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Figure 1: Various examples of sođ roboধc devices. Manipulators, from leđ: Fin Ray27; SMA-driven sođ roboধc oc-
topus arm28,5; electroadhesion-based dielectric elastomer actuators29; squishy robot fingers30; and elastomeric
robot tentacles31. Locomotors, from leđ: SoFi sođ roboধc fish32; funcধonally graded sođ robot33; untethered sođ
robot18; bioinspired sođ octopus robot34; and mulধgait sođ robot17. Other applicaধons, from leđ: deployable endo-
scopic stabilizers35; fiber-reinforced elastomeric enclosure (FREE) actuators36; trajectory matching fiber-reinforced
sođ actuator37; Microfluidic Origami for Reconfigurable Pneumaধc/Hydraulic (MORPH) device38; and 3D printed
sođ robot powered by catalyধc decomposiধon16.
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Figure 2: SEM micrographs of micro- and nanofibers composed of a variety of polymer and protein materials. a)
from leđ: Fabric sample from a sportswear garment containing wool, lycra, and Coolmax (polyester) fibers; Spandex
fibers. b) from leđ: Polyurethane and hybrid polyurethane/nylon nanofibers. c) from leđ: Polycaprolactone/gelaধn and
Poly(vinylidene fluoride-co-trifluoroethylene) nanofibers.
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Figure 3: Schemaধcs of nanofiber fabricaধon processes, including: a) near-field electrospinning (adapted from84),
b) melt electrospinning (adapted from85), c) rotary jet spinning (adapted from86), and d) Spinneret-Based Tunable
Engineered Parameters (STEP) technique (adapted from87).
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Figure 1.1: Design and funcধon of the pull spinning system. a)Schemaধc of the pull spinning apparatus with a side
view illustraধon of a fiber being pulled from the polymer reservoir. The pull spinning system consists of a rotaধng
bristle that dips and pulls a polymer jet in a spiral trajectory. Scale bar: 100 mm. b) High-speed images capture the jet
iniধaধon as the bristle dips into a polymer droplet, jet elongaধon as the bristle pulls the droplet, solvent evaporaধon
as the polymer jet solidi es, and fiber detachment from the bristle as the process begins again. The red arrow denotes
the locaধon of the bristle/fiber interface, the green arrow represents the locaধon of the nozzle, and the dashed white
line denotes a fiber formed throughout one revoluধon. Scale bar: 1 mm. c) Scanning electron microscopy images of
various 6 wt%/vol% PCL:gelaধn (3:1) scaffold structures and fiber alignments:aligned sheets (scale bars: 100 μm),
laser cut canধlevers (scale bars: 200 μm), mulধlayered woven configuraধons (scale bars: 50 μm), and threads (scale
bars: 50 μm).
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Figure 1.2: Characterizing structural properধes of pull spun nanofibers and manufacturing system parameters. a) Side
view of fiber being pulled using bristle rotaধng at speed . 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 funcধon 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 funcধon of the motor rotaধon speed (RPM). Fibers were spun at a constant R of 10 cm. d) Percent beading as a
funcধon of concentraধon of PCL in HFIP. e) Fiber radius as a funcধon of polymer concentraধon. f) Idenধfying system
parameters with varying concentraধons of PCL in HFIP (2–15 wt%/vol%). Fiber radius measured as a funcধon of
viscosity and best fit by∼ Cν1/2, where C = 1050.4 m2 s1. 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, respecধvely. Scale bars: 1000 nm. In all graphs,
N is at least 200 fibers across four samples for each condiধon. Error reported as SEM. * indicates p <0.05.
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Figure 1.3: Proof-of-concept use of fiber muscular thin films (fMTFs) for in vitro funcধonal tesধng of muscle ধssue.
a) Stereomicroscopy image of laser cut 6 wt%/vol% PCL:gelaধn (75:25) fMTFs on a glass coverslip. Scale bar: 4 mm.
b) Schemaধc of myoblasts cultured on fMTFs, subsequently released and sধmulated electrically. Muscle contracধon
bends the canধlevers. c) Stereomicroscopy image of fMTF canধlevers. Blue lines indicate fMTF borders prior to their
release from the glass coverslip. Horizontal red lines indicate the leading edge posiধons of the fMTFs during contrac-
ধon. Scale bar: 500 μm. d) Immunofluorescence staining of murine skeletal muscle (leđ) and human vascular smooth
muscle (right), cultured on fMTFs. Nuclei are stained blue (DAPI) and F-acধn is stained green (Phalloidin 488) in both
ধssues. In murine skeletal muscle ধssue, α-acধnin is also stained red. Scale bars: 50 μm. 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× 106 m Acetylcholine ađer 10 min, 500× 109 m Endothelin-1 ađer
20 min and 100× 106 m HA1077 ađer 30 min. N = 1 chip, 6 films. All errors are reported as SEM.
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Figure 1.4: Pull spun nanofibers for proof-of-principle apparel design. a) Schemaধc of collecধon scheme and sample
of 5:5 wt%/vol% polyurethane (PU):nylon (1:1) nanofiber swatches collected ađer pull spinning. b) Scanning electron
images and histograms represenধng the fiber angle (alignment) as a funcধon 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 mulধmodal distribuধon denotes an isotropic mesh, whereas a unimodal
distribuধon indicates uniaxial fiber alignment (N = 3–5 fields of view over two samples). Scale bar: 20 μm.
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Figure 1.5: a) Ulধmate 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 soluধon cast (red lines)
polymer films and pull spun nanofibers (black lines). Data are averaged for n = 2 producধon runs per composiধon,
with 4-6 FOVs per sample. e) Proof of concept demonstraধon 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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Figure 2.1: a) Illustraধon of mulধ-material nanofabric fabricaধon 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,
respecধvely. b) FTIR spectra of single and dual chamber nanofabrics. Data are averaged for n = 3 producধon runs per
condiধon, with 16 random FOVs per sample. c) Bright field with spectra overlay and micro-Raman images displaying
disধnct nylon and PET nanofibers. The nylon and PET nanofibers are indicated in red and green, respecধvely.
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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 producধon runs per condiধon, 3 samples per run,
and 300 fibers across 4 FOVs. * indicates p <0.05. All scale bars: 10 μm.
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Figure 2.3: Comparaধve a) toughness and b) specific elasধc modulus of pure Nylon and PU, single fiber Nylon/PU
blend, and mulধ-material Nylon/PU nanofabrics. Varying Nylon/PU raধo and concentraধon enables us to tune the c)
toughness and d) specific elasধc modulus of a mulধ-material nanofabric. *,**, N, B, and P indicate p <0.05. N, B, and
P denote significant difference from Pure Nylon, Pure PU, and Blend, respecধvely. For all condiধons, n = 3 producধon
runs and 3 samples per run.



