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Powering miniature robots using actuating materials that mimic skeletal muscle is attractive because convention-
al mechanical drive systems cannot be readily downsized. However, muscle is not the only mechanically active
system in nature, and the thousandfold contraction of eukaryotic DNA into the cell nucleus suggests an alterna-
tive mechanism for high-stroke artificial muscles. Our analysis reveals that the compaction of DNA generates a
mass-normalized mechanical work output exceeding that of skeletal muscle, and this result inspired the develop-
ment of composite double-helix fibers that reversibly convert twist to DNA-like plectonemic or solenoidal super-
coils by simple swelling and deswelling. Our modeling-optimized twisted fibers give contraction strokes as high
as 90% with a maximum gravimetric work 36 times higher than skeletal muscle. We found that our supercoiling
coiled fibers simultaneously provide high stroke and high work capacity, which is rare in other artificial muscles.

INTRODUCTION

Miniaturization of robotic systems is hampered by conventional
mechanical drive systems that are difficult to downsize without loss
of performance (I). Artificial muscles are seen as viable actuators
when size and space are limited because these materials act by
direct-drive mechanisms, they have uncomplicated structures, and
their performance can be scale independent. Artificial muscle mate-
rials can be configured to generate tensile (2), bending (3), or tor-
sional responses (4), and all have found application in prototype
robotic devices (4-6). Tensile artificial muscles are often bench-
marked against mammalian skeletal muscle with high stroke, fast
response, and high work and power densities as the most desirable
characteristics (7). However, muscle is not the only mechanically
active system found in nature, and here, we draw inspiration from
DNA supercoiling, where the double helix bends and folds into
higher-order structures with a concomitant reduction in end-to-end
length as an alternative mechanism to inspire high-performance
artificial muscles (Movie 1).

DNA is one of the stiffest and longest natural polymers, yet in
eukaryotic cells, centimeters of DNA are condensed to fit into the
micrometer-sized cell nucleus. Such packing is achieved in part through
a series of orchestrated supercoiling events (8) as can be induced by
exposing the DNA to intercalating dyes (9-13). Here, we evaluate
experimental data of Gunther ef al. (13) from experiments on a sin-
gle 11.3-kilo-base pair plasmid DNA molecule, where supercoiling
by intercalation at a binding concentration of 0.1 dye per base pair
caused plectoneme supercoiling and the end-to-end length to de-
crease by ~3 um when subjected to a constant tensile force of 0.5 pN.
This contraction equates to a stroke of more than 80% of the con-
tour length and a contractile work of 1.5 x 10™'® J, which is a gravi-
metric work of contraction of 0.123 ] g”' based on an average base
pair molecular weight of 650 g mol™* or 0.103 J g when the mo-
lecular mass of the dye is included. The mass normalized work ca-
pacity of this supercoiling DNA is more than two times higher
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than that of skeletal muscle (7) and suggests supercoiling as a po-
tent mechanism for powering high-stroke artificial muscles.
Understanding how intercalation induces supercoiling in DNA
can provide a guide for developing biomimetic artificial muscles.
Intercalating dye molecules stack between n-n base pairs in double-
stranded DNA, causing unwinding when the DNA ends are torsionally
unrestrained (11) or supercoiling when the DNA is tethered against
rotation (12). In the latter, the DNA molecule becomes torsionally
energized, with the elastically stored torsional shear energy increas-
ing with the square of the blocked free-end rotation. A buckling
transition can ensue by converting twist to writhe with a loop form-
ing in the molecule to give a net lower potential energy. The same
fundamental mechanics describe the snarling of textile fibers and
hockling of cables and are easily demonstrated by twisting an elastic
fiber and bringing the ends toward each other (Fig. 1). Plectonemes
are produced as the fiber plies around itself after initial loop forma-
tion (Fig. 1A) or if higher axial loads are applied the loops stack into
solenoids (Fig. 1B). Plectonemes have been observed in surface-
tethered DNA molecules when treated with intercalating dyes (12),
and a closely related phenomenon occurs in closed circular DNA

Movie 1. Overview of supercoiling muscles with demonstration actuated
microtools.
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Fig. 1. Examples of supercoiling fibers produced by twist insertion or by swelling. An elastomeric fiber is twisted at a low tensile load to form plectonemes (A) or at
high load to form solenoids (B) or twisted and joined to form a loop (C). A series of photomicrographs in (D) show a twisted bundle of electrospun and cross-linked PAA
nanofibers attached at both ends to a glass slide and immersed from dry in acid (pH 1.5) and then base (pH 10) solutions to form plectoneme. Scale bar, 0.52 mm. Photo-
graphsin (E) to (G) show a composite sample prepared from two polyester threads plied and infused with cross-linked PAA, swollen in acid solution, and joined into a loop
(F) and when fully dried (E) and after immersion in base (G). A similar sample prepared with two different colored threads is shown in the as-prepared dry state (H), after
free swelling in acid (I) and base (J) and in base with the ends tethered against torsion and with a constant isobaric stress of 200 kPa (K). Scale bar, 1 mm (H to K).

(14), as reproduced in Fig. 1C, where a twisted elastic fiber was joined
into a loop and allowed to relax to a plied plectoneme.

