanofibers when the composite actuator is extended to failure, we conducted uniaxial
tensile tests. In addition to capturing the stress-strain curves of nanofibers (Figure A.7a-b: in pure
sheets and embedded in a thin PDMS layer, as in the fabrication process) and multi-layer laminates,

these empirical tests demonstrated that no de-bonding of the fiber sheet from the matrix is observed
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Figure A.7: Mechanical properties of a) pressed nanofiber sheets and fiber sheets embedded in 20um PDMS, b)
three- and four-layer composite laminates and pure PDMS. Scanning electron micrographs of nanofiber sheets em-
bedded in four-layer composite laminates c) before and d) after uniaxial tensile testing. z = 3 production runs per
condition. Error is reported as SEM.

after the sample is extended to failure (Figure A.7c-d). Rather than de-bonding from the PDMS

matrix, the nanofibers experienced a tensile break.

A.3.1 PRESSURE vs. INFLATING CHANNEL AREA

As described in Section 3.4, the relationship between input pressure and curvature of soft actuators
is nonlinear. One way to observe this relation is to observe the area of the inflating air channel at

known pressures (Figure A.8).

A.3.2 BURST PRESSURE INCREASES WITH FIBER REINFORCEMENT

The failure pressure of nanofiber-reinforced actuators is significantly higher than that of silicone-
only actuators. In this experiment, both sets of actuators were pressurized pneumatically. All test
devices were fabricated using the same processing parameters, including internal channel height (0.5

mm), thickness of internal channel membrane (0.35 mm), and thickness of adhesion layer during the
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Figure A.8: The area of the inflating channel increases nonlinearly with applied pressure.

co-bonding process (0.03 mm). During pressurization, the membrane above the internal actuator
channel inflates and thins. When the burst pressure is reached, a tear in this membrane forms. The
rupture is commonly located toward the center of the channel, measures roughly 1 cm in length, and
is oriented parallel to the length of the actuator (e.g., vertically down the channel, and not horizon-

tally across it).

A.4 LAMINATE PLATE MODEL FOR SOFT COMPOSITE ACTUATORS

A.41 ScHEMATICS OF COMPOSITE LAMINATES

A general schematic of an arbitrary composite laminate is shown in Figure A.10a. The sample struc-
ture contains three types of lamina: isotropic (solid grey), anisotropic fiber-reinforced layers with
fiber angle +@ (top and bottom layers), and anisotropic layers with fiber angle —¢ (middle layer).
A cross-sectional view of the structure (i7ser) indicates the laminate midplane (black dotted line),

coordinate axes, and the thickness of each layer. Figure A.1ob presents an illustration of the laminate
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Figure A.9: The burst pressure of fiber-reinforced actuators is greater than that of silicone-only actuators. 7 = 5
actuators for each condition.

layup and coordinate system for the nanofiber-reinforced soft actuators presented in this study. The
actuators consist of two layers: an isotropic elastomer layer at the top of the structure (solid grey),
and a nanofiber sheet below (striped grey and blue). Because the initial cross-sectional area of the
internal channel used to pressurize the actuator (in black) is significantly smaller than that of the
elastomer layer, we assume that the elastomer lamina is homogeneous. The heights of the nanofiber
(2:) and elastomer (z,) layers are defined in the analytical model with respect to the midplane of the
structure (marked as dotted line). The base of the laminate, z,, is defined as -% , where T'is the total
thickness of the actuator. For example, z, = —% + tp, where zris the thickness of the nanofiber layer.
The lower illustration in Figure A.1ob shows the cross-section of a pressurized soft actuator. The
total inflated area, 4, is shaded black. The thickness of the inflating membrane (z,, in the upper

schematic) decreases as the actuator is pressurized, as per our assumption that the elastomer matrix is

incompressible. Finally, the arc length of the inflated circular segment is marked as s.
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Figure A.10: Schematic showing layups of a sample composite laminate and of a nanofiber-reinforced soft actuator
(cross-sectional view shown). a) A generic composite laminate with thickness 7 and arbitrary fiber angles +@and
—@. Inset: Cross-sectional view of lamina. b) Layup and cross-sectional views of nanofiber-reinforced soft actuator
at rest and when pressurized. The hollow internal channel used to pressurize each actuator is shown in black; since
the area of this section is significantly smaller than that of the elastomer layer, we assume that the elastomer lamina
is homogeneous. The height of the nanofiber and elastomer layers are indicated as z; and z,, respectfully. Fiber
orientation angle is denoted as @.