Figure 2.4: a) Schemaধc of experimental setup used to analyze dispersion of polymer components in nanofabrics.
2D FTIR contour maps of Nylon and PU dispersion in b) mulধ-material nanofabrics and c) blend nanofibers. The
normalized intensity is indicated using a color gradient. Red regions signify higher polymer concentraধons, while
blue indicates lower concentraধons. For each condiধon, n = 3 producধon runs, with n = 3 samples and 75 FOVs per
sample. Representaধve contour maps are shown. Scale bars: 0.5 mm.
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Figure 2.5: FTIR spectra of pure PVDF-TrFE, pure PU, and mulধ-material PVDF-TrFE/PU nanofabrics. Data are av-
eraged for n = 3 samples, with 16 FOVs per sample. Inset: Scanning electron micrograph of mulধ-material PVDF-
TrFE/PU nanofabric.
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Fig. 5. Experimental bending results (markers), simulations (solid lines) and stacked images for three balloon fin actuator deflections: (a1) and (a2) for design A, (b1) and
(b2)  for design B, and (c1) and (c2) for design C. The error bars indicate minimum and maximum values in the data, which comprised measurements of five devices. Blue
lines  in figures a2, b2, and c2 are added as a guide to the eye. Scale bars are 1 mm.  (For interpretation of the references to color in this figure legend, the reader is referred to
the  web  version of this article.)

only on the inflation of the PDMS. Thus, the planar balloon design is
more susceptible to bursting to PDMS, which occurs when tensile
stress of the elastic material reaches ultimate fracture stress. As a
result, the proposed balloon fin design can improve the reliability
of the pneumatic actuator at the same deflection angle, compared
to the conventional balloon design.