The large-scale unwinding of DNA by intercalators is also seen
in highly twisted textile yarns in response to volume expansion caused
by solvent absorption, heat, or electrochemical charging (4, 15-23).
However, there have been no previous reports of swelling-induced
supercoiling in macroscopic fibers. Here, we introduce actuators that
demonstrate reversible interchange between extended linear and
supercoiled topologies. Through experiment and application of
kinematics, we exploit scaling effects and manipulate boundary con-
ditions to develop supercoiling muscles with high stroke, high work
density, and fast and stable responses. These supercoiling muscles
are fundamentally different from recent demonstrations of coiling
in macroscopic ribbons and fibers (24-28) where at least one end of
the ribbon or fiber was free to rotate so the mechanical work output
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was zero. Our supercoiling muscles also differ from twisted and coiled
tensile actuators (29) because these systems retain a supercoiled
structure in both their extended and contracted states.

RESULTS

Our first experiments used twisted yarns of several tens of microm-
eters in diameter that were made from electrospun cross-linked
poly(acrylic acid) (PAA) and were swollen in aqueous solutions of
either high or low pH with the yarn ends adhered to a glass slide.
PAA is a pH-sensitive hydrogel, and initial swelling of the dry fiber
in acid solution generated a plectoneme loop that added more turns
with further swelling in base (Fig. 1D and movie S1). These additional
plectoneme turns dissolved when the yarn was deswollen in acid,
demonstrating the reversibility of the swelling-induced supercoiling.
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Similar to DNA, the swelling of the PAA yarns with one yarn end
torsionally unconstrained confirmed a high degree of untwisting
and lengthening. The torsional stroke was 350° mm ™" (fig. S1) or
about 50% of the initially inserted twist, and the yarns also increased
in length by 20% during untwisting. The combined lengthening and
untwisting contributed to plectoneme formation when the yarn was
fixed at both ends.
The handedness of the supercoiled plectonemes is governed by
the Calugareanu (30), White (31), and Fuller (32) relation
Ly = Ty+ W, (1)
where Ly is called the linking number and represents the number of
times the yarn end is rotated, T is the twist or number of turns in
the yarn, and W, is the writhe that is related to the out-of-axis bending
and the number of crossings the yarn makes with itself. Torsionally
tethering the yarn by attaching to a substrate or by forming the yarn
into a single loop means that Li must be conserved. In such circum-
stances, any change in T,, must be matched by an equivalent change
in W, but of the opposite sign. Writhe is a directional property so
that plectonemic and solenoidal supercoils having the same writhe
will have opposite chirality (14). This curious feature is illustrated in
Fig. 1, where the plectonemes introduced by twisting the elastic fiber
at low tension are the opposite hand to the twist direction, whereas
the solenoids formed at high loads have the same handedness as the
inserted twist. It is then apparent using this framework that the ap-
pearance of left-handed plectonemes by swelling of the right-hand
twisted PAA yarn is positive writhe arising from yarn untwisting. The
same phenomenon occurs by intercalation of DNA where plectonemes
of opposite chirality arise from partial unwinding of the molecule.
Because the PAA nanoyarns could not sustain high tensile loads
without fracture, we next developed high-strength hydrogel com-
posites using textile fibers as reinforcement. Most testing was per-
formed on plied composites formed by twisting two polyester threads
infused with cross-linked PAA. Reversible supercoiling was con-
firmed by first mimicking plectoneme formation in circular DNA. The
example of Fig. 1 (E to G) (and movie S2) used a composite fiber
swollen in acid solution with free untwist and then formed into a
relaxed loop secured with a small amount of adhesive. Additional
swelling in base generated plectonemic supercoils with a left-handed
chirality, confirming the further untwisting of the right-hand
twisted composite fiber. This supercoiling was eliminated by im-
mersion and deswelling in acid, and the continued volume contraction
and uptwist on drying generated a new right-handed plectoneme. A
composite fiber prepared with contrasting colored threads illustrates
the twisted double helix of the two-ply structure in the dry state (Fig. 1H)
and after free swelling in acid (Fig. 1I) and base (Fig. 1]). Torsionally
tethering an identical sample in the dry state but allowing it to con-
tract in length produced a multiple-loop plectoneme (Fig. 1K and
movie S3) when immersed in base and where sufficient space per-
pendicular to the fiber was available to allow unimpeded plectoneme
growth. This supercoiled structure remained stable for as long as
the sample ends were restrained against rotation. The isobaric con-
traction strain for this sample at an applied tensile stress of 200 kPa
was 70.5% of the dry length, and the gravimetric work of the con-
traction cycle was 0.2 and 0.04 ] g* based on the sample dry mass
and fully swollen mass, respectively. Even this nonoptimized sample
generated impressive actuation, with up to three times higher stroke and
at least equivalent work capacity of mammalian skeletal muscle (7).
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Modeling of swelling-induced supercoiling

