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Soft continuum manipulators, inspired by squid tentacles and elephant trunks,
show promise in allowing robots to safely interact with complex environments.
One ongoing problem for these manipulators is torsional stiffness, as continuum
manipulators are naturally compliant and cannot actively resist torsional strain.
A hybrid actuator that combines molded silicone actuators with 3D printed
flexible wave springs is used to overcome this problem. It is shown that the
inclusion of the 3D printed wave spring increases actuator torsional stiffness by
up to a factor of 10. Further investigation of these structures is performed using
both experimentation and simulation. Finally, this hybrid actuator design is used
to create a nine-degree-of-freedom soft continuum manipulator, which is used to
perform a cantilevered pick-and-place task impossible for a traditional soft
manipulator of similar size.

1. Introduction

Due to their weight and rigidity, robots operated by traditional
motors can be dangerous to humans, limiting their ability
to operate efficiently in human-inhabited environments. Soft
actuators can absorb energy to enable safe and compliant
physical interaction with the environment in a way that is similar
to biological muscles, allowing for a bioinspired approach
to robotics and actuation. One important category of soft
robots is continuum robots or manipulators. These structures
bend continuously along their actuation areas instead of at a dis-
crete axle, similar to elephant trunks, octopus tentacles, or snakes.

An example of soft continuum manipulator is the Octarm,[1]

which uses McKibben muscles that contract under pressure.
Another example was discussed by Gerboni et al.[2] Intended
for minimally invasive surgery, this work uses cylindrical
pressure chambers within a larger cylinder of elastic material con-
strained by a vascular graft. When pressurized, the graft prevents
expansion, resulting in segment extension and bending. Another
continuum manipulator was found in Zhang et al.,[3] which uses

cables to apply bending and contractile
forces to a folded plastic structure. Cables
can also be used in conjunction with pneu-
matics, such as by McMahan et al.[4] when
they were combined with a pressurized
bladder to provide structure.

Low stiffness is often a problem in
continuum manipulation.[4,5] Easy bending
in multiple directions allows continuum
manipulators to achieve tortuous configu-
rations, but can make it difficult to interact
with the world. One example application,
discussed in Loeve et al.,[6] is for soft endo-
scopes, which need to be soft for some pla-
ces but rigid in others. Much of the work on
stiffness in continuum manipulators is
focused on changing the omnidirectional
stiffness of some or all of a continuum

manipulator.[7,8] One method for stiffness control is done by
including a granular jamming chamber in the bending seg-
ment.[9] Another involves using a phase changing alloy, which
can be melted to allow manipulator movement or solidified to
create a high-strength configuration.[10] Sadati et al.[11] used
3D printing to insert a helical arrangement of wax within their
continuum manipulator, which they can heat or cool to continu-
ously change the stiffness. All these methods allow for high stiff-
ness under load, but do not allow for this stiffness to be
maintained at manipulator segments undergoing active motion
with full maneuverability.

Some work has been done to create continuum actuators with
differing stiffness in different directions. In particular, having a
much higher axial torsional stiffness than a longitudinal or bend-
ing stiffness is useful because most continuum bending manip-
ulators cannot apply forces in the axial direction. When subjected
to an axial torque, most continuum manipulators will undergo a
twist that they are unable to actively resist, reducing system per-
formance.[12] An example of this deformation is shown in
Figure 1. Even the most capable continuum manipulators that
exist in the literature, such as the Octarm,[1] do not discuss tor-
sional stiffness and do not discuss or demonstrate off-axial
manipulation.

Works were done by Santoso et al.[12] and others[13] using
origami bellows. We have found that our origami system had a
torsional stiffness 160 times than one of the few continuum
manipulators that reports their torsional stiffness.[14] Fabricating
origami structures can be a difficult, laborious process, and can
be difficult to scale down.[15] Murphy et al.[16] used cables to drive
a continuum manipulator made of a notched nitinol tube. While
the structure appears to have a high torsional stiffness, the authors
do not discuss it. Xu et al.[17] added rigid joints within their cable-
driven continuum manipulator, increasing its stiffness at the cost
of a reduction in manipulation capability.
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In this work, we discuss a new such paradigm combining
3D printing techniques with traditional pneumatic bending
approaches. This approach uses a wave spring printed out of flex-
ible filament that exhibits torsional stiffness while still being
capable of extension, retraction, and bending. We used these
structures to augment existing fiber-reinforced soft actuators,
creating a hybrid actuator. We investigated different materials
and configurations before settling on using the flexible wave
spring as an external sheath to the underlying actuator, an exam-
ple of which is shown in Figure 2. With this configuration settled
on, we investigated the effects of varying the wave spring param-
eters on segment torsional stiffness. Finally, we created a nine-
degree-of-freedom (DoF) soft continuum manipulator and used
it to perform a pick-and-place task that would be impossible with
a traditional soft manipulator of comparable size.