3. Methods

3.1. Materials

The replica mold, used to shape the PDMS structure, is 3D-
printed directly (Objet24, Stratasys, MN,  USA) from CAD files
(Autodesk Inventor, Autodesk, Inc., CA, USA). The fully automated
printing process simultaneously jets a photocurable polymer and a
support material as a sacrificial layer (i.e., multijet) in ∼28 !m lay-
ers. The resolution limit of the printer is 600 × 600 × 900 dpi (dots
per inch)—ideally capable of 45 !m line widths [14]. Upon comple-
tion of the printing process, a high-pressure water jet exposes the
replica mold by dissolving the support material. The model material
(Objet VeroWhitePlus RGD835) and support material (Objet Sup-
port SUP705) were purchased from Stratasys and used as received
[14].

A 15:1 mixture of PDMS prepolymer (Sylgard 184, Dow Corning,
MI,  USA) and curing agent formed the balloon actuators. The mixed
prepolymer is poured into the 3D printed replica mold, degassed
in a vacuum desiccator, and completely cured at 75 ◦C for 2 h in an
oven.

3.2. Fabrication using 3D printed molds

The fabrication process of the balloon actuators is described in
Fig. 4. The proposed designs, from simulation, were translated to
the CAD software to define what would become the balloon cavity.
A 3D-printed holder was also designed to maintain thickness asym-
metry on either side of the cavity, required to induce deflection. The
base, walls, and lid of the holder defined the entire PDMS volume
and ultimately the balloon thickness. Although, the 3D printer could
print out one entire structure where the balloon cavity mold and the

holder molds were connected with each other using the supporting
material, each mold structure was printed separately to minimize
use of the support material. This is because the 3D-printed surface
contacting the supporting material were rougher than one not con-
tacting the supporting material [15]. Instead, ribbed edges where
molds joined each other were designed to align the mold pieces
(Ribbed edges are not shown in Fig. 4). The printed structures were
coated several times from various angles with a thin (10 nm)  AuPd
passivation layer using a sputter coater (Denton Desk II, NJ, USA)
to prevent inhibition of thermal cross-linking of the PDMS pre-
polymer associated with the native 3D printed material [16]. The
measured surface roughness (1.9 !m)  of the 3D printed structure
[15] makes the thickness of the AuPd passivation layer negligible.
Moreover, the surface roughness of the printer should not have
a measurable impact on the balloon deflection because it is two
orders of magnitude smaller than the smallest dimension of the
final structure. The 3D printed molds were then extracted from the
PDMS, finalizing the balloon actuator. Rather than print solid fea-
tures, 100 !m thick cast shells were chosen (i.e., the shell consisted
of the model material, and the interior was filled with the brittle
support material) because these thin shell structures were more
pliant and therefore, conducive to simple extraction from the cured
PDMS. All the balloon actuators including the planar actuator were
fabricated using the 3D printed molding process to compare per-
formance. The printing process was  previously described in more
detail [15].

3.3. Characterization setup

The inlet of the balloon actuator was  constricted using the PDMS
prepolymer around a connector and tubing, which was bifurcated
into a syringe and a separate pressure gauge (DPG1100, Omega
Engineering, CT, USA) for real-time monitoring of total system pres-
sure. Compression of the syringe plunger increased the system
pressure, inflating the balloons and causing deflection. Pressure
was increased up to 90 kPa (60 kPa for the planar balloon actuator),
which is the maximum safe pressure to the PDMS from bursting
due to fracture stress. Photographs taken during the experiment
enabled quantification of the deflection angle.

S. Kurumaya et al. / Sensors and Actuators A 261 (2017) 66–74 71

Fig. 11. Example of multifilament muscle imitating human muscles. The left figure shows a type of biceps muscle and right one shows a type of flat muscle.

