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S1. Theoretical section for the torsional actuation

First we consider the torque balance before the application of the heat. As mentioned in the

section 2.2, the CNT,/clastomer fiber was first connected to a thin elastomer fiber and then

twist was inserted. The total twist can be given as 8 = 1 (ki + ki), in which 7 is the applied
1 2

torque before heating, and k4, k, are the torsional stiffness for the CNT,/elastomer fiber and

thin elastomer fiber, respectively. After the heat is applied, k, increases to k. This increase can

be explained by the formula for torsional stiffness, given as % , with [ the length, G the shear

) d* .
modulus and ] the polar second moment of area of the cross-section, | = 7;—2 When heat is
applied, [ will reduce due to increase in elastic modulus, d will correspondingly increase due

to incompressibility and G will increase due to entropic elasticity. Therefore, overall k;

Increases.

Since the fibers are torsionally tethered at both ends after twist insertion and thermal

activation, the total twist remains unchanged. The torque zin the fibers need to be changed to

T in order to satisfy this constraint, i.e.,
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From eqn. (1), the updated torque due to heating is given as
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and the ratio of the twist angles (%) in the CNT,/elastomer fiber after and before heating can
1

be given as
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Eqgn. (3) shows that the change in the twist angle in the CNT,/elastomer fiber is inversely
proportional to the change in the torsional stiffness in the same fiber. An increase from k; to
k; leads to a reduction in the twist angle in the CNT,/elastomer fiber, which explains the
observed untwist. The torsional actuation in this work is based on a twisted, non-coiled fiber
muscle, which is different from the stretch-induced twist increase for a coiled configuration,
where stretch-twist coupling could be involved with decrease in length, leading to twist increase

in a coiled configuration.'

The twist angle change (A01) of the CNT,/elastomer fiber can be derived from Eqn. (3)

above, given as

pg, =9l kg (4).

T Kkl 4ky ky+ky



0]
(o)
o

100} g 120
T4t g 80
80+t s =
) SRR
s w3e TPE rubber fiber
o 60F i g o
@ 7 O Tenaie strain (%)
w 0]
2 40| o?f
‘n T
5 1 ©— Natural rubber fiber (25°C)
20t = I Natural rubber fiber (120°C
—— CNT ,@elastomer
—— TPE rubber fiber
D [ 1 1 1 1 1 1 0 [ I 1 L L L 1 L
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600
Temperature (°C) Tensile strain (%)
Fig. S1.

(a) Percent mass loss as a function of temperature for the natural rubber fiber in thermal
gravimetric analysis measurement at a heating rate of 20°C/min in N> atmosphere. (b) The
stress-strain curves for the natural rubber fiber at 25°C and 120°C, TPE rubber at 25°C, and the
CNTio/elastomer fiber at 25°C. The inset of (b) shows a stress-strain curve of the TPE rubber

at a smaller scale of y axis.
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(a) Length-normalized resistance as a function of strain for the CNT,,/elastomer fiber.



Fig. S3.
SEM images of the CNTjo/elastomer at (a) 0% and (b) 200% strains, showing that the

contacting content of buckles decreased with increase in strain.
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Fig. S4.
Percent resistance change of the CNTo/elastomer fiber as a function of time during stretching

up to 110% strain at different stretch rates. The initial length of CNTjo/elastomer fiber was 4.5
cm.
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(a) Tensile stroke and temperature as a function of applied voltage for CNT,/elastomer muscles
at isobaric stress of 0.8 MPa for m=10 and 20. (b) Apparent tensile stroke (Al/l;) of a

CNTo/elastomer muscle as a function of isobaric stress under different input electric power.
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Fig. Se.
Work capacity (a) and efficiency (b) of a CNTio/elastomer muscle as a function of isobaric

stress under different input electric power.
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(a, b) Percent resistance decrease as a function of muscle length change (a) and as a function
of tensile stroke (b) during electro-thermal actuation of a CNTo/elastomer muscle at different

isobaric stresses. The applied voltage is 45 V, and the CNTo/elastomer muscle is not twisted.
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Fig. S8. The stress used to keep the same value of the initial length before actuation, and length
decrease during actuation as a function of inserted twist for the torsional CNTjo/elastomer
muscle. The applied electric power was 0.62 W/cm, the initial muscle elongation was €0 = 160%
and 60%, respectively, for different inserted twist. The initial muscle length before actuation is

the same for different inserted twist.
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Fig. S9.
The tensile stroke of a twisted CNTio/elastomer muscle that was twisted at different isometric
strain. The muscle was isobarically loaded with 0.5 MPa weight and electro-thermally actuated

under 0.31 W/cm electric power.
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Torsional stroke as a function of the product of twist density and the fiber diameter.
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(a, b) Torsional stroke (a) and muscle length change (b) as function of percent resistance change
during electro-thermal actuation of a torsional CNTjo/elastomer muscle at different applied
electric power. The twist density of the CNTjo/elastomer was 1.7 turns/cm, and the isobaric

load was 0.8 MPa.
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(a) Torsional stiffness as a function of twist density for a CNTo/elastomer muscle. The inset in
(a) schematically illustrates the apparatus for measuring the torsional stiffness of the actuation
part and the return spring of a torsional CNT,/elastomer muscle. (b) Comparison of
experimentally measured and theoretically calculated torsional strokes for a CNTio/elastomer
muscle under isobaric load of 0.3 MPa. The non-loaded muscle fiber is 3.0 cm in length and

2.0 mm in diameter, and the return spring fiber is 3.8 cm in length and 0.8 mm in diameter.