Exploiting this supercoiling phenomenon to drive high-work
capacity artificial muscles was guided by kinematic theory. We first
developed a geometrical analysis to predict untwist by free swelling
of our composite fibers (Fig. 2). Swelling in the direction perpendic-
ular to the fibers was assumed to be the same as the one-dimensional
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Fig. 2. Torsional actuation in polyester-PAA composite fibers. (A) Two-dimensional
representations of plied composites where the cylinder defined by the center-
line of one thread in the composite is conceptually cut along its long axis and
rolled out to a rectangle. Left: The geometry of one turn in the plied sample before
swelling is shown by the black rectangle with diameter d}, and pitch py. Center:
Swelling occurs perpendicular to the thread direction along line a, whereas con-
traction occurs along the thread direction shown by lines x and y to distort the
original rectangle to the blue parallelogram. Right: The red rectangle represents
the opened-up two-dimensional view of the swollen cylinder. The new sample di-
ameter and pitch are indicated by d}, and py, respectively. The helix angle changes
from o to @', and the helix path length increases from x +y to y(x +y) + zwhere y is
the ratio of the thread length after swelling to the dry thread length. (B) Images of
two-ply composite samples with different starting inserted twists as indicated.
Each panel shows an image of the sample in the initial dry state (left) and after im-
mersion in acid (middle) and base (right). Samples were allowed to freely swell and
rotate without any applied tension or torque. (C) Torsional stroke after free swell-
ing of polyester-PAA composite fibers prepared with different inserted twists and
swollen from dry in base solution (pH 13). Measured (circles) and calculated tor-
sional strokes (square symbols) are shown. (D) Comparison of calculated and mea-
sured sample length after free swelling in base. Squares are calculated values
assuming no change in thread length, and circles are calculated values using the
measured thread length ratio of y=0.85. The dotted line indicates the dry length
and is included for comparison with the lengths after immersion in base. The
dashed line shows the equivalence between calculated and measured values.
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free swelling of the hydrogel matrix, which was A = 2.5 for cross-
linked PAA having a measured mass swelling ratio of 16.5 (=\3).
The dimensional change due to swelling along the fiber direction
was measured in a single PAA-impregnated polyester thread as
v = 0.85. As described in the Supplementary Materials (equations
S$26 to S36), the swelling-induced torsional stroke normalized to the
sample dry length is

1/2
1+ (2)°

tan o

[(Acos@)” + (ysin @)?] [1 + (ytﬁna)z]

TOZTY -1 (2)

where T is the initially inserted twist per dry sample length and o is
the initial twist angle at the fiber surface. Measurements confirmed
that free untwist increased in magnitude with inserted twist
(Fig. 2, B and C) with very good agreement between the measured
and predicted free torsional strokes, as was the prediction of the fi-
nal sample length (Fig. 2D). The composite sample prepared with
the highest initial twist of 1140 turns m ™' had a fractional torsional
stroke of —~65% or 250° mm ", which compares favorably with other
solvent-driven torsional actuators, including polymer-coated twisted
carbon nanotube yarns that generated a torsional stroke of 143° mm ™
or —55% of the initial twist (21).

Theoretical description of fiber length change due to supercoil-
ing was based on previous analysis of DNA molecules (33-39) and
long, slender rods in general (40-49). Detailed and sophisticated
numerical modeling described recently (49) provides comprehen-
sive analysis of supercoiling, but a simpler analytical approach was
used here to aid understanding of the underlying mechanisms. As
described in the Supplementary Materials, the fractional reduction
in muscle end-to-end length (AL) due to supercoiling by adding
twist (T,) at a constant tensile force (Fy) and when normalized to
the muscle contour length (S) is

gz(T_g B _B
S ° S)\2F, C

where B and C are the bending and torsional stiffnesses, respective-
ly, and twist is expressed in radians per muscle length. The compar-
ison of calculated and experimentally measured tensile actuation
strains is shown in Fig. 3A and fig. S2 for a typical composite sam-
ple. With further modification to account for self-contact and non-
coiling contributions to contraction, the calculated tensile strokes
were found to be in good agreement with measured values. Actua-
tion strains decrease in magnitude with increasing externally applied
load, because the twist needed to induce coiling increases and the
loop diameter decreases. The model predicts the elimination of coiling
at applied tensile stresses above 830 kPa, which is close to the exper-
imentally observed coiling limit of 1000 kPa. The model also predicted
the formation of a five-turn plectoneme at an applied stress of 180 kPa,
which concurs with the top microscopic image in Fig. 3B. Solenoids
form at higher loads when the coil diameter is reduced to the same
magnitude as the fiber diameter, as shown by the bottom micro-
scope image in Fig. 3B at 900 kPa and in movies S4 and S5.

The theory predicts that supercoiling contraction strains are
larger whenever the available twist (T,) increases (fig. S2D), as was
confirmed by experiments that show higher tensile strokes mea-
sured from samples prepared with more twist and similar diameters
(Fig. 3C). The larger torsional stroke generated from the swelling of