Fig. 12. Example of the developed multifilament muscle consisting of 30 thin McK-
ibben muscles working as a linear actuator. This is the basic shape that imitates a
normal muscle. Muscle fibers are curved to the outside with their radial expansion.

between muscle fibers with radial expansion. In this section, two
models are developed and two formulae are derived using each
model. The contraction ratio increases owing to curvature of the
muscle fibers toward the outside with their radial expansion, as
shown in Fig. 12. The first model (Model I) assumes that the mus-
cle fibers bend at a right angle at both ends under air pressure
and are arranged without gaps. This model is considered a two-
dimensional model, as depicted in Fig. 13, with an initial diameter
d0, the number of bundled muscles n, the initial length l0, the con-
traction ratio in the axial direction εl, and the expansion ratio in
the radial direction εr. In this model, it is assumed that only the
amount of contraction nd0εr increases along the outer curve. From
the geometric relationship, the contraction ratio with muscle inter-

action εh in this multifilament muscle under pneumatic application
is expressed by Eq. (7).

εh = εl + nεr
d0
l0

(7)

It can be seen that the corresponding amount of contraction
(second term) increases in addition to the single contraction ratio εl
in Eq. (7). The second term is proportional to the number of bundled
muscles n, expansion ratio εr, and aspect ratio of a single muscle
d0/l0.

The actual curvature of the thin McKibben muscle occurs along
a curve that is not a right angle because it has collapsed muscles
inside the tube at the end. In the second model (Model II), focus-
ing on the outer shape of the multifilament muscle, the muscle
fiber bundle is assumed to take the form of a rhombus in a two-
dimensional plane, as depicted in Fig. 14. It is assumed that the
rhombus-shaped fiber bundle has vertices at the midpoint of the
muscle and the muscle fibers are arranged without gaps. As in the
previous model, an initial diameter d0, the number of bundled mus-
cles n, the initial length l0, the contraction ratio in the axial direction
εl, and the expansion ratio in the radial direction εr, the contrac-
tion ratio with muscle interaction εh in this multifilament muscle
under pneumatic application are expressed by Eq. (8) based on the
geometric relationship.

εh = 1 −

√
(1 − εl)

2 −
(
nεr

d0
l0

)2
(8)

Fig. 13. Model I: Muscle fibers bend at a right angle at both ends with air pressure and are arranged without gaps, which is considered in a two-dimensional model.

As a first demonstration of this technology, the platform was

used to probe the temporal and strain magnitude-dependent

accumulation of b-catenin in the nuclei of a primary

mesenchymal progenitor cell population.21 b-Catenin is a critical

protein in the canonical Wnt signaling pathway that regulates the

proliferation and differentiation of mesenchymal progenitor

cells.22–25 In the absence of signals from the canonical Wnt

pathway, cytoplasmic levels of b-catenin are maintained through

the action of a b-catenin destruction complex. In the presence of

Wnt signaling molecules, this destruction complex is inactivated,

resulting in hypophosphorylation of b-catenin and subsequent

translocation into the cell nucleus.23 In the nucleus, b-catenin
participates in the differential transcriptional regulation of target

genes in a dose-dependent manner.22–25

Recent studies have shown that mechanical stimuli alone can

induce nuclear translocation of b-catenin.26–28 Capitalizing on the

high-throughput capabilities of the developed platform, we

demonstrate that levels of nuclear accumulation of b-catenin in

mesenchymal progenitor cells are both time-dependent and strain

magnitude-dependent. This relationship would have been

challenging to observe using conventional low-throughput tech-

niques. Because of the demonstrated link between levels of

b-catenin present in the nucleus and stem cell differentiation,22–25

these results may have implications for processes involving

mechanoregulation of cellular differentiation, including tissue engi-

neering, development and the pathobiology of load-bearing tissues.

Experimental methods

Unless otherwise stated, all chemicals and reagents for cell

culture were purchased from Sigma-Aldrich (Oakville, ON,

Canada); fluorescent dyes from Invitrogen (Burlington, ON,

Canada); and all other equipment and materials from Fisher

Scientific (Ottawa, ON, Canada).