The existing pneumatic actuator used in this work is the
reverse pneumatic artificial muscle (rPAM), a soft linear
actuation concept inspired by biological anatomy, which we
introduced in 2015[18] and have further analyzed.[19,20] This actu-
ator is called the rPAM because it operates on similar principles
to the traditional PAM (also known as the McKibben actuator[21]),
only with a reversed direction of actuation (similar to the work of
Gaylord et al.[22]). Our approach utilizes these fiber-reinforced

elastomer tubes either in a prestrained state when driving a rigid
kinematic skeleton, or as part of a soft bending continuum
manipulator (a segment that bends gradually, and not at along
a single axis). We have previously used rPAM actuators to drive
rigid joints[20] or as part of soft bending segments.[23]

3D printing is not a stranger to soft robotic actuators. Several
groups have created bending actuators out of soft 3D printed
materials, often using bellows configurations.[24,25] A wide range
of materials has been used, including NinjaFlex[26] and mixtures
of TangoBlack and VeroClear.[27] Mori et al.[27] used the compli-
cated structures achievable by 3D printing to incorporate bend-
ing sensors. Yirmibesoglu et al.[28] used 3D printing to directly
print silicone, finding similar performance between printed and
molded DragonSkin. Plott et al.[29] discussed problems with 3D
printing silicone, where voids between extruded layers propa-
gated under high strain, which could be mitigated by different
printing patterns.

Work was done combining 3D printing techniques with more
traditional soft actuator fabrication techniques. Yuan et al.[30]

combined 3D printed flexible materials with liquid crystal elas-
tomers to create a range of actively deforming structures. This
work used the 3D printed material TangoBlack to provide struc-
ture and a restoring force to the actuators.

The contributions of this article are as follows: 1) the creation
of a torsional stiffness constraint layer for soft actuators; 2) the
creation and characterization of a new hybrid molded/3D printed
pneumatic actuator with high torsional stiffness; and 3) the
creation and demonstration of a soft, torsionally stiff nine-
DoF manipulator.

2. Soft Wave Spring Augmented Pneumatic
Actuator Verification

The actuators discussed in this article have two main compo-
nents: the silicone core and the wave spring. The silicone core
provides an air-tight pressure chamber to allow the pneumatic
actuator to convert air pressure into directed forces. In traditional
construction, such as in our previous work, the silicone core
includes wrap of constraint thread that prevents it from expand-
ing radially when pressurized, instead causing it to extend line-
arly. We use twin plates of acrylic on either end of the actuator,
sandwiching flanges of silicone, to seal with pressure chamber.

The wave spring serves to provide torsional stiffness to the
actuator and is mounted between the ends of the actuator.
Because of the thin nature of the wave springs, they were unsuit-
able for the same molding fabrication process as the silicone
cores. We examined the possibility of using commercially avail-
able wave springs, but chose to 3D print them ourselves to have
greater control over the wave spring parameters. This hybrid fab-
rication method, combining 3D printing and traditional molding
techniques, was chosen because it could take advantage of both
the superior elasticity of silicone and the superior geometric
complexity allowed by 3D printing. A secondary benefit that
the wave springs could bring would be to replace the constrain
threading. This would speed up the actuator fabrication process,
reducing the necessary steps and eliminating the need for the
second layer of silicone to cure. Our initial experiments with

Figure 1. An example of a pneumatic continuummanipulator, actuated to
bend out of the page, with and without an offset load of 0.68 N. The offset
load causes significant actuator torsion, which cannot be resisted by more
actuation.

Figure 2. The three-chamber wave spring actuator being actuated. The
waves of the wave spring serve the role of threading while providing
the actuator with torsional stiffness, allowing it to actuate in desired direc-
tions while resisting deformation in others.
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wave spring actuators focus on verifying the properties of wave
spring actuators, examining both configuration and material.