3)
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highly twisted samples has the main effect of extending the coiling
region to higher stresses with concomitantly higher actuation strokes.
The sample prepared with the smallest twist of 183 turns m™" did not
show any coiling actuation even when tested isotonically at a small
tensile force of 10 mN (53 kPa), whereas the sample having an initial
twist of 942 turns m ™' generated solenoidal supercoils even at stresses
up to 1000 kPa. A higher inserted twist generates a higher torsional
stroke on swelling so that more coils can form. In addition, a higher
twist reduces the ratio of bending to torsional stiffness (fig. S3) and
lowers the energy cost of bending so more supercoil turns can form.
The validated tensile actuation model was then used to investigate
scaling effects. As expected, the change in sample dry length had neg-
ligible impact on the tensile strain at any given isobaric stress (fig. S2B).
However, a change in sample diameter had a strong effect, with in-
creasing tensile actuation strain at a given tensile stress confirmed from
experiments where samples were prepared from different numbers of
polyester threads and twisted to the same degree (Fig. 3D). The model
predicted an increasing actuation strain in samples with larger start-
ing diameters (fig. S2C). This trend is expected because an increase
in swollen sample diameter increases the bending stiffness without
changing the ratio of bending to torsional stiffness, so that the twisting
threshold for first coil formation is reduced (equation S18). In addition,
an increased bending stiffness favors a larger coil diameter (equations
S$17 and S20), so the combined effects contribute to a larger coiling-
induced actuation strain in isotwist samples of increased diameter.
More twist can be inserted into fibers of small diameter; thus,
investigating whether higher performance supercoiling muscles
arise from higher twist/smaller diameter fibers or lower twist/larger
diameter fibers should be explored. The maximum twist that can be
inserted increases by twisting against higher tensile loads and is
capped by coiling at an applied stress limited by the material’s ten-
sile strength (o7). The critical twist for coiling depends on the sam-
ple length (S), diameter (d), and elastic moduli (E and G)
n , VEor

=5 46w
This relation shows that the maximum inserted twist (T = T,)
scales with the inverse of fiber diameter if the tensile strength is di-
ameter independent. The surface twist angle at this maximum in-
serted twist is also independent of diameter because tan o =
ndT. According to Eq. 2, the torsional stroke will now scale directly
with inserted twist and increase with the inverse of the sample di-
ameter. However, the increasing torsional stroke with decreasing
fiber diameter will be canceled by the reduced coil radius, so that
samples that are twisted to the maximum extent and swollen at
equivalent isobaric stresses should exhibit identical tensile strains
and work capacities. It has been noted, however, that materials of
smaller dimensions have higher tensile strengths, and it is yet to be
seen whether this feature could be exploited to insert higher twist
and produce enhanced supercoiling actuation.

(4)

Combining high stroke with high work capacity

Our composite polyester-PAA supercoiling muscles generated some
of the highest tensile strokes reported to date at 80% of the dry
length, which is at least double the stroke of mammalian skeletal
muscles (7). Similarly, high strokes of 70 to 80% have also been re-
ported from hygromorph muscles made from spring-like coils
(18, 50, 51). These twisted and coiled fibers also generate exception-
ally high torsional strokes of 600° to 1200° mm™' (18, 51, 52), so we
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Fig. 3. Tensile actuation in polyester-PAA composite fibers. (A) Tensile actuation strains measured at various isobaric stresses (symbols) and predicted from theory
(line). (B) Photomicrographs show the sample equilibrated in base solution at 180 kPa (top) and 900 kPa (bottom) with the scale bar equivalent to 0.4 mm. (C) Measured
actuation strains and work capacity as a function of isobaric stress for samples prepared with different inserted twists: 183 turns m™' (circles), 406 turns m™' (squares), and
942 turns m™' (diamonds). (D) Measured actuation strains and work capacity as a function of isobaric stress for samples prepared with different starting diameters:

0.27 mm (circles), 0.38 mm (squares), and 0.50 mm (diamonds).

investigated whether coiled fibers could generate sufficient torque
to produce coiled coil structures. A two-ply polyester-PAA ribbon
was overtwisted to form a solenoidal supercoil that was set by ther-
mal cross-linking. Swelling of this sample by immersion in base
solution generated a strain of 15 to 20% at isobaric stresses above
2000 kPa (Fig. 4A), which was due to the change of the intercoil
spacing through the untwist of the composite fiber (29). In addition
to this baseline actuation, a “high-gear” response with contraction
strains of up to 90% of the dry, unloaded length occurred at stresses
below 2000 kPa. The additional strain was due to secondary super-
coiling where the coiled fiber was further coiled into plectonemes.
The maximum work capacity of this sample was 1.45 ] g”' based on
the dry mass or 0.35 ] g”' when normalized to the fully swollen
mass. Given an enthalpy of protonation of PAA of ~3.7 kJ mol™’
(53), the maximum chemomechanical coupling efficiency is 14%.
The coiled coil contribution to the tensile stroke boosts the work
capacity of the muscle in the high-stroke regime, which is highly
unusual—work output ordinarily decreases toward zero with de-
creasing stress because the change in actuation strain cannot com-
pensate for the change in applied load. This typical behavior was
seen in our composites that were not coiled and for our coiled coil
samples when tested at stresses above 2000 kPa. Recent examples of
high-stroke hygromorphs (18, 50), as well as other actuators such as
twisted and coiled fibers (21) and electrohydraulic transducers (54),
all show the typical performance trade-off, with high stroke achieved
only with a low work output and high work corresponding to low
strokes. In contrast, our coiled coil muscles show an unusual peak
in the work output at intermediate stresses, giving strokes of ~70%
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while maintaining a high work capacity in excess of 1 J g'. The
onset of plectoneme supercoiling greatly enhances the contraction
stroke, with a doubling in stroke when the stress was reduced from
1500 to 1000 kPa. The increase in stroke in this regime more than
compensates for the reduction in load so that the work output
increased. At still lower stresses, however, the increased actuation
strain cannot compensate for the reduction in load so that work
output again declined.