Device design and simulation

The design of each element within the microdevice array has

similarities to the macroscale system described by Schaffer et al.29

Each unit on the microfabricated array (Fig. 1A) consists of

a loading post suspended over an actuation cavity. Positive

pressure applied to this cavity distends the loading post upwards,

which deforms a flexible cell culture substrate (Fig. 1B–E). A

lubricant between the loading post and the culture membrane

prevents stiction between the two materials. Simultaneous

application of a range of substrate strains across the array was

achieved by changing the size of the actuation cavity, while

keeping the size of the loading posts constant. For a single

applied pressure, an increase in actuation cavity size leads to an

increase in vertical displacement of the loading post, which in

turn creates a higher strain magnitude on the cell culture

substrate. Because the loading posts have identical dimensions,

the sizes of the mechanically stimulated areas remain constant

across the array. Finite element simulations to assess the feasi-

bility of this actuation scheme were conducted in ANSYS

(ANSYS Inc., Canonsburg, PA, USA).

Device fabrication

The device consists of multiple layers of patterned

poly(dimethylsiloxane) (PDMS, Dow Corning, purchased

through A.E. Blake Sales Ltd, Toronto, ON, Canada), fabri-

cated using multilayer soft lithography.30 To fabricate the three-

layer PDMS base structure (Fig. 2), three master molds were

fabricated on 300 ! 200 glass slides, with SU-8 negative photoresist

(Microchem, Newton, MA, USA). Sandwich mold fabrication31

was used to produce three patterned layers of PDMS on trans-

parencies (Grand & Toy, Toronto, ON, Canada), which were

transferred sequentially to a rigid glass slide. This fabrication

technique prevents shrinkage between device layers,32 enabling us

to realize large, dense arrays of precisely aligned microstructures

(Fig. 1F). Connectors were then attached to the air pressure and

lubrication channels. Connectors with a large dead-space volume

were used to trap air bubbles from the lubricant before injection

into the lubrication channels. For experimental simplicity, all

subsequent experiments were conducted on a smaller 6! 5 array.

Following fabrication of the base platform, an ‘actuated’

fabrication process was used to complete device construction. In

Fig. 1 (A) Schematic cross-sectional view of a single mechanically active unit on the array. (B, C) Schematic of a unit in its (B) resting and (C) actuated

positions. (D, E) Stereoscopic images of the device (D) at rest and (E) when actuated. (F) 9 ! 12 array of mechanically active culture units, within a 6.5

cm2 area.

228 | Lab Chip, 2010, 10, 227–234 This journal is ª The Royal Society of Chemistry 2010

a) b)

c) d)

Figure 3.1: Classificaধon of sođ actuators. a) Membrane deflecধon. Reproduced with permission from159 with per-
mission from the Royal Society of Chemistry. b) Bellows expansion. Reproduced with permission from50. c) Balloon
inflaধon. d) Contracধon-based arধficial muscles. Reproduced with permission from150.
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Fig. 1: Nanofiber fab and characterization V3
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Figure 3.2: a) Schemaধc of the fiber fabricaধon process using the rotary jet spinning system, post-processing using
a hydraulic press162, 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. n = 3 producধon runs per
condiধon, one sample/run, three random fields of view/sample. Error is reported as SEM. * indicates p <0.05.
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Fig. 2: Actuator fabrication - V3
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Figure 3.3: Fabricaধng composite sođ actuators. a) PDMS (yellow) is coated, cured, and peeled from a paħerned
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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Figure 3.5: Analyধcal 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. n = 2-3 actuators
per condiধon. All error is reported as SEM.



