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Abstract

®

CrossMark

Soft pneumatic actuators are promising candidates for micro-manipulation and delicate
gripping due to their wide range of motion and ease of fabrication. While existing elastomer-
based devices have attracted attention due to their compliant structures, there is a need for
materials that combine flexibility, controllable actuation, and robustness. This paper bridges
this capability gap by introducing a novel fabrication strategy for nanofiber-reinforced soft
micro-actuators. The design and manufacturing of composite PDMS/nanofiber actuators using
soft lithography and rotary jet spinning is described. We examine the impact of lamina design
and fiber orientation on actuator curvature, mechanical properties, and pressurization range.
Composite actuators displayed a 25.8% higher maximum pressure than pure PDMS devices.
Further, the best nanofiber-reinforced laminates tested were 2.3 times tougher than the control
PDMS material while maintaining comparable elongation. Finally, bending and bending-
twisting are demonstrated using pristine and laser-patterned nanofiber sheets, respectively.
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1. Introduction

Over the past two decades, flexible fluidic actuators have
gained prominence for their ability to conform to irregular
shapes, deform with high curvature, exhibit smooth motions,
interact with soft materials, and grasp micro-scale objects
[1-5]. Soft pneumatic micro-scale actuators have recently
been developed for use in minimally invasive surgery [6-9],
tactile sensing [10], delicate gripping and micro-manipula-
tion [11-13], and locomotion [1, 14]. Unlike conventional
rigid devices, soft actuators facilitate gentle handling using
elastomeric materials (e.g. polydimethylsiloxane) [4, 15] or
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hydrogels [16]. Micro-scale soft actuators may be classified
according to their expansion method, namely: membrane
deflection (figure 1(a)), bellows expansion (figure 1(b)),
balloon inflation (figure 1(c)), or contraction-based artifi-
cial muscles (figure 1(d)) [2]. Currently, state-of-the-art soft
micro-actuators are fabricated using processes such as soft
lithography, dip-coating, casting, and additive manufacturing
[11, 13, 17, 18]. The bending modes of balloon-type micro-
scale actuators manufactured through these methods are
controlled by varying the air channel angle [19, 20], thick-
ness or elastic modulus of layers surrounding the channel [9,
21-23], and device geometry [12, 13]. However, the curvature
and full actuation pressure of elastomer-based micro-actua-
tors are limited by the thickness of the strain limiting layer
[17]. Reinforcing soft actuators with a strain limiting fiber has

© 2018 IOP Publishing Ltd  Printed in the UK
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Figure 1. Classification of soft actuators. (a) Membrane deflection. Reproduced from [43] with permission of The Royal Society of
Chemistry. (b) Bellows expansion. Scale bar: 1 mm. Reprinted from [11], Copyright 2015, with permission from Elsevier. (c) Balloon
inflation. (d) Contraction-based artificial muscles. Reprinted from [27], Copyright 2017, with permission from Elsevier.

successfully bridged this capability gap for larger, centimeter-
scale pneumatic actuators [24-27]. Fibers are an effective
reinforcement layer for fluidic actuators because: (1) their
inherent anisotropy facilitates directional control of actuator
bending and mechanical properties, and (2) their flexibility
and porosity are compatible with existing soft lithography
techniques. However, yarn and woven fiber-based reinforce-
ments 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 significantly increasing the actuator size,
reducing compliance, or impairing its interaction with deli-
cate objects.

Nanofibers are a promising reinforcement material for soft
micro-actuators due to their flexibility, high specific strength,
customizable size and mechanical properties, and ease of
processing [28, 29]. Nonwoven nanofabrics have previously
been established as a basis for a wide range of applications,
including: tissue engineering scaffolds [30, 31], artificial mus-
cles and bio-actuators [32, 33], filtration membranes [34, 35],
flexible sensors [36, 37], and textiles [38]. 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 orientation [39-42]. Despite
their compliance, robustness, and controllable morphology,
nanofibers have not yet been integrated into soft robotic
devices.