2.1. Single-Chamber Actuator

We first created and verified the torsional stiffness of the linear
wave spring actuators, as shown in Figure 3a. We compared
two separate ways of including the wave spring in the actuator:
internal and external. In external wave springs, the wave spring is
used as a sheath, slipping on outside the silicone core. In the
internal configuration, wave spring is mounted inside the wall
of the actuator. This is done by inserting it into the mold used
to form the elastic core before the silicone is poured in. The sili-
cone pressure chamber has an inner diameter of 2 cm and an
outer diameter of 3 cm, whereas the wave spring beams are
2.5mm wide and 1.25mm tall. A more detailed look at the wave
spring parameters is described in Section 3.

We performed torsional stiffness experiments on these two
wave spring actuators. These experiments were performed using
weights to apply an axial moment to the actuator, with an
OptiTrak motion capture system used to measure actuator defor-
mation. More detail about the experimental setup can be found
in our previous work.[12] The wave springs were printed on an
Objet 260 Connex 3D printer using the FLX 9085 mixture of
TangoPlus (soft) and VeroClear (rigid). We compared the inter-
nal and external wave spring actuators with a control actuator
without a wave spring. Torque–Displacement results of these
experiments are shown in Figure 3b.

From this figure, we can see that the addition of the wave
spring dramatically increased the torsional stiffness of the actu-
ator. The internal wave spring actuator was twice as stiff as the
control actuator, whereas the external wave spring actuator was
six times stiffer than the control actuator. This increase in stiff-
ness of the external wave spring was probably not only because
the external wave spring could have a larger diameter but also
because the internal wave spring could not be directly anchored
to the end caps of the actuator. In addition, the internal wave
springs exhibited a series of fabrication difficulties, including
difficulties staying properly situated in the mold, whereas the

silicone was curing and the difficulty of preventing pressurized
air from seeping into cracks between the silicone and the wave
spring. For these reasons, we chose to continue using the exter-
nal wave spring method.

2.2. Three-Chamber Wave Spring Actuators

Maintaining this external configuration, we also adapt this wave
spring actuator methodology to three-DoF bending actuators,
widely used configuration of soft actuators, with multiple soft
pneumatic actuators mounted together. When one of the actua-
tors is pressurized, the entire segment bends appropriately. We
combined three wave springs into a single unit, fusing them
together at their tangent faces. We also created a three-chamber
wave spring using NinjaFlex, a cheaper and more reliable mate-
rial than FLX 9085. The pressure chamber had inner diameters
of 7.5 mm and outer diameters of 13mm, with the same dimen-
sion of wave spring (except the diameter of the wave, which was
adjusted to stay in contact with the outer face of the actuators).
These three-chamber wave spring actuators are shown in
Figure 4a, whereas an actuated version is shown in Figure 2.

We performed a torsion test using the two three-chamber
wave spring actuators and the silicone control using the same
methodology as before. The results of these experiments are
shown in Figure 4b, where we again found that the wave springs
increased the torsional stiffness of the bending segment by a fac-
tor of 10. We also found a negligible difference between torsional
stiffness of the wave spring printed using FLX 9085 and with
NinjaFlex.

3. Parameter Investigation

We investigated the effect of changing parameters on the
torsional stiffness of the one-chamber wave springs. A single,
unwrapped, level of the wave spring is shown in Figure 5a.
We investigated the effects of changing two parameters: the
amplitude of the wave and the period of the wave. The amplitude
is the distance between the top and bottom of each wave, which

Figure 3. a) Two examples of soft, linear wave spring actuators with different placements of the wave spring. Materials used were FLX 9085 for the wave
spring and EcoFlex 0030 for the silicone pressure chamber. b) Torsion test results for our single-chamber wave spring actuators. We compared the
torsional behavior of the actuator with the wave spring mounted inside the actuator wall with it mounted outside the actuator wall. Materials used
were FLX 9085 for the wave spring and EcoFlex 0030 for the silicone pressure chamber.
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represented approximately half the height of a layer. Although we
could also change the period of each wave continuously, it was
necessary for the period to be a multiple of the perimeter of the
wave spring (which we held constant), to ensure that the wave
connected back to itself.

We examined the effects of changing parameters on the torsional
stiffness of the one-chamber wave springs using both physical
experiments and finite element analysis (FEA). We used physical
experiments to get a wider picture of the design space, whereas
FEAwas used to drill downwith higher resolution on a single num-
ber of waves per level. The parameters we chose to investigate with
physical experiments were ½0.06 0.0675 0.075 0.0825 0.09�
in. (½1.524 1.7145 1.905 2.0955 2.286�mm) in amplitude
and ½3 4 5� waves per level, whereas our FEA focused on five waves
per level with amplitudes tested in the same range but with a
resolution of 0.002500 (0.0635mm). We printed a wave spring
out of NinjaFlex for each combination and performed torsional
tests using the same experimental setup as the previous section.
The wave amplitudes that were investigated could not match up
exactly with the height of the top layer, and thus differing
amounts of partial waves were included at the end to make up

the difference, which were filled in to reduce the risk of the wave
spring breaking.

