SCIENCE ROBOTICS | RESEARCH ARTICLE

ACTUATORS

Cavatappi artificial muscles from drawing, twisting,
and coiling polymer tubes

Diego R. Higueras-Ruiz, Michael W. Shafer*, Heidi P. Feigenbaum

Compliant, biomimetic actuation technologies that are both efficient and powerful are necessary for robotic sys-
tems that may one day interact, augment, and potentially integrate with humans. To this end, we introduce a
fluid-driven muscle-like actuator fabricated from inexpensive polymer tubes. The actuation results from a specific
processing of the tubes. First, the tubes are drawn, which enhances the anisotropy in their microstructure. Then,
the tubes are twisted, and these twisted tubes can be used as a torsional actuator. Last, the twisted tubes are he-
lically coiled into linear actuators. We call these linear actuators cavatappi artificial muscles based on their re-
semblance to the Italian pasta. After drawing and twisting, hydraulic or pneumatic pressure applied inside the
tube results in localized untwisting of the helical microstructure. This untwisting manifests as a contraction of the
helical pitch for the coiled configuration. Given the hydraulic or pneumatic activation source, these devices have
the potential to substantially outperform similar thermally activated actuation technologies regarding actuation
bandwidth, efficiency, modeling and controllability, and practical implementation. In this work, we show that
cavatappi contracts more than 50% of its initial length and exhibits mechanical contractile efficiencies near 45%.
We also demonstrate that cavatappi artificial muscles can exhibit a maximum specific work and power of
0.38 kilojoules per kilogram and 1.42 kilowatts per kilogram, respectively. Continued development of this tech-
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nology will likely lead to even higher performance in the future.

INTRODUCTION

Traditional electric and fluidic actuators operate effectively in many
tasks, yet their complexity and rigid configuration often limit their
deployment in areas such as biomimetic robotics and compliant
structures and limit the design space of their host system. This has
driven research into alternative solid-state, flexible actuators, but the
challenge has been producing high specific power metrics while
maintaining the efficiency, form factor, and predictable performance
necessary for adoption. The key metrics often used for soft actuator
selection in applications are average and peak specific power, spe-
cific work, maximum actuation strain and stress, lifetime, and actuator
efficiency. Many of these metrics are governed by the input driver of
the actuator, for example, electrically or fluidically driven actuators
tend to be much more efficient than thermally driven actuators.

To help compare different soft actuator technologies, Table 1
summarizes key metrics of several soft-actuators and human mus-
cle, which many of these actuators aim to mimic, and provides total
system efficiency metrics that consider the electric energy to
mechanical work conversion (chemical free energy to mechanical
work for human muscles). Included in this table are thermally acti-
vated twisted polymer actuators (TPAs), which are made from
inexpensive fibers, such as fishing line. TPAs have been shown to
develop a specific work of 2.48 k]/kg and an average specific power
of 27.1 kW/kg (1); however, their thermal activation limits response
time, controllability, and efficiency. The electric-mechanical energy
conversion efficiency for TPAs is thought to be similar to that pre-
sented for shape-memory alloys, which is about 1 to 2% (I).

McKibben actuators are pneumatically or hydraulically driven
artificial muscles (PAMs or HAMs) widely used in robotics (2, 3).
They change length by inflating a bladder that is surrounded by a
counter double-helix-braided sheath. The macroscopically developed
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anisotropy allows the device to contract in length and expand radially
(4). Pleated pneumatic artificial muscles (PPAMs) are a recently
improved incarnation of the conventional McKibben actuator that
can develop a specific work of 1.1 kJ/kg, an average specific power
of 1 kW/kg, and contractions of 38% (5, 6). Small McKibbens can be
fabricated with dimensions on the order of a few millimeters in di-
ameter (7), yet at both large and small scales, their multicomponent
nature causes frictional losses and hysteresis, which has frustrated
the development of accurate models that would allow precise con-
trol algorithms (8), although this has been reduced in PPAMS. But
for all McKibbens, during actuation, their diameter increases as a result
of the inflation that drives their actuation. These radial changes make
parallel operation volumetrically inefficient.

To improve some of the McKibbens drawbacks, new actuator designs
have been presented such as pouch motors, fluid-driven origami-
inspired artificial muscles (FOAMs), and origami-based vacuum
pneumatic artificial muscles (OV-PAMs). Pouch motors are fabri-
cated from bonded films that form an inflatable planar pouch that
can be connected in series, forming paired pouch motors. This con-
figuration can develop contractions of 31% with payloads of 10 kg
when the pouches are pressurized (9, 10). Although paired pouch
motors are mentioned here and can be used in soft robotics, these
do not appear in Table 1 because nondimensional or specific met-
rics have not been directly reported in the literature. Both FOAMs
and OV-PAMs are origami-based vacuum-actuated actuators. The
former uses a skeleton with a repeated zigzag pattern in a sealed bag.
When negative pressure is applied to the actuator, the air within
exits the bag, and the zigzag pattern leads to the contractile deform-
ation of the actuator. These actuators develop contractions of up to
~90% and a mechanical-to-mechanical energy conversion contrac-
tile efficiency of 23 and 59% when pneumatically and hydraulically
tested, respectively. However, the great generated contractions by
FOAMs substantially decrease with small actuation load increments
(I11). The related OV-PAMs consist of a sealed film chamber made
from polyvinyl chloride (PVC) connecting a top and a bottom plate
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Table 1. Comparison of metric for various soft actuators. Dash entries indicate data not found.