Speed and stability of supercoiling muscles

The further practical utility of the supercoiling muscles was assessed
in terms of cycle lifetime and response time. Reversible large stroke
actuation and force generation were observed from multiple swell-
ing and deswelling cycles for a noncoiled composite sample (Fig. 4B
and fig. S4). The acid-base actuation was stable with a reversible
stroke amplitude of 35% that varied by less than 7% over 32 cycles.
To reduce actuation times, we prepared composite yarns of small
diameter by cotwisting electrospun bundles of PAA and polyacrylo-
nitrile (PAN) nanofibers. In the example shown in Fig. 4C, a multi-
turn plectoneme contracted to more than 90% of the dry length
when immersed in base and with an applied isobaric stress of 200 kPa.
The transition from acid to base solution occurred mostly within
the first 4 min with a contraction strain from acid of 66% and an
average contractile strain rate of 0.27% s . It is noted that an addi-
tional small contraction in length occurred during the transition
from base to acid solution that was caused by drainage of the bath
and brief exposure of the sample to air. In general, the length expan-
sion by hydrogel reprotonation by reimmersion in acid was always

50f10

920z ‘9z Ae|Al uo (noyzbuens)) ABojouyda | pue aduB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

>
s
8

Contractile actuation strain (%)
@
o
T

@
o
Work (J/g)

'S
=]
T

N
=]
T

0 . . . \ . 0.0
0 1500 3000 4500 6000 7500 9000
Stress (kPa)

50
B

40t ®

00 og
° LI TTYS (7Y
o
o 000 ee00e®®®® “Cogqe

= N w
=) =] S

Contractile actuation strain (%)

o

(@]
5
@
3

Contractile actuation strain (%)

acid
80 356 sec

60

|
!
{
ik

40+

20+

0M0 sec . . X
0 250 500 750
Time (sec)

31 sec
1000

250 1500
Fig. 4. High-work capacity, stable, and fast supercoiling artificial muscles.
(A) Actuation strains and gravimetric work capacities measured at various isobaric
stresses for a coiled two-ply polyester-PAA sample. Photomicrographs illustrate
the coiled coil plectoneme formation in base solution. Scale bar, 1.75 mm. (B) Actu-
ation strain amplitude measured by sequential immersion in acid (pH 1) and base
solutions (pH 13) over 32 consecutive cycles with photomicrographs showing the
sample after equilibration in each solution. Scale bar, 1 mm. (C) Time trace of actu-
ation strain during immersion of PAN-PAA twisted nanoyarns in base (pH 10) from
acid solution (pH 1.5) with photomicrographs taken at the indicated times.

faster than deprotonation in base (movie S6). For the electrospun
nanoyarns, an expansion of 63% occurred in only 24 s, giving an aver-
age expansion strain rate of 2.63% s '. The peak expansion strain
rate was up to 50% s~ when several plectoneme coils were removed
during only 1 s, as illustrated in movie S7, although this rapid ex-
pansion may be aided by the applied load or factors such as the sud-
den release of intercoil friction. For comparison, the hybrid carbon
nanotube twisted and coiled hygromorphs reported by Kim et al.
(50) generated an average contractile rate of 3.95% s~ when pre-
pared to a diameter of only 50 pm and when the dried sample was
exposed to high humidity. Reducing fiber diameter is a successful
means to increase actuation rate, but it comes with a reduced force
output. To overcome this limitation, we prepared simultaneously
fast and strong muscles by assembling a five-strand parallel PAA-
PAN array giving a stroke in excess of 60% with a fast response
(2% s™!) at an isobaric stress of 180 kPa (movie S8).

DISCUSSION
In summary, we report a new class of tensile artificial muscles that
operate by converting twist in straight fibers to writhe. Very large
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length contractions of up to 90% have been demonstrated with coiled
coils giving simultaneously high work capacity and high strokes.
The twist inserted and trapped in the fibers during manufacture
acts as a latent source of mechanical energy that can be activated by
swelling and restored by deswelling. These volume changes can be
induced chemically, as in the present study, or by other means, in-
cluding thermal, photonic, sorption, and electrochemical. The
supercoiling mechanism can operate in any composite fiber contain-
ing helically oriented reinforcing filaments and can be scaled from
molecular to macroscopic dimensions. To aid the development of
supercoiling muscles, we introduced a two-stage theoretical model
for the prediction of the torsional actuation of untethered fibers and
the length change when the same fibers were torsionally tethered.
The model correctly predicts scaling effects arising from inserted
twist and fiber dimensions and suggests that further improvements
in supercoiling muscle performance could be achieved in small-
diameter, high-strength twisted fibers. Further work can also consider
swelling kinetics for a dynamic model of the supercoiling muscles to
allow for enhanced control of these actuators in robotic systems.
The burgeoning interest over the past decade in soft robotics has
been accelerated by the introduction of new actuation systems that
provide useable mechanical outputs and are accessible to the wider
robotics community (55). Supercoiling muscles are expected to
provide further opportunities in the development of insect-like ro-
bots, wearable assistive devices, micromanipulators, and miniature
surgical tools. To assess their usability as micro-actuators we fabri-
cated miniature scissors and tweezers by 3D printing (fig. $6). With
attached short lengths of 2-ply composite polyester-PAA yarns, we
could demonstrate complete closing and reopening of the micro-
tools by successive immersion in base and acid solutions, respectively
(fig. S7). The supercoiling muscles share an inherently low cost and
ease of fabrication with twisted and coiled polymer fiber muscles, with
the latter being extensively adapted for a myriad of robotic applica-
tions since their introduction in 2014 (56-58). Supercoiling muscles
offer an additional ultrahigh strain regime that is inaccessible to twisted
and coiled muscles without sacrificing work capacity. Extending the
currently demonstrated chemoresponsive supercoiling muscles to
electrothermal devices using electrically conductive yarns and thermo-
sensitive matrices allows immediate adaptation to many soft robotic
applications. Furthermore, environmentally responsive matrices could
power supercoiling muscles for autonomous and self-powered de-
vices, such as controlled drug release in the gastrointestinal tract or
for humidity-controlled textiles in clothing to aid thermal comfort.
Unlocking the mechanisms used in nature provides continued
inspiration for advancing materials (59). Here, we observed that the
dynamic behavior of our composite fibers closely mimics the super-
coiling of DNA by intercalators. This phenomenon occurs without
the insertion of additional twist and differs from the common expe-
rience with cables and strings where writhe is produced by twisting.
Our systems may function as simple prototype educational aids or
even to assist in the further study of DNA. Our theory for the frac-
tional length changes by supercoiling was found to reasonably predict
the measured length of a single DNA molecule during twist inser-
tion at constant tension (fig. S5A), and our models of swelling-
induced torsion may be further developed to predict the unwinding
and overwinding of DNA by intercalators or metal ions. Supercoil-
ing processes also occur in other biological systems, including the
fast coiling of Vorticella’s stalk (60), twining of vines and plant ten-
drils (61), and protein action on neuronal microtubules (62). All of
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these examples incorporate helically oriented fibers that are stim-
ulated to coil by changes in volume and can inspire the further
development of synthetic systems for micromotors based on twist-
to-writhe conversions for a fascinating array of robotic actions.