We used the results of these torsion tests to calculate the stiff-
ness of each wave spring. These results are shown in Figure 5b.
We found that increasing the number of waves increased the tor-
sional stiffness of the wave spring, as expected. However, we
found that the 0.07500 amplitude wave springs were the strongest.
This went against our hypothesis that a shorter amplitude would
be stronger because with a shorter amplitude the loading on the
links of the wave would approach column loading. However, our
experiments indicated that this was not the case.

We simulated a single layer (such as the one shown in
Figure 5a) of the wave spring and multiplied the mean displace-
ment on its upper faces by the number of layers in the entire
spring. Simulations were performed in SolidWorks, with mate-
rial properties taken from the manufacturer.[31] Results are
shown in Figure 5c, in comparison with the five-layer experimen-
tal results. We found general agreement between the FEA and
the experimental results. The FEA results do indicate that the
stiffness of the 0.07500 wave spring was caused by the way that
amplitude divided into the total actuator length. Increasing

Figure 4. a) A three-chamber NinjaFlex bending wave spring actuator (left) along with the silicone pressure chambers alone (right). b) Results of a torsion
test comparing the torsional stiffness of three-chamber wave spring bending segments with the silicone cores on their own. There was minimal difference
between the two materials tested, both of which exhibited ten times the stiffness of the control.
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the amplitude of the waves makes the wave spring weaker, but
when the amplitude gets high enough that fewer waves can be fit
in the actuator, the stiffness increases again. The amplitude
0.07500 was just on the tip of a reduction in number of waves that
could fit within the fixed height of the actuator, giving it a higher
stiffness. In addition, the lower resolution of physical experi-
ments caused the difference between the FEA and experimental
results at 0.072500 with the trend in negative stiffness likely con-
tinuing until the jump at 0.07500.

Thus, as these interface zone seems to have such a significant
impact on the torsional stiffness of these wave springs, we can
also conclude that wave amplitude did not have a significant
effect for the amplitudes we investigated. Thus, we can use
the amplitude that is most beneficial to the application without
worrying about reductions in torsional stiffness.

4. Three-Segment Manipulator

We expanded this approach of creating wave spring bending
modules and created a three-segment manipulator, as shown
in Figure 6.

4.1. Fabrication

This manipulator was assembled out of three modules similar
to the one shown in Figure 4. To fit the pressure lines (three
for each segment), the lower bases needed to have a hollow cen-
tral shaft. To make space, the pressure chambers were shifted
outward by 2mm for the middle segment and 4mm for the base
segment. Finally, an additional wave spring was added in the

center of the lower two segments, connecting to the outer wave
springs surrounding the pressure chambers. This increased the
torsional stiffness of the segments by linking the three separated
wave springs together into a single unit.

Altogether, this results in a sturdy and torsionally stiff manipula-
tor. Some example states, when mounted in an upright or inverted
configuration, are shown in Figure 7 with a vacuum suction gripper
mounted at the end, where we can see that the manipulator is capa-
ble of a wide range of configurations without drooping.

4.2. Manipulation Task

These configurations show the general capabilities of the wave
spring manipulator, but do not highlight the improvements that
the wave springs afford. To do so, we used it to perform a simple
pick-and-place task. We mounted it in a cantilever configuration
and used it to pickup and drop-off a small weighted cardboard
box. Images of this manipulation task are shown in Figure 8a.
The cantilever configuration represents the worst-case scenario
for continuum manipulation, where the actuator must overcome
the most torque around its base.

Pressure in the nine pressure chambers was controlled using
pulse-width modulation (PWM) of an array of digital valves con-
nected to a 12.5 psi pressure source, similarly to our previous
work[32] and others.

These experiments were performed in a motion capture envi-
ronment, which was used to track the box as it was carried from
the pickup to the drop-off locations. Trajectories from some of
these experiments are shown in Figure 8b. The most variation
in the manipulator behavior occurred when it extended to pick

Figure 5. a) An unwrapped wave spring layer, showing the parameters investigated. This example had an amplitude of 0.07500 (1.905mm) and five waves
per level. In addition, this served as the template for the FEA verification experiments. b) Torsional stiffness results (with standard deviations) for the
range of wave spring actuators tested. c) A comparison of the FEA torsional stiffness results with the experimental results for five waves per level, with
amplitudes ranging from 1.524 to 2.286mm.
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up the box. This, combined with slight difference in box place-
ment, resulted in the suction gripper grasping the box in different
places. This resulted in the offsets between box trajectories shown.