Metric Cavatappi TPA PPAM HASEL OV-PAM FOAM Human muscle
(37-40) (1 (5,6,41) (14, 15) (12,13) (11) (42,43)
Avg/peak specific 0.8/142 27/50 4= 0.36/0.59 -/0.02 ~1/~2 0.05/0.28
power* (kW/kg)
Specific work (kJ/kg) 0.11-0.38 248 1.1 0.07 0.19 ~0.25 0.04
Maximum actuation
el B ~50 49 38 ~60 >90 90 >40
bR DD EISRIEL) ~0.70 ~100 0.67 03 0.04 ~06 035
stress (MPa)
Lifetime (cycles) >10% >10° >10° >10° = >10* >10°
Wil
Actuator efficiency (%) 9~45a¢?d = ~57% = ~99%8 23" and 59*! -
Vel gssin 10-22* ~1 ~5 21" 16% 2-5% ~20

efficiency (%)

*This value is limited to the energy rate provided by the energy source.
Cavatappi showed no signs of degradation.
fFull-cycle analysis of actuator efficiency (includes energy recovery).

with evenly spaced transverse reinforcements. The previously men-
tioned actuation strain-stress ratio limitation of FOAMs is solved
with OV-PAMS because they can keep an actuation strain close to
100% while generating their maximum actuation force. However,
OV-PAM:s are voluminous, which could limit their implementation
in small robotic applications (12, 13).

The previously mentioned actuators are all thermally or fluid-
ically driven; hydraulically amplified self-healing electrostatic actuators
(HASELSs) are electrohydraulic activated. These muscle-mimetic ac-
tuators are fabricated from an elastomeric shell partially covered by
a pair of opposing electrodes and filled with a dielectric liquid. Upon
voltage application, the induced electric field generates an electro-
static Maxwell stress that pressurizes and displaces the liquid dielectric
leading to the actuator’s contraction. HASELs can generate actua-
tion strains of about 60% (calculated as the actuator contraction
displacement divided by the actuator initial length) and full-cycle
electric-mechanical efficiency of 21% (see Table 1). However, these
actuators require high voltage (>5 kV) and have thus required volu-
minous power electronics in testing (14, 15).

Here, we present an actuation mechanism that is a hybrid of
TPAs and McKibben actuators, which we have named cavatappi,
after the Italian pasta with similar shape (see Fig. 1A). Cavatappi
exploits the material’s anisotropic microstructure to develop actua-
tion like TPAs, yet they are pneumatically/hydraulically driven like
McKibben actuators. The anisotropic microstructure is developed
through drawing of inexpensive polymer tubes. After drawing, the
tubes are twisted and coiled like TPAs. Therefore, cavatappi have
the simplicity and size of TPAs with the actuation response and me-
chanical efficiencies of McKibben actuators. Table 1 shows actuation
characterization of single-component cavatappi artificial muscles as
compared with the other soft actuators. Although sacrificing some
performance of TPAs, cavatappi drastically increase others and in
doing so, better meet or exceed the performance of skeletal human
muscle in many key metrics. With specific peak power metrics of
~1.4 kW/kg, cavatappi exceeds the capacity of human muscle while
maintaining a mechanical conversion efficiency of ~45%. With
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1This was the maximum number of cycles tested, not an upper limit on lifetime.
+Actuators’energy conversion contractile efficiency (without energy recovery).

§Pneumatic. IIHydraulic.

actuation strains of up to 50% and minimal diametral changes
during actuation, these devices can be placed in parallel to in-
crease actuation force akin to biological muscle fibers. Because of
their cost, performance, ease of fabrication, and compliant form,
cavatappi fit the needs of many current and future robotic actuation
applications.

Design and development of cavatappi

The design and development of cavatappi was originally inspired by
the mechanics of TPAs, particularly the idea of exploiting the material’s
anisotropy to generate actuation (I). TPAs are thermally driven
linear or torsional actuators, whose actuation response is a result of
the anisotropic thermal properties of the precursor (untwisted)
material, which experiences axial thermal contraction and radial ther-
mal expansion. They are inexpensive, often fabricated from fishing
line, and have been demonstrated in areas such as robotics (16-18),
medical devices (19), and active textiles (I, 20). In the past few years,
our team has focused its effort on understanding the actuation mech-
anism of TPAs and how TPAs’ actuation can be modeled using the
material properties of the precursor fibers (21-23). As part of this
work, we found the standard TPA materials to be highly viscoelastic
(24-26) and hygroscopic, which causes their response/performance
to depend on moisture content (27). Moreover, the viscoelastic and
hygroscopic properties of TPAs are strongly affected by tempera-
ture changes, and temperature changes are required for actuation.
This makes TPAs challenging to model and therefore control
(21-23, 28-30). Last, thermal activation is generally an inefficient
and time-consuming (particularly during cooling) driver.

The extreme performance and shortcomings of TPAs led our
team to explore alternative actuation modalities that might mitigate
inherent drawbacks yet take advantage of their strengths by mimicking
their actuation mechanism. We surmised that internal pressure in a
tube could be used to develop similar anisotropic expansion seen
during TPA heating and initially tested straight extruded/drawn
tubes of polymers. Pressure testing showed that soft PVC tubing
(Fig.1B, left) was able to generate radial expansion similar to TPAs,
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Fig. 1. Cavatappi pasta, cavatappi artificial muscles, and precursor tubes. (A) Cavatappi pasta is shaped as a helical tube yet lacks the anisotropic material properties
necessary to be deployed as an effective actuator. (B) Precursor undrawn tube (left, 3.18 mm OD and 1.58 mm D) and precursor drawn tube (right, 1.8 mm OD and
0.85 mm /D). (C) Cavatappi made from a 1.8-mm-0D/0.85-mm-ID tube. (D) Cavatappi in (B) that has been prestretched and annealed after fabrication to increase the helix
pitch. (E) Cavatappi made from the drawn precursor tube shown in (B) and coil ID of 7 mm. (F) Mini-cavatappi made from a 0.7-mm-0OD/0.25-mm-ID tube. (G) Bundle of
cavatappi artificial muscles that simulate a human skeletal muscle bundle. (H) Linear-parallel configuration of nine cavatappi from (C). The scale bar in (B) is used for (B)
to (F), and the scale bars for (A), (G), and (H) are shown in the figures. All tube diameters listed here are the drawn diameters.