MATERIALS AND METHODS
Sample preparation
The most commonly used sample was constructed from two poly-
ester threads infused with cross-linked PAA. The two-ply samples
were prepared by arranging the two polyester threads [100% spun
polyester sewing thread (Birch Haberdashery & Craft), supplied
as two-ply Z twist from staple fiber yarn] on a flat plastic board
and affixing the threads at both ends with adhesive tape with suffi-
cient tension to hold the threads straight. The threads were arranged
parallel to each other with a small separation of ~0.5 mm. Next,
a 10 weight % (wt %) solution of PAA (average molecular weight,
1,800,000 g mol ™ Sigma-Aldrich, Australia) in dimethylformamide
(Sigma-Aldrich, Australia) was injected to fill the gap between the
polyester threads, and the solvent was evaporated by oven heating
at 60°C. The injection of PAA solution was repeated, and the sol-
vent again evaporated. Twist was then inserted into the polyester-
PAA ribbon by first attaching metal hooks to the ribbon ends using
ultraviolet (UV)-curable adhesive. The length of the ribbon was
measured, and then the ribbon was suspended vertically from the
shaft of a DC motor. A weight was attached to the ribbon’s free end
with light contact with a vertical board to prevent weight rotation
during twisting. For a two-ply composite, the weight was 112 g, and
the tensioning weight was adjusted in proportion for other multiply
samples. Twist was inserted in a Z direction using the DC motor
with turns counted. The length of the sample was checked periodi-
cally during twisting to achieve the desired inserted twist, which
was the number of turns inserted normalized to the twisted sample
length. After twisting, the sample was removed from the DC motor
and transferred to a frame for oven curing. Tension was maintained
during transfer to the frame and after attaching the sample to the
frame to prevent coil formation. The samples were cured by cross-
linking the PAA with Jeffamine ED600 (Sigma-Aldrich, Australia) that
was incorporated into the PAA solution in a weight ratio of 3.6%
Jeffamine to PAA. The Jeffamine is O,0’-bis(2-aminopropyl) poly-
propylene glycol-block—polyethylene glycol-block—polypropylene glycol
with a molecular weight of ~600 g mol . After curing for the specified
time, the sample was removed from the oven and allowed to cool. At this
stage, the twist inserted in the sample was trapped by the cross-linked
PAA. The samples were stored at ambient laboratory conditions.
Samples were prepared for testing by cutting a small length (typ-
ically 10 to 40 mm) and attaching metal hooks to both ends with
UV-curable adhesive. This sample was then attached to a perspex
frame, and the sample was immersed in base solution (0.1 M NaOH
in distilled water) for 1 hour. Surface gel was then manually re-
moved, and the sample was immersed in acid solution (0.1 M HCI
in distilled water) for 20 min. The sample was then dried. The com-
posite fibers incorporated ~20 wt % PAA, and a PAA film cross-
linked in the same manner as the composites gave a mass swelling
ratio compared with the dry mass of 3.2 when immersed in 0.1 M
HCI acid solution and 16.6 when immersed in 0.1 M NaOH base
solution. Unless otherwise noted, the tensile stresses and strains are
reported with reference to the dry, unloaded diameter and length,
respectively.