Here, we present a novel fabrication process that
combines rotary jet spinning and soft lithography to manu-
facture nanofiber-reinforced pneumatic PDMS actuators.
Incorporating a nanofibrous strain limiting layer increases
toughness and modulates curvature without increasing the

overall thickness of the actuator. Moreover, by leveraging
lithographic processes designed for microscale manufac-
turing, we can repeatably construct soft actuators with 30 pm
feature sizes. Furthermore, we examine the influence of layer
design and nanofiber orientation on actuator curvature, bulk
mechanical properties, and actuation pressure. To gain addi-
tional insight into the system and to predict actuator curvature
as a function of pneumatic pressure, a quasi-static analyt-
ical model is derived. Finally, we demonstrate 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 designs, while
displaying comparable elongation. We found that nanofiber-
reinforced platforms exhibit lower curvature than PDMS-only
devices, and that the analytical model predicts experimental
trends for both categories of micro-actuators.

2. Experimental methods

2.1. Nanofiber fabrication using rotary jet spinning

Nonwoven nanofiber sheets were manufactured using
rotary jet spinning, following a previously reported protocol
[31, 39]. 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 a rate of Sml
min~! (figure 2(a)). The resulting nanofiber sheets were col-
lected 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
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Figure 2. (a) Schematic of the fiber fabrication process using the rotary jet spinning system, post-processing using a hydraulic press [46],
and a scanning electron micrograph of 6 wt./v% Nylon/Polyurethane (1:1) nanofibers, (b) average diameter and (c) porosity of as-spun,
pressed, and pressed/heated nanofiber sheets. n = 3 production runs per condition, One sample/run, three random fields of view/sample.

Error is reported as SEM. * indicates p < 0.05.

subsequent soft lithography process. Each sheet was pressed
for 10min at 3000 Ibs (applied over an area of 132cm?) and
50 °C using a laboratory hydraulic molding press (Carver
Laboratory Press, Wabash, IN).

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(a)). Next, a PDMS
layer was spin coated at 100 rpm onto an unpatterned silicon
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 200rpm, thermally
cured for 30 min, and removed from the wafer (figure 3(b)). At
this stage, the soft lithography-based workflow can be easily
adapted to construct other laminate configurations. In addition
to the three-layer (air channel, passive PDMS layer, 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 30 min
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Figure 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.

cure stage. The fabrication process for three- and four-layer
actuators was identical following this step: the patterned and
unpatterned layers were irreversibly bonded together using
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Figure 4. (a) Illustration of at-rest and inflated three-layer actuator. The left end of the actuator is fixed, while the distal end moves freely.
Isotropic view and cross-sectional schematic of the distal tip of an inflated 3-layer composite actuator. Cross-sectional diagrams and
scanning electron micrographs of (b) PDMS, (c) Three- and (d) four-layer laminates. Scale: 200 pm.

an oxygen plasma treatment (65W for 30s). The resulting
composite actuators were machined in the desired geom-
etry using a custom DPSS laser, then removed from the bulk
sheet (figure 3(c)). 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.

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 pressur-
ized 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 inextensible, and (7) gravity is neglected during actuator
bending.

Here, a pressurized micro-actuator was considered to be a
clamped-free cantilever beam (figure 4(a)), and modeled as
an incompressible Neo-Hookean material. The assumption of
incompressibility yields the following invariant relationship
between the three principal stretch ratios (A1, A2, A3):

Atdas = 1. (1

The longitudinal stretch was represented by \; = %, in which

Lindicates 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 (\;)
and axial (\3) stretches can be related as A3 = /\% Further, cir-
cumferential stretch was defined as A\, = ﬁ, where s denotes
the arc length of the inflating air channel and 2a indicates the
width of the inflated channel. Using geometry,

N

Ay = % )
ro
=2 3)
r . a
= — arcsin —. 4)
a r

Here, r represents the radius of curvature of the circular
sector. Next, the axial stretch was defined as \; = %, in which
T represents the thickness of the upper channel membrane
prior to inflation (measured using scanning electron micros-
copy as 0.103 mm), and ¢ is the thickness of the inflated air
channel membrane. Using the incompressibility condition, we
can express both A3 and ¢ in terms of \:

t 1
)\ = —_- = —
ST ©)
t=MT (6)
. aT
"~ rarcsin g 0

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
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pressure (P) was calculated by equating the hoop stress
of a thin-walled cylindrical pressure vessel in terms of the
applied pressure (o, = ?) and the principal stretch ratios

(02 = (A3 = \9)):