A.4.2 IMPACT OF MATRIX AND FIBER STIFFNESS ON PREDICTED ACTUATOR TWIST

The theoretical values for maximum actuator twist angle as a function of fiber orientation angle
slightly overestimate the experimental results. It is possible that this discrepancy relates to human
error in measuring empirical inputs, namely the Young’s moduli of the matrix material (£,,) and
nanofiber sheet (Ef). To better understand the effect of these stiffness values on the model’s out-
put, we calculated the maximum actuator twist angle for various £, (using a constant Erof 5.2
MPa, Figure A.ia) and Ef (using a constant £y, of 0.37 MPa, Figure A.ub). Our results indicate

that the agreement between theoretical predictions and experimental data improves as Er decreases;
the best agreement was observed between Ef= 3-4 MPa. Future work can: 1) improve the accuracy
of our model by investigating more accurate techniques to measure the Young’s modulus of polymer

nanofibers, and 2) reduce variance by increasing the number of actuators tested (currently 7 = 2-3).
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Figure A.11: Maximum actuator twist angle as a function of fiber orientation. Agreement between theoretical and
empirical results is examined by varying the Young’s modulus of a) the elastomer matrix (£,,) and b) the nanofiber
sheet (Ep.

A.s PERFORMANCE OF SOFT MARINE GRIPPERS

A.sa1 DAMAGE TO GELATINOUS ANIMAL USING EXISTING STATE-OF-THE ART SOFT GRIP-

PER

Previous gentle marine manipulators have proved their ability to safety grasp and handle brittle
(e.g., coral, crab) and soft (e.g., sea cucumber) animals during ROV expeditions. However, these
devices are unsuited to handle ultra-delicate gelatinous marine animals. During a field expedition
in the Phoenix Islands, a foam-tipped squishy robot finger*® attempted to collect an acorn worm,
a member of an extremely fragile invertebrate class. The ROV pilot lined up the soft actuators to
grasp the worm; unfortunately, the force of an actuator brushing against the worm as it attempted
to complete a grip ripped the animal’s body and caused irreversible damage (Figure A.12). Since the
pressure applied by each soft nanofiber-reinforced actuator is half that of a squishy robot finger,

these novel devices represent an avenue to safely collect delicate specimens such as the acorn worm.
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Figure A.12: An ROV pilot attempts to grasp an acorn worm using foam-tipped squishy robot fingers. a) The fingers
are positioned around the body of the worm. b) A finger makes contact with the body of the animal. c) The finger
presses and drags the animal against the ground, causing d) irreversible bodily damage (marked with white arrow).
Images courtesy of the Schmidt Ocean Institute.
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A2 CALCULATING JELLYFISH THRUST FORCE

Jellyfish swim by contracting and relaxing their bell, the umbrella-shaped structure that comprises
most of their body. Moreover, jellyfish can can be categorized based on their propulsive mode: row-
ing or jetting**°. Rowing is a more efficient method, in which an animal partially contracts its bell
and produces complex vortices that interact with each other to generate additional acceleration be-
tween contraction cycles*?”**®, In contrast, jetting jellyfish fully contract their bell, producing a large
stroke; the bell then closes and is refilled with water before the subsequent contraction occurs*.

230,231,232

The jellyfish species targeted in this study fall into the first category . Using an analytical
formulation derived by Yang. et al*** and by T.L. Daniel *»***, we can estimate the thrust force gen-

erated by a rowing jellyfish. The thrust force, Fr, is expressed as:

Fr=—¢|w|*AA4 (A)

in which ¢ is the density of water, w represents the velocity of the expelled water jet relative to the
bell, and A4 is the change in cross-sectional area of the bell during a contraction cycle. | w | can also

be expressed as %, where findicated the frequency of bell contraction and J represents the volume
of the bell. £; 7, and A A can be written in terms of bell diameter (D) as D™°3°, D*7*, and D",

respectively >

. Thus, jellyfish with 7-10 cm bell diameters produce a thrust force (absolute value) of
roughly 0.002-0.004 N. This force is two orders of magnitude lower than the worst-case pull force

experienced by our soft actuators (at 0°).