yet the tubing developed axial expansion, which we knew from our
TPA modeling would reduce actuation performance when twisted.
Given the PVC microstructure, we set out to mitigate this axial
expansion by enhancing anisotropy by cold drawing (Fig.1B, right)
(31-33). Figure 1B shows the precursor tube [left, 3.18 mm outer
dimater (OD) and 1.58 mm inside diameter (ID)] and the same tube
(right, 1.8 mm OD and 0.85 mm ID) after the cold drawing neces-
sary to increase axial stiffness relative to radial stiffness. Note the
substantial change in diameter that occurs during the drawing pro-
cess. We found that internal pressurization after drawing induced
positive radial strains and negative axial strains that mimicked those
of heated TPA precursor fibers. Next, we twisted these drawn tubes,
which we knew from our work with TPA would reorient the high-
stiffness molecular chains into a helical configuration around the
central tube axis while maintaining the tube’s ability to radially ex-
pand. Such a straight-twisted tube configuration would generate an
untwisting when pressurized (torsional actuation). The twisted tubes
were then helically coiled (Fig.1, C to H) so that the localized un-
twisting would manifest as linear actuation by reducing the coil’s
pitch. In this sense, the torsional actuators can be considered ele-
mental units of the cavatappi (movie S1). Testing showed that the
coiled configuration was able to lift weights, demonstrating the ac-
tuation phenomenon (see movie S2).

Once actuation was proven, other configurations of cavatappi were
explored, see Fig. 1 (C to H), which includes prestretched cavatappi
(Fig. 1, D to E), cavatappi with various coil diameters (Fig. 1E), mini-
cavatappi made from smaller PVC tubing (Fig. 1F), and grouped
cavatappi as bundled (Fig. 1G) or in parallel (Fig. 1, G and H). Here,
we use the reinforced cavatappi artificial muscles with the configu-
ration and dimensions shown in Fig. 1C and detailed in the Supple-
mentary Materials (specifically, fig. S2) to characterize the actuation
responses and performance properties of cavatappi artificial mus-
cles, including actuation under various loads as a function of pres-
sure and time, specific work, specific power, lifetime, creep, and
actuator contractile efficiency. We also present some applications of
cavatappi that demonstrate the use of prestretched cavatappi (simi-
lar to that in Fig. 1D) to increase the maximum actuation stroke,
pairs or bundles (similar to that in Fig. 1, G and H) of cavatappi to
increase the actuation contraction force, and mini-cavatappi (simi-
lar to that in Fig. 1F) for smaller-scale robots.

Higueras-Ruiz et al., Sci. Robot. 6, eabd5383 (2021) 21 April 2021

RESULTS

Mechanism of actuation

Cavatappi artificial muscles are fabricated from extruded polymer
“precursor tubes” (Fig. 3, Fab. stage 1). During the extrusion pro-
cess, the original material deforms into tubular structures, and
anisotropy between the axial and hoop directions is induced. This
extrusion process creates axially orientated tie molecules responsi-
ble for high axial strength (33). However, this anisotropy can be
increased when the precursor tube is cold drawn, (Fig. 3, Fab. stage
2), by increasing the number of formed tie molecules (31, 32).

To demonstrate the change in the anisotropic properties produced
by drawing precursor tubes, we pressurized undrawn and drawn samples
while measuring axial and radial strains (Fig. 2A). For the undrawn
precursor tube, both axial and radial expansions show growth as a
function of pressure, with axial changes of about 40% of the radial.
After drawing this tube, the magnitude of radial expansion remains
relatively unchanged but develops a more linear relationship with
pressure. The axial response to pressure after drawing transitions from
expansion to contraction, leading to a higher degree of anisotropy.
The anisotropy of the material can be measured as the ratio of radial
to axial strain or the difference between the radial and axial strain in
response to pressure. The ratio highlights the sign changes of the
expansions, and the difference is key in modeling of TPAs (21, 22). At
175 psi, the undrawn tubes have an anisotropy ratio of about 2.4 and
an anisotropy difference of about 12%. After drawing, the anisotropy
ratio becomes about —31, and the difference becomes about 32%,
highlighting the importance of drawing the tubes before fabrication
of cavatappi artificial muscles. The positive radial strain and negative
axial strains observed in the drawn tubes mirror the thermal response
of TPA precursor fibers shown in Fig. 2B, which were reported by
Swartz et al. (21). In this figure, we observe a similar negative an-
isotropy ratio and a large anisotropy difference, which is known to
be the source of actuation in TPAs (I).

After drawing, the tubes can then be twisted to reorient the
high-stiffness molecular chains into a helical configuration (Fig. 3,
Fab. stage 3) so that internal pressurization generates an untwisting
of the tube (Fig. 3, Act. stage 3, and movie S1). We think of sections
of the twisted tubes as “elemental units” of the cavatappi because
the localized shear deformation (untwist) is the fundamental actua-
tion mechanism of the cavatappi muscle. The orientation of the
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Fig. 2. Comparison of the axial and radial deformation for drawn and undrawn precursor tubes, as well as a nylon monofilament used for TPAs. (A) Axial and radi-
al expansion of a drawn and undrawn precursor tubes as a function of pressure. Radial expansion response changes slightly after drawing, but axial direction switches from
expansion to contraction. This response is similar to the axial and radial thermal expansion of a precursor nylon monofilament (B) used to make TPA. Note that drawn tubes
in (A) show similar response to pressure as nylon monofilaments do to temperature in (B) where in the radial direction it expands, whereas in the axial direction it contracts.
[Credit: Originally presented by Swartz et al. (27), IOP Publishing. Reproduced with permission. All rights reserved.]

twisted outer fiber is shown by the pitch angle, a, which is the angle
between the original draw direction and the plane perpendicular to
the longitudinal axis of the tube. If the tube is thin enough, then this
pitch angle would be roughly constant through the tube wall thick-
ness, but for thicker tubes, the pitch angle will vary radially, similar
to TPAs. If the elemental unit is thermally annealed to release inter-
nal stresses, then the twisted configuration can be set. The actuation
response of the elemental unit was tested under free torsion condi-
tions, and the results are presented in section S4.