2 2
P = H% ((r arcsin a) — <r1a> >
r Zarcsin ¢ \ \ a r * arcsin ¢
(®)
In this expression, u represents the shear modulus of the
PDMS membrane. For the purposes of this analysis, we
assume E;, = 3u (where Ey, is the membrane Young’s mod-
ulus) 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 inflec-
tion point, the Young’s modulus of PDMS samples is greater
than 1.2 MPa. [44] As the thickness of the inflating membrane
is within this range, we assume E,, = 1.2 MPa for equation
(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:

1 M

= )
P EIi + EmIm

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, E,, is the Young’s modulus of the
inflating PDMS membrane, I, is the area moment of inertia
of the membrane, and M is the bending torque of the actu-
ator due to air pressure on the distal cap. The Young’s moduli
of 3 wt./v% nylon / 3 wt./v% polyurethane nanofiber sheets
embedded longitudinally and transversely in 20 pm PDMS
layers were measured to be 1.499MPa and 0.741MPa,
respectively (supplementary figure 1(a) (stacks.iop.org/
IMM/28/084002/mmedia)).

The area moment of inertia for the composite laminate
structures can be calculated using a parallel axis theorem:

!
=Y (I + Ady). (10)
i=1

In this expression, /; is the moment of inertia for an individual
layer, A, is the layer’s cross-sectional area, and d; is the dis-
tance 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 actu-
ator. The moment of inertia for rectangular layers of PDMS
and nanofibers was calculated using the following equation:

bih}

I =—
12

in which b; and h; represent the width and height, respec-

tively, of a given layer in a laminate. For composite laminates

with disparate elastic moduli, the width of the stiffer layer is

typically scaled using an expansion factor, n = E—;, in which

+ bihid; (11)

E, < E,. Thus, the width of the nanofiber layer was deter-
mined by multiplying the expansion factor n = % by the
measured width of the fiber lamina. The inflated air channel
was considered to be a hollow circular sector, and its area
moment of inertia was calculated as follows:

o sin o cos a
Z(R4 — 7'4)(1 — T)

I = (12)

In this equation, « is one half the circular sector angle, and
R and r denote the outer and inner radii of curvature of the
inated channel, respectively (figure 4(a)) [45]. Thus, I, was
calculated using equations (10) and (12). Using equations
(9)—(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 (M) was
calculated. Based on assumption (4), the bending moment is
constant along the longitudinal axis of the actuator. In this
analysis, M was derived with respect to the cap (figure 4(a))
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 pres-
sure (P), the summed cross-sectional areas of the inflated
channel and the original area of the air channel (Aj,), and the
lever arm of the inflated area with respect to the total actuator
centroid (d,):

M = PAind,,. (13)

We assume that the cross-sectional area of the inflated sec-
tion 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 with respect to the total device length. Using
this analytical framework, the actuator curvature was calcu-
lated as a function of pressure and compared with empirical
results.

2.4. Nanofiber image analysis

Nanofiber samples were affixed to carbon-taped scanning elec-
tron microscopy stubs, and subsequently sputter coated using
a Pt/Pd target (Denton Vacuum, Moorestown, NJ). Coated
stubs were imaged using a field emission scanning electron
microscope (Carl Zeiss, Dresden, Germany). Image 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.

2.5. Mechanical characterization of composite actuators

Rectangular samples of PDMS (length = 20mm, width =
10mm), monolithic nanofabrics coated in 20 pm PDMS
(Iength = 20mm, width = 10mm), and composite PDMS-
nanofiber laminates (length =20mm, width = 0.78 mm)
were laser cut from bulk samples. For fibrous materials, 2mm
on either side of each sheet was sealed using epoxy and tape to
prevent slippage of fibers in the Instron clamps. Using a uni-
axial tensile test (Instron 5544A, Norwood, MA), specimens
were extended in air at a rate of 8mm min~! until failure.
Before each run, the gauge length, width, and thickness of
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Figure 5. Analytical and experimental results for the curvature of (a) PDMS-only, (b) Three-layer composite device with nanofibers
parallel to actuator, (c) Three-layer composite with nanofibers perpendicular to actuator, and (d) Four-layer composite with nanofibers
parallel to actuator. n = 2—3 actuators per condition. All error is reported as SEM.

each sample were recorded using a micrometer. Following the
measurement, materials were weighed; uniform density was
assumed for each sample.