Spinks et al., Sci. Robot. 6, eabf4788 (2021) 28 April 2021

Small diameter samples were also prepared from electrospun fibers
of PAA or composites of PAA and PAN (average molecular weight,
1,500,000 g mol *; Sigma-Aldrich, Australia). Aligned nanofibers were
first prepared by collecting the electrospun fibers as a film suspend-
ed between two rotating parallel disk electrodes (fig. S8). Periodically,
the film was collected into a bundle using a collector consisting of a
second stationary set of parallel disks. The proportion and final
diameter of the twisted bicomponent yarns could be controlled by
adjusting the electrospinning times. For example, a yarn with a dry
diameter of 106 um with a volume ratio of PAA to PAN of 2:1 was
prepared by electrospinning the PAA-ED600 mixture for 6 min and
the PAN for 1 min. The collected bundle was then twisted to 2000
turns m™" and thermally cross-linked at 130°C for 6 hours. Figure
S8C shows an electron micrograph of the prepared sample.

Tensile actuation and tensile stiffness

The tensile properties of the supercoiling muscles were evaluated by
loading and unloading in the dry state and after immersion in acid
or base solutions. The in-house-constructed tensile testing instru-
ment consisted of a rigid frame supporting a screw-driven crosshead.
The crosshead displacement was measured directly using a linear
voltage distance transducer (Solartron Metrology, model LVDT, 25 mm
range). A cantilever spring was attached to the crosshead, and the
cantilever supported a sample clamp. The position of the sample
clamp could be shifted along the length of the cantilever spring to
allow for adjustments in the force sensitivity. The displacement of
the cantilever spring at the clamping point was measured using a
noncontact laser displacement sensor (Panasonic HG-C1100) with
arange of 70 mm and a sensitivity of 4 um. Calibration of the testing
instrument was performed before all tests. The calibration first cor-
related the two distance sensors by moving the crosshead without
any sample attached to the cantilever spring. Next, the cantilever
spring was calibrated by attaching a series of known weights to the
clamp. A traveling microscope was used to measure the sample di-
mensions at various times during testing.

The tensile testing procedure involved both the measurement of
the tensile stiffness of the sample in each environment and the iso-
tonic stroke measurements as the environment was changed. The
full procedure commenced with the loading and unloading of the
sample in the dry state. Next, the sample was loaded to the desired
isotonic preload force, and the sample was fully immersed in acid
solution. The tensile force acting on the sample was kept constant
by adjusting the crosshead position. Loading and unloading of the
sample in acid were then followed by isotonic actuation from acid
to base by immersing the sample in base. Loading and unloading
the sample in base were then performed followed by reimmersion
in acid at the same or at a new isotonic force. Several complete iso-
tonic actuation cycles between acid and base solutions were per-
formed at different preloads. Figure S9 shows typical tensile test
results where pink, purple, and blue dashed lines in the figure rep-
resent the loading and unloading stress-strain curves for the sample
tested dry and after immersion in acid and base, respectively. It is
noted that a considerable loading/unloading hysteresis occurred for
the sample tested in base, and the hysteresis is associated with a
higher load to pullout coils than is needed to form coils (35, 41).
Four example isotonic test results are also shown in fig. S9A as hor-
izontal lines. Archetypal results are illustrated by the isobaric test at
800 kPa. The sample was loaded to 800 kPa in acid and then trans-
ferred to a base solution while maintaining a constant stress. Over
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time, the strain decreased due to coil formation and noncoiling ac-
tuation. The contraction stroke in this instance was 18%. The sam-
ple was then loaded to a maximum stress, unloaded to zero stress,
and reloaded to 800 kPa. The reverse actuation from base to acid at
the same constant stress generated an expansion strain of 32%,
which was considerably larger than the contraction strain. Similar
differences in the contraction and expansion strains were observed
for all applied stresses and reflect the loading/unloading hysteresis
that causes a variation in the starting length of the sample depend-
ing on its loading history.

Figure S9B shows a comparison of the isotonic actuation strains
measured at different applied stresses and calculated using three
different methods. The directly measured isotonic strains are shown
as circles in fig. S9B with the larger contraction strain correspond-
ing to the expansion from base to acid and when the starting stress
was reached by loading (rather than unloading). The lower actua-
tion strain value at each stress corresponds to the contraction strain
occurring when the sample was immersed in base from acid and
after the sample was set by loading in acid. The finishing point for
the isotonic actuation always lies between the extremes set by the
loading/unloading stress-strain curves in acid and base. The square
symbols shown in fig. S9B represent the average of the isotonic ac-
tuation measured over a full cycle of acid to base and base to acid.
The two dashed lines in fig. S9B correspond to the loading and un-
loading stress-strain curves in base, and the solid line is the average
strain difference between the loading and unloading curves at any
given stress. This average strain value closely follows the measured
average isotonic strains. The reported actuation strains in the main
article are the average of the contraction/expansion cycle and were
determined by direct isobaric tests supplemented by the averaging
of the loading/unloading stress-strain curves.