After twisting, a drawn tube can also be coiled (Fig. 3, Fab. stage 4)
to create the final cavatappi artificial muscle. When this helical con-
figuration is thermally annealed, the internal stresses are released, and
this new shape holds after the loads that are used to maintain the
configuration during the coiling process are removed. As a final
step, as shown in Fig. 1D, the cavatappi may be prestretched to in-
crease pitch before annealing. In these coiled configurations, when
internal pressure is applied, the untwist in the elemental presents as
helical contraction in the overall artificial muscle coil pitch (Fig. 3,
Act. stage 4). We should note that the reinforcing monofilament of
nylon 66 (used for increasing actuator stiffness and lifetime) is kept
inside the tubular structure through the entire fabrication process
and is thus also twisted and coiled. However, the monofilament
used for reinforcement does no work during actuation, and any external
loads on the cavatappi are not attached to the reinforcing filament.
Thus, the reinforcement is solely there to increase the structural sta-
bility of the cavatappi.

Cavatappi artificial muscle: Actuation characterization

With the actuation phenomenon established, the motion of ele-
mental segments discussed in section S4, and the dimensions and
materials of the tested actuators presented in Materials and Methods,
we present the cavatappi actuation response. Our testing to date has
included actuations under various loads as a function of pressure
and time; the latter illuminates viscoelastic effects. We have also de-
veloped tests to characterize specific work, specific power, lifetime,
creep, and actuator contractile efficiency.

Higueras-Ruiz et al., Sci. Robot. 6, eabd5383 (2021) 21 April 2021

Force-strain-pressure and time response characterization

To develop an understanding of the actuation response under load,
we conducted a series of isotonic actuation tests where pressure was
cyclically ramped and tests where a step change of pressure was
applied. The ramp test provided insights into how contraction de-
pended on pressure, whereas the step change test informs band-
width, specific power, and hints at how future dynamic models
might be applied to these devices.

The isotonic actuation response of cavatappi to a ramped pres-
sure input is shown in Fig. 4A. Here, we present the mean actuation
results as a function of pressure, along with the 95% confidence in-
tervals from data taken from trials on three different samples. For
every test, four actuation cycles were executed. Each cycle included
a 1.5-s ramp to 240 psi and a 2.5-s ramp back to atmospheric pres-
sure. The data from the last cycle were used to calculate the average
results plotted in Fig. 4A, as initial cycles exhibit some nonrecover-
able deformation as the actuator is “worked in” (similar to the Mul-
lins effect seen in many polymers).

The actuation strain shown in Fig. 4A generally increases as a
power of pressure. This behavior is shown for all loads, except for
the 0.1-kg mass where the nonlinear behavior stops after ~75 psi
and appears more linear. In addition, this linear behavior stops for
this mass at about 200 psi, where after the second derivative of
strain in pressure becomes negative. We believe that this is because
the coiled shape is completely saturated (there is little to no space
between the coils of the helix) under these conditions.

Figure 4B shows the actuation of a cavatappi in response to a
pressure step when loaded with a 400-g weight. Here, when plotted
in the time domain, we can see an actuation contraction generated
during the first ~0.25 s followed by an underdamped vibration. This
ringing is expected from the elastic material properties, coiled shape
of the muscle, and the dynamic loading of the actuator whose stiff-
ness and equilibrium position are affected by the internal pressure.

Initially though, the actuation response of Fig. 4B consists of a
dwell time of ~20 ms where pressure is increasing and actuation is
not initiated. This is followed by the pressure-to-actuation time lag,
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Fig. 3. Stages of fabrication of a cavatappi artificial muscle along with their
actuation response at each stage. A blue reference line on the tube wall is used
to track the actuation.

which is the time delay between input pressure and output actua-
tion. This time lag of about 80 ms may be a result of viscoelasticity
of the material or restriction to the fluid’s flow through the small
diameter tubes due to viscous shear, although further testing would
be needed to verify this. This viscoelasticity is apparent in the actu-
ation data of Fig. 4B between 0.25 and 1.6 s, where there is a steady
increase in actuation, superimposed on the aforementioned ring-
ing, under constant internal pressure. We hypothesize that during
this time, the actuator diameter is steadily growing, causing not
only (i) an increase in untwist of the tube but also (ii) an increase in
effective spring stiffness due to changes in the polar moment of in-
ertia of the tube cross section.

Higueras-Ruiz et al., Sci. Robot. 6, eabd5383 (2021) 21 April 2021

In addition, Fig. 4A does not show the maximum actuation strain
generated during the conducted pressure ramp (Fig. 4B) because
the actuation strain used to plot Fig. 4A is the data collected during
the first ~0.25 s, measured after the 20 ms it takes for the material to
respond; however, the muscle keeps contracting after this time. By
comparing Fig. 4A with Fig. 4B, we see that the total actuation strain
under a load of 0.4 kg is 16% after an actuation cycle of 1.5 s. This
extra actuation strain seen in Fig. 4B compared with Fig. 4A is a
result of various factors, such as the time lag and viscoelastic effects
already mentioned and the inertial masses during actuation testing.
Movie S2 shows the actuation responses under a load of 0.2 and 0.4 kg,
respectively, where the dynamic actuation strain can be observed.
Maintaining a steady high pressure on the cavatappi would produce
actuation strains exceeding the results presented in either Fig. 4A or
Fig. 4B as the tubes expand further.

Longer period actuation

With the knowledge of the PVC viscoelastic material response, a
load of 0.4 kg was attached to a cavatappi after which a 240-psi pres-
sure step was maintained for 5 min to observe longer-term actua-
tion capacity. Here, the actuation response during the first 0.25 s is
~11%, which aligns with the actuation response in Fig. 4B. However,
as time passes, the actuation strain increases substantially, but the
rate of change tends toward zero. This is further evidence of the
viscoelastic behavior of the material, which appears to be a first-order
dynamic response to the step input. Figure 4C shows that after 5 min,
the muscle develops 46% contraction, more than three times that
after 0.25 s. This represents an increase in the work done by the ac-
tuator, which may have important applications where high strain is
required, although the increased time reduces the actuator power.
Specific work and power

The time domain results of Fig, 4 (B and C) were used to calculate
the specific work for these short- and long-term actuation modes to
develop metrics to compare with other soft robotic actuator tech-
nologies (Table 1). The calculations are detailed in the Supplemen-
tary Materials but involve finding power and then integrating to get
work. The short-term actuation response (0.25 s) developed a spe-
cific work of about 0.105 kJ/kg, whereas that of the long actuation
response (5 min) was 0.38 kJ/kg.