Table S1 Comparison of performance of the artificial muscle in this work with other elastomer

based artificial muscles.

Optimal . Torsion . Effi
actuation Tensile al Sensin, Maximum ien
Materials Stimulus ; stroke ensing work cle Ref.
Stress | Strain %) stroke | function capacit cy
a 0 cm 0
(MPa) | (%) Y| (Clem) P Lo
61
3‘;?;‘;\%1{3 - (335)(%’ thickness | No No . -
VHB 158 area )
4910 Electro-filed ) (500, thic?jless No No i )
(239 MV/m) 75) 215 area
Electro-filed
2(9}?3 (18 kV, 1620 - (22(%))’ 167 area No No 3
MV/m)
IPN VHB | Electro-filed 0.013
4910 65 Mv/m) | 20ke | (0.0) 10 No No kI/kg 4
Wacker Electro-filed
Elastosil | (29.5 MV/m) | %1 ¥& | (0-0) 32 No No - - 3
Electro-filed
x‘sctlngl (2.5kV, 90 11? 0 (22(% 3.4 No No 1620 ki/m® | - 6
MV/m) &
Electro-filed
SEBS (103 MV/m) 0.01 - 4.1 21.8 No - - 7
0.003
LCE (3T5h;ggfé) 0 0 55 No No ki/kg - 8
) 3.6 kJ/m3
Thermal 1 14 | 29 37 No No . -
(100-140°C)
LCE Thermal ?
(50-130°C) 0.048 10 28 No No - -
Thermal 1.83 kl/kg
IPN-LCE (40-140°C) 22.0 40 50 No No 1268 KI/m? 10
Thermal 3
LCE (25-150°C) 0.84 35 63 No No 731 kJ/m - 11
Thermal
LCE (85-125°C) 0.3 82 37 No No - 12
LCP Photo- 23g | 800 64 No No 81 kJ/m’ 13
thermal
Electro-
LCE/CNT thermal 0.84 - 12 No No 97 kJ/m? 14
(150°C)
Thermal 0.05 kJ/kg
LCE (25-150°C) 0.29 140 28 No No 97 ki/m? 15
Spandex Electro-
Elbber thermal 9.6 100 12.4 No No 0.64kl/kg | 3.2 16
(RT-70°C)
Polyacryli Electro-
cyes tgry thermal 3.7 ; 21 No No L16klkg | - 17
(RT-80°C)
Spandex Thermal 1.96 0.598
rubber | (20-130°C) | N ) 14 No No kI/kg ) 18
Nature Electro-
rubber thermal 1.0 - 5 No No - 0.02 19
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Nature . Motor
skeletal | Chemical 0.1 5049 . newron | UO4KIKE 40 1 5
energy 0.35 40 kJ/m
muscle system
Thermo-
Electro- Piezoresi .
I:ua;‘;: thermal 0.8 | 180 23 87.5 stive 11(')22 113//%3 0.5 VTVE;T(
(25-125°C) strain
sensor

IPN: interpenetrating polymer networks; SEBS: styrene-ethylene-butylene-styrene; LCE:
liquid crystal elastomer; LCP: liquid crystal polymer; CNT: carbon nanotube sheet; ATP:
adenosine triphosphate. Torsional stroke is normalized by muscle length.

Table S2 Comparison of the artificial muscle in this work with other actuating systems.

One single Feedback
Actuator Structure Stimulus Sensor signal (stimulus loop Ref.
and sensor) control
Bending Mlcrochanqel Pneumatic Re? istance Separately No 21
and corrugation strain sensor
Bending Bimorph Magnetic filed Piezoresistance Separately No 22
sensor
. . Electro- Capacitive
Tensile Coil thermal strain sensor Separately No 23
Moisture, Resistance
Bending Bimorph thermal, and Separately No 24
. sensor
light
Bending Sandwich Electric filed Resistance Separately No 25
sensor
Tensile Tendril Heat PlezpreSIStlve Separately No 26
strain sensor
Pyroelectric
. . Electro- temperature and
Bending Bimorph thermal piczoresistive Separately No 27
strain sensor
Expansion Sandwich Dielectric Capacitive Together No 28
sensor
. . Electro- Resistance
Bending Bimorph thermal strain sensor Together No 29
solid on one Optoelectronic
Bending side and slit on Pneumatic PIof Separately Yes 30
strain sensor
the other
Expansion Sandwich Dielectric Capacitive Together Yes 31
sensor
. o Chemical .
Tensile Cylindrical Muscle spindle Together Yes 32
energy
. Thermo- .
Ten51.1 ¢ and Twisted fiber Electro- piezoresistive Together Yes This
torsional thermal . work
strain sensor
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