2.6. Actuator bending characterization

The curvature of composite micro-actuators was recorded in
air. First, each actuator was fixed at a distance of 12cm 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 0.1 bar; the resulting
images were analyzed using Fiji.

3. Results and discussion

3.1. Nanofiber characterization

Prior to assembling the composite micro-actuators, we exam-
ined whether fiber post-processing steps (e.g. compression
molding and heating) alter the fiber diameter or porosity of
nanofiber networks. First, nanofiber sheets were manufac-
tured via rotary jet spinning (figure 2(a)), as described in
section 2.1. Average fiber diameter (figure 2(b)) and fabric
porosity (reported in figure 2(c) as the fiber area fraction)
were measured for as-spun nanofiber sheets, and compared
to those of samples that had been pressed, and both pressed

and heated. Samples were heated for 30 min at 75°, to simu-
late the conditions under which PDMS is cured. While neither
post-processing step significantly 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 nanofiber layers.
The lack of damage to fiber sheets during post-processing con-
firms our capability to regulate fiber morphology during the
nanofiber manufacturing processes, and the ability of nano-
fibers to withstand post-processing steps for soft lithography.

3.2. 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
curvature and pressurization range. Composite actuators were
fabricated using a four step method, detailed in section 2.2 and
illustrated in figure 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 (air channel, passive
PDMS layer) were fabricated using only PDMS (figure 4(b)).
Three-layer actuators featured the fiber sheet as the outer layer
of the device (figure 4(c)), while four-layer actuators incor-
porated an additional PDMS layer around the nanotextiles
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is reported as SEM.

(figure 4(d)). To understand the impact of fiber orientation on
actuator bending, nanofiber sheets were positioned at either 0°
or 90° relative to the longitudinal axis of three-layer actuators.

Using the analytical framework discussed in section 2.3,
actuator curvature was modeled as a function of pressure and
compared to empirical data. All actuators were pressurized
from rest (0 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 (con-
stant 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 5). Figure 5(a)
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 (supplementary
figure 2), as well as the balance between membrane thinning
and material stiffening during inflation [47, 48]. As the air
channel is pressurized, curvature will first increase rapidly as
the elastomeric membrane inflates 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. Similar trends are evident for three-layer

composite actuators with nanofibers oriented parallel (figure
5(b)) and perpendicular (figure 5(c)) to the longitudinal axis,
and four-layer actuators with parallel fibers (figure 5(d)). 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 acc-
uracy of analytical predictions by accounting for membrane
stiffening during inflation (i.e. determining the instantaneous
Young’s modulus rather than assuming E,, = 3u.

Figure 6(a) compares the pressure-curvature relationship
for PDMS-only and three-layer fiber-reinforced micro-actua-
tors. 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 composite actuators with parallel (Young’s
modulus: 1.4992MPa) and perpendicularly (Young’s mod-
ulus: 0.741 MPa) 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 6(b)). Experimentally, actuators with
fibers oriented at 90° (labeled perpendicular) begin inflating
at a slightly higher pressure, as compared to those with fibers
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specific elastic modulus, and (d) elongation of three- and four-layer composite actuators, nanofiber sheets embedded in a 20 ym PDMS
layer, and pure PDMS actuators. n = 3 samples per condition. All error reported as SEM. x* indicates p < 0.05.

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 sensi-
tive to applied pressure and experience more deflection for a
given pressure. Decreasing stiffness of the strain limiting layer
in the bend direction shifts the laminate’s centroid upwards
toward the inflating membrane, thus inhibiting bending at low
pressures. Moreover, the orientation of nanofibers orthogonal
to the air channel potentially stiffens the inflation 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 6(c). While both devices
initiate bending at a similar pressure, three-layer devices dis-
play slightly higher curvature under moderate pressure, and
four-layer actuators sustain significantly higher pressuriza-
tion 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 6(d) displays the pres-
sure-curvature relations for all four actuator varieties.
Overall, all composite actuator designs displayed a sig-
nificantly larger curvature compared to pure PDMS actuators.
Moreover, composite designs were able to withstand up to
30% higher pressure before failure (rupture at the side of the
channel). The average maximum pressurization of fiber-rein-
forced actuators was between 2.5-3.25 bar, on par with that of

existing elastomer-based micro- [18, 23] and centimeter-scale
pneumatic actuators [49]. This range of maximum pressure
is approximately 3—12 times higher than recently proposed
PDMS actuators fabricated using 3D printing (0.95 bar) [11],
soft lithography (0.25 bar) [4], spin coating (1 bar) [20], and
inverse-flow injection (1 bar) [50]. 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 extending the
pressurization range.