133



A.s.3 DRrAG FORCE vs. SOFT GRIPPER SPEED

During tank testing of the soft gripping device, a velocity of 0.080 m s~ was applied to move the en-
tire device (hub and actuators) through water to grasp a target object. After measuring the resistance
of the actuators to perturbations, we asked how fast the gripping device would have to be moved

in order for the drag force of the water to overcome the gripping force. We calculated the drag force

using the following equation:

FD == CDKA (AZ)
2

in which Cp is the drag coefficient, ¢ is the fluid density, /' represents gripper velocity, and .4 in-
dicates the area of the target object. We approximated the target object as a solid hemisphere with
Cp = o.42and A4 = 0.002 mm?*. Based on the average grip strength of 0.2 N (at a pull angle of
0°), it would be necessary to move the gripper at a minimum of 1.3 m s~ for the object to the pulled
from its grasp due to increased drag force. Consequently, we can assume that our testing speed is

within the bounds of quasi-static grasping conditions.

As.4 ROBUSTNESS TO APPLIED EXTERNAL FORCES

While grasping a gelatinous object of roughly spherical shape with high aspect ratio fingers, we ob-
served that fingers often adhere to each other due to the self-adhesive silicone from which they are
made. This forms a strong cage around the object, leading to larger amounts of force required to
pull the object from the grasp compared to when the fingers do not adhere. When force is applied to
the object, the fingers mostly act as tension members.

Using these observations, the act of grasping a jellyfish, then pulling the jellyfish out with some
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Figure A.13: The threshold at which the drag force from the water overcomes the gripping force applied by the soft
actuators is roughly nine times the operational speed applied during empirical testing (0.080 m s~ %). The target
object, a plastic jellyfish, is approximated as a solid hemisphere (shown in blue).

force Fy: at some angle  can be reduced to a simple problem of tension in a rope applied at a given
angle. Consider a two-dimensional object of diameter D being caged by two fingers that are adhered
to each other toward the middle, as shown in Figure A.14. This grasp can be simplified further to a
rope-pulley system, in which ropes are tied together at the point of force application. In addition,
we can approximate the adhesion by allowing Rope 1 to have a weak point, which limits the maxi-
mum tensile force in that rope to 7 pux; this corresponds to the maximum shear force the adhered
fingers can support before slipping. If we assume the applied force causes the rope to deflect a con-
stant distance J, we can use a force balance to determine the maximum external force that can be

sustained at that angle.
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Figure A.14: a) Diagram of a two-dimensional simplification of a caging grasp, and the corresponding simple rope-
pulley system. b) Predicted and empirically measured maximum pull force, and grasp success rate for various pull
angles.

Taking a force balance in the radial and angular directions, we obtained the following equations:

ZF, t For — Trcos(a) — Thcos(B) = o (A3)

Z F : =Tsin(a) + Tysin(B) = o (A.g)

Next, we calculated the angles & and 8 using trigonometry:

«(9) = arcsin (D/n<9+«9>>

— d z
— AC|| = [d+ | — +dtand A.
= [z (S4sans) g

8(3) = arcsin (D/ZSIH(M>

. d >
— ||BC|| = {[d* + ( - Jtanf}) (A.6)
[18C| 2

Simplifying and solving for F as a function of 3, we obtained:

(A7)

Fext,max = Tl,max (COS 0(.(9) - a(S) )

tan B(9)

which is valid for all angles before the point of force application moves past the right-side pulley.

This formula, while extremely basic, gives insight into how these soft fiber-reinforced actuators
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operate. As a force is applied to an object caged in a grasp at an angle of 0°, the maximum external
force is approximately 40% of the maximum shear force 77 .. As the angle increases, the maxi-
mum external pull force increases up to a maximum force at a given angle, and then decreases. This
trend can be observed in Figure A.14, where d = smmand 7 ;. = 0.5 N are chosen to ap-
proximately fit the data, while also being reasonable choices given the actual objects and actuators
used. The caging grasp exhibits much higher complexity in three-dimensions, however we suspect
the trends of this model illustrate a possible explanation for the trends seen in our empirical results

(Figure 5.6b).
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