Torsional actuation and torsional stiffness

The torsional properties of the supercoiling muscles were evaluated
by swelling and deswelling the sample while attached in series to a
calibrated torsion sensor fiber. Testing included a series of experiments
where the torsional stiffness was measured under the dry condition,
followed by torsional actuation by immersion in acid or base (fig. S3A).
The torsional stiffness test involved first tensioning the connected
muscle and torsion sensor fiber to the desired force and measuring
the starting angle of rotation of the paddle attached to the torsion
sensor fiber. Tensioning occurred by adjusting the crosshead and
cantilever spring assembly to which the torsion sensor fiber was connected.
Paddle angles were calculated from videographs taken from directly
above the sample. Torsional stiffness was measured by the change
in rotation of the paddle resulting from manual changes in the rota-
tion of the torsion sensor fiber. The torsion sensor fiber was briefly
disconnected from the cantilever spring, rotated one full turn, and
reconnected to the cantilever spring. The crosshead was then ad-
justed to return the tension force to the set value. For descriptive
purposes, the torsion sensor fiber is described as attached to the
cantilever spring at its proximal end and to the muscle sample at its
distal end. The sample rotation (¢dy) was calculated from the paddle
rotation with the paddle located a distance x from the proximal end
of the torsion sensor fiber. Rotation at any point on the torsion sen-
sor fiber (¢,) varies linearly with the distance along that fiber so that

0x = 00— 700~ 0L) (5)
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where ¢, and ¢, are the rotations at the proximal and distal ends,
respectively, of the torsion sensor fiber having a length = L. At the
distal end where the torsion sensor fiber is connected to the muscle,
x =L and ¢y = ¢, so that
_ L
oM = 0o — E(q)x - ¢0) (6)
The torque applied to the muscle and the torsion sensor fiber are
of equal magnitude at equilibrium, and the torque (Ty) can be de-
termined from the known torsional stiffness of the torsion sensor
fiber (JrGr)

_ JrGr

The torsion sensor fiber was calibrated by measuring the resonance
frequency in torsion of a paddle attached to the fiber. A 103-mm-
long piece of 4-1b fishing line (SpiderWire, EZ Mono 4 Ib, 0.20-mm
diameter) was used for torsional stiffness and torsional actuation
measurements unless otherwise stated. A plastic rectangle of 54 mg
in weight and 40 mm in length with moment of inertia I =7.2 g mm
was attached to the fiber at a distance of Ly = 51 mm from one end
using a small amount of UV-curable adhesive. The torsion sensor
fiber was tensioned at 100, 200, 300, or 400 mN, and the paddle was
disturbed to initiate self-damped oscillation in torsion. A laser dis-
placement meter (Panasonic HG-C1100) was used to detect the dis-
placement of the paddle from which the period of oscillation (P,)
was measured. The decay in oscillation amplitude was used to cal-
culate the logarithmic decrement (3), and these values were used to
calculate the true torsional period (P)

R
(3

2n

P = (8)

The stiffness (Sg) of the torsion sensor fiber was then calcu-
lated from

4r%l
P 9

Sk =

Last, the torsional stiffness of the torsion sensor fiber was calcu-
lated from

Sr
1 1
(E + L—Lx)

The shear modulus could then be obtained from the measured
radius of the torsion sensor fiber (rg) because

JRGr = (10)

4
TR

R == (1n

Sample dimensions were measured using a traveling microscope.
Consistent torsional oscillation periods of P = 0.258 + 0.0003 s were
obtained with no noticeable effect of the applied tensile load. The
torsional stiffness was calculated to be JrGg = 0.103 + 0.0002 N mm?>.
The shear modulus of the torsion sensor fiber was then Gy = 595 +
1 MPa, which is reasonable for nylon-6.

Typical torsional actuation results are shown in fig. S3A. Immer-
sion of the dry sample in acid solution caused swelling with un-
twisting rotation of the sample against the torsion sensor fiber. The
sample rotation and torque increased with time until equilibrium
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was established. The torsional stiffness was then measured by incre-
mentally adding or removing turns to the proximal end of the tor-
sion sensor fiber and measuring the paddle rotation. The twist and
torque applied to the sample were calculated using Eqs. 6 and 7, and
the slope of the torque versus twist line (JG/L) was converted to
torsional stiffness (JG) and shear modulus (G) using the directly
measured and environmentally conditioned sample length and di-
ameter. The torsional actuation was then repeated by immersion in
base solution, followed by torsional stiffness measurement in base.

Torsional actuation stroke was also measured in a free rotation
experiment where the sample was clamped at one end only and ful-
ly immersed in the swelling solution without any external tensile
load or torque. Video recording of the free sample end rotation was
analyzed to determine the torsional actuation stroke. The free tor-
sional stroke measured in this way closely matched the free torsion-
al stroke obtained by extrapolation of the torsional stiffness data
when the torsional stiffness was measured at a small tensile load.
For example, the free stroke after immersion in base can be estimat-
ed by extrapolation of the data given in fig. S3A and when normal-
ized to the sample dry length is —628 turns m™'. This measurement
agrees very well with the free stroke of —648 turns m~' determined
from the free swelling experiment on an equivalent sample. In a
further validation of the two methods, three identical samples were
tested either in the free torsion or by actuating against a torsion
sensor fiber with a torsional stiffness of either 0.103 or 0.473 N- mm?®,
The latter torsion sensor fiber was 12-1b fishing line (SpiderWire,
EZ Mono 12 1b, 0.3-mm diameter) that was sufficiently stiff to pre-
vent almost all of the torsional actuation and gave a measurement of
torque that was close to the blocked torque. Figure S10 shows the
combined results from the three experiments with all data points
falling on the same torque-twist linear line. The combined results
confirm that the torsional actuation ranges linearly from the free
torsional stroke to the blocked torque with the slope of the transi-
tion governed by the sample torsional stiffness.

SUPPLEMENTARY MATERIALS
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