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
and PDMS-only actuators. n = 2−3 actuators per condiধon. All error is reported as SEM.
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Figure 3.7: Mechanical properধes of composite and elastomer actuators. a) Toughness, b) Specific ulধmate tensile
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Figure 4.1: a) Bellows-style silicone rubber actuator exhibiধng pure bending. Adapted from56. b) A 3D printed sili-
cone actuator contracts due to reinforcement by sধffer polymer filaments. Adapted from55. c) Pneumaধc elastomeric
actuator reinforced with Kevlar fiber. Adapted from172. d) Cylindrical bending actuator whose moধon is directed
by Kevlar fiber wound helically around the exterior of the actuator. Adapted from37. e) Schemaধc of a nanofiber-
reinforced silicone actuator. As the actuator is pressurized, the internal channel inflated and the device bends toward
the (comparaধvely) sধff nanofiber sheet. In this illustraধon, a fiber orientaধon angle of 0◦ is shown.
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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. Ađer 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 ধme. 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.
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Table 4.1: Impact of laminate layup on extensional, bending, and bending-extensional coupling sধffnesses.
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Figure 4.3: a) Theoreধcal maximum actuator twist angle as a funcধon of nanofiber orientaধon. Error is shown as
standard error of the mean. n = 2-3 actuators per condiধon. b) Illustraধon of various fiber alignment schemes. c)
Bend-twist coupling coefficients as a funcধon of fiber orientaধon angle (φ) and fiber volume fracধon (V ). d) Coef-
ficient C65 and the maximum actuator twist as a funcধon of fiber orientaধon angle. A higher magnitude for the C65
signifies greater actuator twist. To more easily visualize both data sets on the same plot, C65 is scaled up by a factor
of 10 and the maximum twist is scaled down by the same factor.
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Figure 4.4: Twisধng nanofiber-reinforced actuators. Twisধng nanofiber-reinforced actuators. a) Setup of sođ actuator
for empirical tesধng. In this experiment, the fiber orientaধon angle for all actuators was 60 degrees. b) Theoreধcal
and empirical results for actuator twist angle (φ) as a funcধon 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 ধp during pressurizaধon
and twisধng. The distal ধp of the actuator is marked with black ink to more clearly delineate its posiধon.

◦





Figure 4.5: a) Hybrid moধon actuators with, from leđ: (i) bend and bend-twist secধons, and (ii) bend-twist coupling
with two fiber orientaধons. b) Diagonally oriented fiber strips enable the distal end to twist, while a solid fabric sheet
restricts the opposite end from twisধng. Actuator pressurized from rest to∼ 2 psi. c) Placing fibers in opposing
orientaধons allows actuators to twist bi-direcধonally. Device pressurized from rest to∼ 1 psi.
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Figure 5.1: a) Illustraধon demonstraধng sođ roboধc actuators (in green) aħached to a remotely operated vehicle.
These actuators are designed for ultra-gentle manipulaধon of delicate ধssues, such as jellyfish and other gelaধnous
marine species. The target species for our sođ gripper are: b) Aurelia aurita, c) Catostylus mosaicus (Courtesy of Peter
Campbell in Wikimedia Commons), and d)Masࣅgias papua.
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Figure 5.2: a) Nanofiber-reinforced sođ actuators are manufactured using molding and co-bonding (cross-secধonal
view shown). b) Six sođ 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-limiধng nanofiber layer.
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Figure 5.3: a) Co-bonding cured actuator secধon to uncured silicone layer. b) Actuator burst pressure as a funcধon
of internal channel height, with a constant membrane thickness of 0.25 mm (mean± SEM, n = 4 actuators). c) Burst
pressure as a funcধon of membrane thickness (mean± SEM, n = 4 actuators). d) % prisধne actuators as a funcধon of
adhesion layer thickness (mean± SEM, n = 5 actuators). e) Scanning electron micrographs of actuators with 30μm
and 50 μm adhesion layers (cross-secধon).





Figure 5.4: a) Contact pressure of the distal end of a nanofiber-reinforced sođ actuator is measured during hydraulic
inflaধon. The actuator ধp is placed in a 3D printed fixture, which is aħached 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
representaধve actuator is pressurized and de-pressurized over four cycles. At the typical hydraulic operaধng pressure
for nanofiber-reinforced sođ 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 n = 3 actuators, and 4 cycles per actuator.



± ±

220 221,222

220



Figure 5.5: We mapped the region of acquisiধon of our sođ gripper using our water tank tesধng setup. a) A coarse
esধmate (n = 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 invesধgaধon along c) the verধcal axis, d) the y-axis,
and e) the x-axis behind the target was performed with n = 5 grasps for each condiধon. Error bars in C-E represent
the 95% Agresধ-Coull confidence interval.
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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 funcধon of the angle applied,
while the grasp success rate decreases (n = 5 grasps per condiধon). Error bars represent the standard error of the
mean for pull force measurements, and the 95% Agresধ-Coull confidence interval for grasp success rate esধmates.
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Figure 5.7: a) Design of sođ roboধc gripping device, shown with a four-actuator hub. Inset: Different hubs, includ-
ing this six-actuator palm, can be aħached modularly. Sođ fiber-reinforced actuators grasping b) Aurelia aurita, c)
Catostylus mosaicus, and d)Masࣅgias papua. c-d) Photos courtesy of Anand Varma.