Following the same methodology as the strain-time, another test
was performed wherein velocity rather than position was measured
to characterize the actuator’s power. Figure 4D shows the peak and
average velocities measured in these tests, as well as the calculated
specific power results for various loads applied to the cavatappi. The
applied internal pressure for these tests was 300 psi. The test with a
0.2-kg weight provided the highest peak and average power results
of 1.42 kW/kg and 0.8 kW/kg, respectively, and therefore likely rep-
resents the mechanical matched-impedance at this input frequency.
We should note that the pressure step occurred more than about 70 ms
due to limitations in the regulator. The results in Fig. 4B show that
about an 80-ms delay is expected between pressure application and
actuation response. Hence, we believe that the specific power of
cavatappi may be closer to two times the values presented above
(2.84 and 1.6 kW/kg, respectively) but improved experimental set-
ups would be required to validate the exact increase in the power.
More details on the power calculation methods can be found in the
Supplementary Materials.

Actuator lifetime
To assess actuator longevity, we conducted a 10,000 actuation cycle
life test (500 of which are shown in Fig. 4E) of the cavatappi using a
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Fig. 4. Cavatappi artificial muscle actuation results. (A) Actuation strain as a function of pressure for 0.1-, 0.2-, 0.3-, 0.4-, and 0.5-kg applied tensile loads using a ramped
pressure along with the 95% confidence intervals from data taken from trials on three different samples. (B) Pressure and actuation strain as a function of time under 0.4-kg
tensile load. Inset is a zoomed image region of the first 0.25 s highlighting the response time and time lag. (C) Pressure and actuation strain as a function of time under
0.4-kg tensile load for a long period actuation cycle used to show actuation viscoelastic effects. (D) Peak and average specific power and velocity for 0.1-, 0.2, 0.3-, 0.4-,
and 0.5-kg tensile loads. (E) First 500 and 25 cycles of a 10,000-cycle lifetime test used to show first cycle effects and actuation creep. A cycle frequency of 1 Hz was limited

by the regulator used for testing, not the bandwidth of the actuator itself.

0.2-kg load. The test concluded without failure or any sign of degra-
dation, and the duration of the test was only limited by the size of
the pressurized gas bottle used to actuate the cavatappi. Details re-
lated to this lifetime test can be found in the Supplementary Materials.
Notice that the first 25 cycles in Fig. 4E also provide information on
the viscous effects during the actuation recovery process of an actu-
ation cycle. The recovery time seems to be about 2.5x the time it
takes the actuator to contract. Such time recovery may be improved
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by using the prestretched configuration of cavatappi because this
configuration does not depend on a bias load for recovery.

Application demonstrations

To illustrate the operability, applicability, fast actuation, energy
storage, and precision control of cavatappi artificial muscles, we de-
veloped a number of demonstrations (see Figs. 5 and 6). In Fig. 5A,
a single cavatappi artificial muscle is used to lift a 0.2-kg mass, and
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Fig. 5. Demonstration of the contraction response and biomimetic applica-
tion of cavatappi artificial muscles. (A) Actuation strain cycle response for a 0.2-kg
tensile load with a maximum internal pressure input of 240 psi. (B) Fifth digit actu-
ation of a robotic hand using two cavatappi artificial muscles as the flexor muscles
and one as the extensor muscle.

in Fig. 5B, cavatappi flexor and extensor muscles are used to actuate
arobotic digit. Both Figs. 5A and 5B are time frames that have been
extracted from movies S2 and S5, respectively, which highlight the
speed of actuation. The basic actuation demonstration in Fig. 5A
used a single cavatappi artificial muscle that was cyclically actuated
with 240-psi air under a tensile load of 0.2 kg. A fast-opening valve
was manually triggered such that an entire contraction and expan-
sion cycle required only 0.24 s (~4 Hz). Under these actuation con-
ditions, the muscle generated an axial contraction of ~30%. Figure 5A
also shows that at a pressure of 240 psi, the maximum actuation
response was limited by the saturation of the cavatappi coils, and
thus, higher pressures would do little to change the performance.
Whereas the muscle shown in Fig. 5A was fabricated without an
initial prestretch, movie S2 also shows a second similar muscle fab-
ricated with prestretched and actuated under the same axial load of
0.2 kg. During fabrication, this muscle was stretched by 130% and
thermally annealed at 190°F for 30 min, before cooling under room
temperature conditions to maintain the stretched configuration af-
ter removal of the mechanical restraints. That cavatappi contracted
40% during actuation, an increase of 10% more than the unstretched
muscle. The extra 10% actuation response shown in movie S2 is attributed
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to the prestretched configuration, which delays muscle satura-
tion. Movie S2 also shows the same prestretched cavatappi artificial
muscle but under an axial load of 0.4 kg. Under this condition, the sam-
ple contracts 16% with a pressure of 240 psi; a similar result was
found using unstretched muscle because under this higher applied
load, neither muscle contracts enough to saturate.

Following others (17, 34), we three-dimensionally printed a ro-
botic hand with dimensions similar to those of an adult human to
show the biomimetic potential of cavatappi (Fig. 5B). The cavatappi
were placed on this model to allow for flexion and extension of only
the fifth digit. Cavatappi could have also been placed on the other
digits to develop a fully functional robotic hand, but they were ex-
cluded in this work for image clarity. Like human hands, each finger
was composed of three segments. The pinky (or fifth digit) shown
in Fig. 5B was actuated by the contraction of two parallel cavatappi
artificial muscles placed in the interior forearm, mimicking those
muscles in a human arm, with restorative forces induced by a single
antagonistic cavatappi on the posterior of the arm. Both flexors and
extensor muscles were prestretched cavatappi. The linear actuation
was transmitted to the tip of the finger by a 0.2-mm-diameter
monofilament nylon tendon.