3.3. Composite structure influences bulk mechanical
properties

On the macro- and mesoscale, it is well known that incorpo-
rating comparatively stiffer reinforcement fibers in a compliant
matrix increases bulk strength and toughness by transferring
tensile load from the matrix to the reinforcement material [26,
51-53]. We expected to observe a similar trend by reinforcing
micro-scale PDMS actuators with nanofiber sheets. To under-
stand 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
(supplementary figure 1(b)).

Both three- and four-layer actuators reinforced by par-
allel nanofibers displayed higher toughness (figure 7(a)),
specific ultimate tensile strength (figure 7(b)), and specific
elastic modulus (figure 7(c)) than pure PDMS. This increased
stiffness explains, in part, the lesser curvature of composite
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Figure 8. Composite micro-actuators exhibiting (a) pure bending, and (b) bend-twist coupling. (c) Laser-inscribed pattern of bend-twist
actuator. (d) Twist angle as a function of pressure. Error reported as SEM. n = 2 actuators.

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 configu-
rations. Furthermore, unlike four-layer constructs, three-layer
laminate devices maintained the elongation of pure PDMS
(figure 7(d)). 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 tough-
ness while preserving desired extensibility of elastomer
actuators. Based on these results, 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
(supplementary figures 1(c) and (d)). As the composite sheet
was extended to failure, cracks formed normal 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
[54]. It is also possible that the high surface area of nanofibers
resists de-bonding of the fiber layer from the surrounding
matrix.

3.4. Regulating actuator bending using nanofiber orientation

After demonstrating that nanofiber-reinforced composite
actuators bend controllably under pneumatic pressurization
(figure 8(a)), 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 actu-
ator depends upon fiber orientation [24, 25, 55]. Similarly,
Finio et al demonstrated that the maximum twist of a piezo-
electric micro-actuator occurred when the anisotropic fibrous
laminate was oriented at 45°; zero twist and torque were
present at 0° or 90° [56]. 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 uni-
form 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 8(b)). This approach was
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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 8(c)).
A three-layer actuator was prepared using the soft lithog-
raphy process described in section 2.2. The sub-laminate
containing the laser-cut fiber sheet was plasma bonded to
the patterned 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, further optimization will be
the subject of future exploration. The twist angle of bend-
twist coupled composite actuators as a function of pressure
is shown in figure 8(d) (device was not tested to failure).
This preliminary study suggests the potential for using laser
patterning to combine multiple actuation modes on the
micro-scale. Future studies will build upon this principle to
generate multiple curvatures in a single actuator by varying
fiber orientation.

4. Conclusion

We have developed a nanofiber-reinforced soft micro-actuator
using a novel manufacturing process combining soft lithog-
raphy and rotary jet spinning. To our knowledge, this is the
first study of polymer nanofibers as a strain-limiting layer
for micro-actuation. Our results indicate that the mechanical
properties and curvature of composite micro-actuators are
impacted by nanofiber layer location and bulk fiber orien-
tation. Three-layer fiber-reinforced devices were 2.3 times
tougher than pure PDMS, while simultaneously preserving
the elongation of the elastomer. Although composite actuators
can be pressurized up to 30% higher than pure PDMS devices,
no delamination is observed between the strain limiting nano-
fiber sheet and the PDMS matrix. Finally, by incising an
angled pattern into monolithic nanofiber sheets, bend-twist
coupling can be achieved for three-layer actuators. Future
work will focus on improving analytical modeling to account
for varying membrane elasticity throughout inflation, and to
capture variations in nanofiber orientation by expanding our
laminate plate theory model. These results, in tandem with the
customizability of nanofiber-reinforced micro-actuators, will
enable more precise control of composite actuator motion.
This concept can be extended past cantilevered beams to
composite sheets or plates that can be designed to fold into
three-dimensional shapes by regulating fiber orientation and
air channel position. Thus, nanofiber-reinforced soft fluidic
actuators can be leveraged across a variety of applications,
including manipulating tissue, interfacing with surgical tools,
operating in confined domains, and grasping fragile objects.
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