Figure 5.8: Gentle grasping of Aurelia aurita. a) Actuators approach the jellyfish, uninflated. b) Actuators begin to
hydraulically pressurize. c) Actuator pressurizaধon conধnues unধl the jellyfish is gently and securely grasped. Photos
courtesy of Anand Varma.
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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.

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





Figure A.3: a) Radius of 10 wt/v% nylon fibers measured as a funcধon of the distance to the collector (cm), at a con-
stant Ω of 45,000 RPM. b) Radius of 10 wt/v% nylon fibers measured as a funcধon of the motor rotaধon speed
(RPM), at fixed Rc of 10 cm. N = 3 producধon runs, 3 FOVs/run, 100 fibers per FOV. c) Orientaধon 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.



Figure A.4: a) Radius of 6 wt/v% polycaprolactone (PCL) fibers measured as a funcধon of fabricaধon ধme. b) Percent
beading of 6 wt/v% PCL fibers as a funcধon of total fabricaধon ধme. For each ধme point, n = 3 producধon runs, 3
FOVs/run, 45 fibers per FOV.



Table A.1: Selected characterisধc vibraধon modes of nylon 6 and polyurethane
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Figure A.5: Characterizaধon of pull spun polymer soluধons and nanofibers. a) Density (grey) and viscosity (black) of
polycaprolactone (PCL) soluধons in 1,1,1,3,3,3,-hexafluoro-2-propanol (HFIP) as a funcধon of polymer concentraধon
(N = 3, Error reported as standard deviaধon). b) Empirical determinaধon of the scaling constant C from the relaধon
between fiber radius (r) and soluধon viscosity (ν).



Figure A.6: Structural properধes of fiber muscular thin films (fMTFs). a) Thickness of fMTF measured by opধcal
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. c) Confocal im-
munofluorescent microscopy image of C2C12 cell layer in fMTF ađer 7 days in culture. Nuclei stained for DAPI are
visible in blue. Scale bar, 50 μm. Error is reported as SEM. * indicates p <0.05.



Figure A.7: Mechanical properধes of a) pressed nanofiber sheets and fiber sheets embedded in 20μm 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) ađer uniaxial tensile tesধng. n = 3 producধon runs per
condiধon. Error is reported as SEM.



Figure A.8: The area of the inflaধng channel increases nonlinearly with applied pressure.

+φ −φ

inset



Figure A.9: The burst pressure of fiber-reinforced actuators is greater than that of silicone-only actuators. n = 5
actuators for each condiধon.
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Figure A.10: Schemaধc showing layups of a sample composite laminate and of a nanofiber-reinforced sođ actuator
(cross-secধonal view shown). a) A generic composite laminate with thickness T and arbitrary fiber angles+φ and
−φ. Inset: Cross-secধonal view of lamina. b) Layup and cross-secধonal views of nanofiber-reinforced sođ actuator
at rest and when pressurized. The hollow internal channel used to pressurize each actuator is shown in black; since
the area of this secধon 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 z1 and z2, respecĤully. Fiber
orientaধon angle is denoted as φ.
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Figure A.11: Maximum actuator twist angle as a funcধon of fiber orientaধon. Agreement between theoreধcal and
empirical results is examined by varying the Young’s modulus of a) the elastomer matrix (E ) and b) the nanofiber
sheet (E ).
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Figure A.12: An ROV pilot aħempts to grasp an acorn worm using foam-ধpped squishy robot fingers. a) The fingers
are posiধoned 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 Insধtute.



226

227,228

229

230,231,232

232 233,234

F

F = −ρ | w | A

ρ w

A | w |

f V

f V A D D− . D . D .

232

◦



−

F = C
ρV

A

C ρ V A

C = . A

◦ −



Figure A.13: The threshold at which the drag force from the water overcomes the gripping force applied by the sođ
actuators is roughly nine ধmes the operaধonal speed applied during empirical tesধng (0.080 m s−1). The target
object, a plasধc jellyfish, is approximated as a solid hemisphere (shown in blue).
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Figure A.14: a) Diagram of a two-dimensional simplificaধon 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.
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