In the resting position, the flexor and extensor muscles were set
into an extended position of the fifth digit (Fig. 5B, Resting Posi-
tion), and all had an internal pressure of 0 psi. To actuate, pressure
was cycled between 0 and 240 psi by opening and closing a pneu-
matic valve. During the finger flexion, the flexors rapidly contracted
in 0.18 s. This contraction also led to an extension in the extensor
muscle (Fig. 5B, Flexion). As shown in the inset of Fig. 5B, during
flexion, the flexors not only contract but also helically wrap around
each other as a result of the untwist that occurs on the sample, lead-
ing to an increase in the finger flexion. The secondary helical twist-
ing of the actuator around each other provided additional path
length and contraction as a result, beyond what would be expected
from a single cavatappi. After the flexion, the flexors were depres-
surized, and the extensor was pressurized. This induced extension
of the finger (Fig. 5B, Extension), at which point, both muscles were
depressurized. Figure 5B also shows the actuation time for a cycle
(finger flexion and extension) to be about half of a second (~2 Hz).

To emphasize high precision actuation and potential elastic energy
storage capacity (strain energy), Fig. 6 (A and B) shows actuation of
a mechanical arm via a linear-parallel configuration of nine cavat-
appi (the same cavatappi shown in Fig. 1C with the configuration
shown in Fig. 1H). In Fig. 6A (movie S7), a laser pointer is attached
to the end of the arm. The laser pointer illuminates a red dot on the
black background in Fig. 6A, where three different targets were set
(bottom, middle, and top targets as shown in Fig. 6A). As previously
mentioned, the mechanical arm was actuated using a linear-parallel
configuration of nine cavatappi; to generate initial stretching of the
muscle, a bias mass of 0.2 kg was hung from the platform where the
laser was sitting, although prestretched muscles could have been
used. At the initial position, the muscles were slightly pressurized
(50 psi) to aim the laser at the bottom target. After ~3 s, the internal
pressure was increased to 200 psi, moving the arm to illuminate the
top target (position 1 in Fig. 6A), after which the arm was controlled
to illuminate the middle target.

The strain energy stored in an ideal helical spring is Y%2kx?, where
k is the spring constant and x is the deflation of the spring from its
equilibrium position. The helical shape of cavatappi invites the ap-
plication of this standard model, albeit with variable stiffness and
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Fig. 6. Applications of cavatappi artificial muscles to show the precise actuation, elastic energy storage, and scalability properties. (A) High precision actuation
strain for a linear-parallel configuration of nine cavatappi used to aim at three different targets with a laser pointer attached to the actuated arm. (B) Same application
shown in (A) used to highlight the potential elastic energy storage capacity of cavatappi. (C) Actuation response developed by the mini-cavatappi shown in Fig. 1F under

aload of 8.1 g (dollar coin).

equilibrium positions in response to pressure. Hence, it is clear that
cavatappi have an inherent energy storage capacity that, like human
muscle, can be used to increase the actuation cycle efficiency in
applications such as robotic running (35). This effect is highlighted
in Fig. 6B (movie S6), wherein the arm of Fig. 6A is adapted to hold
a standard tennis ball. In this test, the linear-parallel cavatappi con-
figuration was initially stretched to store strain energy and subse-
quently released to launch a tennis ball. This experiment was repeated
at pressures of 0, 150, and 200 psi to vary both the actuator stiffness
and equilibrium position and thus store varying energy for a given
arm angle. The maximum gravitational potential energy position
illustrates the maximum height that the tennis ball reached under
the above specified pressures. Here, it observed an increase in grav-
itational potential energy as the pressure increases; at a pressure of
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200 psi, the tennis ball exited the frame of the recorded video; thus,
it is shown before departure in Fig. 6B.

One more interesting feature of cavatappi artificial muscles are
the potential to be scaled down. The limits on miniaturization of
these devices are primarily related to the manufacturing limits of the
precursor tube. One might initially think that miniaturization of the
tube would decrease the flow, which is needed to inflate the actua-
tors because of viscous losses, but the required inflation flow rate in
these actuators scales by the square of the internal diameter. The
average velocity in a laminar flow scales in the same way for a given
applied pressure gradient. We therefore do not expect substantial
bandwidth limits associated with viscous losses when miniaturized.
To highlight the capacity for miniaturization, we reduced the size of
the principal cavatappi studied in this work (Fig. 1C) by 2.5x through
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the use of a tube with 250 um ID and 700 um OD (Fig. 1F). Fig-
ure 6C and movie S4 show the actuation response of this mini-
cavatappi under the tensile load generated by a coin that was glued
to the end of the muscle. Under this load, the mini-cavatappi contracted
25% when a pressure of 150 psi was internally applied. Figure 6C
also shows a 4x zoomed image of the coiled section, which high-
lights the change in pitch of the helical structure during actuation.

Preliminary modeling of cavatappi artificial muscles

Our initial modeling efforts focus on the variation in the cavatappi
stiffness and free length in response to internal pressure changes.
We know from classical mechanics theory that the torsional stiff-
ness of a hollow tube can be related to the internal and external
diameters via

k = ESop* - D%

T 321 (1)

Here, G is the material’s shear modulus, ! is the length of the
tube, and OD and ID are the outer and inner diameters of the tube,
respectively. Note that Eq. (1) neglects viscous effects. Although we
have shown viscoelastic effects to be present in cavatappi, for high
bandwidth actuation, these effects would be relatively small. In ad-
dition, the internal material damping, apparent in the exponential
decay of the ringing response in Fig. 4B, is relatively small.

If we assume that the wall thickness does not change substantially
during internal pressurization (only because of Poisson’s effect) and
add a change in diameter, Ad, to both the OD and ID terms, then we
get a fourth-order polynomial for stiffness k as a function of Ad.
Under certain conditions, e.g., when 0 < Ad/OD < 1 and ID~OD]/2,
which reasonably approximates the conditions for the experiments
in this work, the fourth-order polynomial for k can be approximated
as linear. Given this result, we can see that the torsional stiffness of
an inflating tube like a cavatappi scales approximately with the rela-
tionship k; = ki + c;Ad, where ki is the original torsional stiffness
and ¢, is a constant of proportionality. Figure 2A shows a relatively
linear relationship between pressure and diameter, and therefore, the
stiffness can also be considered linear in pressure. The torsional stiff-
ness of such a straight tube is directly related to the linear stiffness of a
coiled helical spring, and hence, the cavatappi spring stiffness could
be modeled as two springs in parallel, one with some initial stiffness
(ko) and one with a stiffness linearly dependent on pressure (k).