To quantify the usefulness of the wave springs, we calculated
the axial torque from the tip segment and payload on the base

segment to be around 170 Nmm. Using torsional stiffness data
of a more traditional continuum manipulator of similar size, the
soft snake segments used in our earlier work,[33] we calculated
that such a base segment would have twisted 55�, enough to
prevent the payload from being lifted off the ground entirely.

Figure 6. We created a manipulator using three of the three-chamber wave spring actuators mounted in series. The wave springs were printed out of
NinjaFlex, with the lower segments being slightly wider in order to accommodate the pressure lines. a) The physical system with insets indicating the
sections’ cross sections, with horizontal supports and an additional wave spring inserted in the lower two segments to improve stiffness while giving space
for the pressure lines. b–d) An approximation of the workspace of the manipulator from various angles. This was calculated using continuummanipulator
kinematics discussed in Santoso et al.[12] Because of the three-chamber construction of the manipulator, the workspace is not a perfect dome.

Figure 7. A range of states that the manipulator is capable of.
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This represents a proof of concept for the advantages that flexible
wave springs can bring to continuum manipulators.

5. Conclusion

This article discussed a new paradigm in soft pneumatic actuator
design. This paradigm combines traditional silicone molding with
flexible 3D printed wave springs to create actuators that are soft
and flexible while exhibiting a high torsional stiffness. We per-
formed initial investigations of single- and three-chamber wave
spring actuators and found that they vastly improved torsional
stiffness of soft pneumatic actuators. We investigated changing
the amplitude and number of waves per level of single-chamber
soft actuators through both experimentation and FEA. We found
that the more the waves per level the higher the torsional stiffness,
but that changing the amplitude of each wave did not significantly
impact the torsional stiffness overall. Finally, we combined these
individual three-chamber wave spring actuators into a nine-DoF
bending manipulator, which we used to perform a pick-and-place
task in an anticancer configuration that would have been much
more difficult or even impossible for a traditional bending manip-
ulator with a lower torsional stiffness. This represents the first
time torsional stiffness has been demonstrated in a soft pneumatic
continuum manipulator.

One weakness with the hybrid manipulator demonstrated
in this article is its lack of active strength when compared with
some of the other continuum manipulators in the literature,

particularly the Octarm.[1] The manipulator we used was a
proof-of-concept for the hybrid continuum design, with little
effort made toward increasing the force outputs to levels that
would allow for practical applications. This could be done using
larger pressure chambers, which would allow the manipulator to
apply greater forces. Using threading or a tighter mesh around
the pressure chambers would also increase output forces by
allowing the pressure chambers to withstand higher pressures
without bursting and reducing the necessary wall thickness.
Although the inclusion of the wave spring sheath allows the soft
linear actuator to function without the need for constrain thread-
ing, it did not work perfectly. The required thickness of the 3D
printed wave springs means that they cannot be packed tightly
enough to keep the silicone actuators from bursting at high pres-
sure. Dynamic performance could be increased using a wider
pressure lines or a larger valve, which would increase the flow
rate of pressure into the actuator chambers.

Alternately, work could be done to reduce the weight of the
bending segments, so that a smaller percentage of the force output
needs to be devoted to countering the effects of gravity on the
manipulator, itself. In addition, as the wave spring sheathes do
not have to obstruct the inner workings of a continuum actuator,
they can be combined with other controllable stiffness techniques
discussed in Section 1 to create an even more capable manipulator.

We used a wave spring manipulator to perform a pick-and-
place task, but the pressures used were determined by hand.
Important future work includes creating a model of the soft

Figure 8. a) Images from the wave spring manipulator pick-and-place experiment. b) The trajectories of the object moved by the manipulator during
several trials. Maximum variance is 1.6 cm.
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continuummanipulator under load and using it to perform accu-
rate inverse kinematics, as well as control algorithms that would
allow the manipulator to reliably reach desired points. This
would allow the soft wave spring continuum manipulator to
operate as a robotic limb, easily performing tasks in complex
unstructured environments without risk and allow for humans
and robots to share the same environments and collaborate on
the same tasks.
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