In addition to stiffness changes, the free length of the cavatappi
changes during pressurization. A prestretched cavatappi with no
hanging weight contracts to a new free position when pressurized.
This change in length is a result of the local untwisting of the ele-
mental sections. We have shown in our work on TPAs that for a given
radial layer, the amount of untwist, and therefore free contraction,
is linearly related to the radial strain (21). To first order, this radial
strain is related linearly to internal pressure. It is therefore reason-
able to assume that the free retraction length (8xy) of these actuators
is linearly related to internal pressure, a fact verified for pressures
above ~60 psi in Fig. 4A for the lightest load applied (0.1 kg).
However, this figure also shows that more advanced nonlinear
modeling would be needed for less pressure or higher loads.

If we include a deviation from this initial position x, we can de-
velop an actuator force model for a cavatappi, that is

F. = (ko+kp) (x +8x)) )
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Here, ko is the initial cavatappi spring stiffness, k; is the stiffness
changes due to pressurization, 8xy is the free retraction length for
the applied pressure, and x is the displacement of the end of the ac-
tuator from its initial position. As previously mentioned, it is likely
that both k, and 8xyare linearly related to pressure and could there-
fore be easily modeled for a given actuator. Even if nonlinearities
are present, they could also be modeled or empirically derived to
apply the actuator model in Eq. (2). Future work will be needed to
include viscoelastic effects on stiffness and free retraction lengths,
as well as a modeling effort to understand how internal damping is
affected by internal pressure and the resulting tube diametral changes.
We saw in Fig. 4 (B and C) that the work and power capacities of
these devices are input frequency-dependent, so we expect that damp-
ing terms may be needed in Eq. (2) to accurately predict this time
dependence. In addition, the internal material damping apparent in
the exponential decay of the ringing response in Fig. 4B shows that
advanced modeling will need to include damping.

DISCUSSION
Here, we have introduced a low-cost, lightweight, fluidic artificial
muscle whose actuation relies upon (i) the anisotropic physical
properties introduced into the virgin material through extrusion and
enhanced by a cold drawing process, (ii) the reorientation of those
properties through a twisting or twisting and coiling process, and
(iii) the deformation of the reconfigured material through the ap-
plication of an internal pressure. The flexibility of cavatappi will
allow them to be used on applications over corners/joints such as a
knee, elbow, or ankle, because they can be placed under a curved
deformation and still actuate. Their simplicity also presents an ad-
vantage in applications. Because cavatappi are fabricated from soft
PVC tubing, the same tube length could consist of sections where
the drawn precursor tube is coiled-twisted, straight-twisted, or simply
kept as the original straight drawn configuration. Hence, a single
tube length with a coiled section in the middle could serve as (i) the
plumbing from the pressure source, (ii) the actuator, and (iii) the tendon
running to the point of force application. Such an implementation
would decrease the overhead mass and complexity from fittings, in-
crease reliability by eliminating leaks, and decrease maintenance.

The data collected and testing presented herein for cavatappi can
be used to develop performance metrics that can be compared with
similar actuator technologies. The data in Table 1 compare cavatappi
with other soft robotic technologies. In addition to Table 1, Fig. 7
also provides quick comparisons between cavatappi artificial mus-
cles and PPAMs, TPAs, and human skeletal muscles for a variety of
performance metrics often reported for artificial muscles: average
specific power and specific work, response time, maximum stress
and strain, and total contractile efficiency. Once again, we consider
cavatappi to be, to an extent, a hybrid configuration between TPAs
and PPAMs; thus, Fig. 7 compares these and human skeletal mus-
cles. We should note that the response times presented in the spider
graph are somewhat subjective estimates of the authors based on
the actuation driver. The exact response time depends on the details
of the driver (for example, a much faster actuation response can be
obtained in thermally activated TPAs when is applied via conduc-
tion, as compared with convection), so only categories of response
times are presented.

Both Fig. 7 and Table 1 show that TPAs present high specific
work and power as well as high maximum stress and strain, which
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Fig. 7. Artificial muscles performance comparison along with those of skeletal
muscles (1, 2-6, 16, 20-22).

has led to notable research interest, yet their thermal activation limits
their total efficiency and response time. PPAMs show similar max-
imum actuation stress and strain properties as human muscles but
outperform human muscles in specific power, work, and response
time. Because they are also pressure driven, similar actuation prop-
erties are found for cavatappi artificial muscles as those for PPAMs;
however, cavatappi artificial muscles are shown to exceed PPAMs
maximum actuation strain and the total system efficiency. Further-
more, when compared with PPAMs, cavatappi artificial muscles are
inexpensive ($0.9/m of cavatappi muscle), and because cavatappi
fabrication processing embeds similar microstructural anisotropy
developed through macroscale features in PPAMs, they are far sim-
pler to fabricate yet develop similar specific power and work metrics.
Moreover, PPAMs expand drastically in the radial direction during
actuation. Cavatappi bypass this pitfall, relying upon an internal
microstructure for anisotropy and developing relatively little helix
diametral deformation during actuation (see Fig. 5, A and C).

As we see in Fig. 7, cavatappi artificial muscles are capable of
mimicking some human muscle properties and outperforming others,
such as fast contraction activation, specific power and work, and
maximum force and contraction. Furthermore, like human skeletal
muscles, cavatappi artificial muscles have the potential for stacking
in parallel to increase force generation (see movies to S7). We have
demonstrated parallel operation here: Nine cavatappi artificial muscles
of the same length were connected in parallel to increase the gener-
ated torque by nine times on the arm in Fig. 6B. Extending this con-
cept, cavatappi could be bundled similarly to that of biological muscle
bundles, as shown in Fig. 1G.

The maximum actuation strain of cavatappi is somewhat limited
by the bursting pressure, which we think is related to the ultimate
strength of the drawn PVC material in the direction perpendicular
(transverse) to the tie-chain molecules running in the helical direction
around our actuators. The observed failure mode is one in which
bursting occurs in tiers parallel to the draw direction. Increasing wall
thickness increase would increase burst pressure but at the expense
of diametral expansion and proportionally higher pressure for a given
amount of actuation. Similarly, increasing the amorphous region tensile
limit would likely lead to increased burst pressure, but work in this
area would need to ensure that the modulus in the hoop direction
was not also increased, as doing so would adversely affect actuation.
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We have used soft PVC to fabricate these actuators, but there may be
polymers with the right combination of anisotropy and radial com-
pliance after cold drawing needed for cavatappi-type actuation, and
there may be polymers that allow for a larger maximum pressure or
actuate more efficiently. We tested some nylon and polyurethane
tubes, but we found that nylon had a hoop stiffness too high to actuate
at the pressures that we were able to apply and that polyurethane was so
weak radially that it failed at relatively low internal pressures. Although
this limited material study used PVC, we have no reason to believe
that this is the only material that can serve as cavatappi. On the
contrary, we believe that cavatappi can be optimized by designing
and/or selecting precursor materials that maximize anisotropic proper-
ties and allow those properties to reorient with twisting/coiling.

Reducing pressure required for a given amount of actuator strain
should be a primary future goal of this technology, but it is funda-
mentally a question of actuator efficiency. To reduce the amount of
required pressure for a given actuation strain, the actuator efficien-
cy would need to be increased because pressure is directly related to
the input work. We have demonstrated an actuator contractile effi-
ciency of about 45%, which is similar to related technologies. If a
material could be found that has a lower transverse modulus, then
high pressure could be traded for larger requirements on pumped
internal volume while maintaining this high actuator efficiency.
Doing so though would necessarily increase the rate of tube expan-
sion and therefore more quickly saturate the muscle, thus potential-
ly reducing the actuator stroke and specific work capacity. The wall
thickness to inner diameter ratio could potentially be reduced to
increase the diametral deformation in response to internal pressure
and thereby increase efficiency, but it is critical that the ratio is not
reduced so far that the tubes can kink during twisting, which would,
in turn, prevent the actuator fluid flow through the entire actuator
length. This “kink” stability is a critical design objective of future
optimization, although the reinforcing monofilaments would help
to prevent this failure mode. The tubes used in this work have used
a predrawn OD/ID ratio of 2.1/2.8, which has resulted in tubes that
have yet to fail to actuate due to kinking.

More extensive material modeling of cavatappi would highlight
some of these trade-offs and how material properties directly affect
actuation performance. Expanding and validating the model of
cavatappi artificial muscle presented in this work will be the subject of
future work; however, compared with TPAs, it will be substantially
simpler because only the mechanical properties of the precursor
tube are needed, and there is a reduced need to collect mechanical
properties as a function of temperature. Furthermore, the soft PVC
used for our cavatappi presents small moisture absorption (36);
thus, moisture dependencies would not need to be included in actu-
ation models, unlike nylon TPAs, which require material models
that include thermal and hydroscopic effects (27). The modeling of
PVC cavatappi artificial muscles will need to follow a linear visco-
elastic characterization due to the viscoelastic effects that are re-
ported in this work. Last, we expect that future work will include the
use of cavatappi artificial muscles in many applications due to their
simplicity, low-cost, lightweight, flexibility, efficiency, and strain
energy recovery properties, among other benefits.

MATERIALS AND METHODS
The material used throughout this work is Soft ND-100-65 Tygon
PVC tubing. As described in section S1, cold drawing, twisting, and
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coiling of this PVC tubing make the cavatappi artificial muscle. The
results presented in this work use the cavatappi in Fig. 1C with lin-
ear density of 0.014 g/mm and dimensions in fig. S2 (except the
mini-cavatappi was used in Fig. 6C and movie S4). This cavatappi
was reinforced with an internal nylon monofilament inserted into
the hollowed tube during fabrication (see section S1). The reinforce-
ment was found to reduce a pinching-type failure mode observed in
life-cycle testing. In addition, it was found that over thousands of
cycles, actuation creep was observed for cavatappi without a rein-
forcement. The reinforcing monofilament provided a restoring force
after pressure was removed, which helped to reduce actuation creep.

For all actuation tests and metrics calculations performed in this
work, we used a Polytec OFV-5000 Vibrometer controller with the
OFV-534 optics head. To apply and measure pressure in these tests,
we used a RG1262-1500 pressure regulator along with QB1T closed-
loop servo system and a DS-series pressure transducer from Proportion-
Air. The voltage outputs of these systems are linearly related to a
change of position of the object on which it focuses (vibrometer)
and change in pressure (pressure transducer) (fig. S3). This voltage
was recorded by a National Instruments PXIe-6361 multifunction
data acquisition card and subsequently analyzed to develop the data
presented in this work. More details on testing methods and calcu-
lations of metrics in Table 1 and Fig. 7 are found in the Supplemen-
tary Materials.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/53/eabd5383/DC1

Materials and Methods

Fig. S1. Fabrication and processing of a cavatappi artificial muscle and its elemental unit.

Fig. S2. Side, cross-sectional, and top views of a cavatappi along with its dimensions.

Fig. S3. Experimental setups used to measure axial strain of the precursor tube, radial strain for
the precursor tube, the torsional actuation of an elemental unit of a cavatappi, and the axial
actuation of a cavatappi artificial muscle.

Fig. S4. Pressure-volume curve used to calculate the energy in during an actuation
contraction and force-displacement used to calculate the work generated during an actuation
contraction.

Fig. S5. Actuation under a load of 1.1 kg to show the maximum stress and under a load of
0.1 kg to show maximum strain.

Fig. S6. The torsional actuation of a cavatappi artificial muscle elemental unit.

Table S1. Values obtained from fig. S4.

Movie S1. Mechanism of cavatappi actuation.

Movie S2. Cavatappi actuation.

Movie S3. Prestretched cavatappi actuation under no load.

Movie S4. Mini-cavatappi actuation.

Movie S5. Fifth digit flexion and extension of a robotic hand.

Movie S6. Strain potential energy storage.

Movie S7. High controllability.
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