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Abstract: Soft fiber-reinforced actuators have demonstrated significant potential across various
robotics applications. However, the actuation motion in these actuators is typically limited to a single
type of motion behavior, such as bending, extending, and twisting. Additionally, a combination
of bending with twisting and extending with twisting can occur in fiber-reinforced actuators. This
paper presents two novel hybrid actuators in which shape memory alloy (SMA) wires are used as
reinforcement for pneumatic actuation, and upon electrical activation, they create a twisting motion.
As a result, the hybrid soft SMA-reinforced actuators can select between twisting and bending, as well
as twisting and extending. In pneumatic mode, a bending angle of 40◦ and a longitudinal strain of
20% were achieved for the bending/twisting and extending/twisting actuators, respectively. When
the SMA wires are electrically activated by the Joule effect, the actuators achieved more than 90% of
the maximum twisting angle (24◦) in almost 2 s. Passive recovery, facilitated by the elastic response
of the soft chamber, took approximately 10 s. The double-helical reinforcement by SMA wires not
only enables twisting in both directions but also serves as an active recovery mechanism to more
rapidly return the finger to the initial position (within 2 s). The resulting pneumatic–electric-driven
soft actuators enhance dexterity and versatility, making them suitable for applications in walking
robots, in-pipe crawling robots, and in-hand manipulation.

Keywords: SMA actuators; hybrid actuators; soft robots; SMA-reinforced actuators; pneumatic
actuators; twisting actuators

1. Introduction

The demand for versatile soft robots, those capable of performing a broader range of
tasks, is driving the necessity for a new category of multi-functional actuators. For instance,
beyond their fundamental role of picking up and putting down objects [1,2], soft grippers
and bionic hands are expected to be involved in in-hand manipulations [3]. Moreover,
walking and crawling robots [4,5] are expected to adjust their locomotion direction [6].
Therefore, actuators that are capable of performing multiple actions are needed, such
as those that combine bending, extending, and twisting in a selective and controlled
manner. Fiber-reinforced pneumatic actuators have been widely used in grippers and
exploration robots [7–11]. However, achieving multifunctionality in a single fiber-reinforced
actuator has not yet been thoroughly explored. Nevertheless, multifunctionality has
been presented by segmentally patterning different reinforcements [12,13]. Furthermore,
there are very few works demonstrating pure twisting, without significant longitudinal or
bending deformation, in fiber-reinforced pneumatic actuators, with this becoming possible
by varying the fiber angles [14].

Two widely recognized categories of soft fluidic actuators include fiber-reinforced
actuators and pneumatic network (PneuNet) actuators [15]. Nevertheless, the geometry of
fiber-reinforced actuators is more anthropomorphic, resembling human fingers, making
them a preferable choice for applications in soft robotic hands or exosuits [16]. Furthermore,
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in comparison to the PneuNet design, fiber-reinforced actuators are less susceptible to
catastrophic damage [17] due to their reinforcement and lower volume expansion. In
addition, because the structure of fiber-reinforced actuators has fewer seams compared to
PneuNet actuators, the issue of delamination that causes early failure is less likely. While the
processing of fiber-reinforced actuators may pose greater challenges compared to PneuNet
actuators due to their multi-material design, the ongoing progress in processing techniques,
such as multi-material additive manufacturing, is expected to alleviate this issue.

Besides the previously mentioned pneumatic actuators, shape memory alloy (SMA)
wires are being extensively utilized as actuation elements in various soft robots [18–20].
The high-power density of shape memory alloy wires and their heat activation, occurring
through the Joule effect, make them intriguing actuators [21], especially in scenarios where
weight is a concern [22], like in untethered robots [23]. However, SMA wires have certain
drawbacks, including a slow transition process and a limited stroke. The slow transition
is attributed to the low thermal conductivity of the polymers in which the SMA wires are
embedded, as well as the viscoelastic effect of the polymers, which is magnified by the
increase in temperature and reduces the elastic load of the materials needed to return the
SMA wires to their initial state. Solutions are being researched, including the development
of thermally conductive polymers [24], and the integration of multiple SMA wires [25].
Another proposed solution to increase the stroke involves integrating longer SMA wires,
made possible by extending the wire outside of the matrix [26]. Aside from actuation [27],
SMAs are also used for other functionalities in soft robots, including variable stiffness [28],
as well as for damage closure to assist in healing in self-healing soft robots [17]. Furthermore,
SMA actuators have been employed as assisting elements in pneumatic actuators, enabling
functions such as bending in a single McKibben muscle [29], and offering precise control in
a bending fiber-reinforced pneumatic actuator [30].

Utilizing the previous actuation technologies, soft bending and extending actuators
have been extensively researched, while there has been comparatively less exploration of
twisting or torsional actuators [2]. Yan et al. and Sanan et al. developed pure pneumatic
torsional actuators by creating pneumatic chambers in a helical manner [31,32]. Li et al.
used origami design to create a soft pneumatic twisting actuator, although the twisting
comes with either contraction or extension of the actuator [33]. Jiao et al. achieved a
vacuum-driven twisting motion by creating seamless chambers with curved and slanted
walls [34]. Gorissen et al. stacked two pneumatic balloon actuators to create a twisting
motion. Each actuator consists of a silicon layer with a pattern of molded and sealed
voids [35]. With varying fiber angles, Connolly et al. demonstrated twisting in fiber-
reinforced actuators without simultaneous extension [14]. Embedded SMA wires have
also been used to create a twisting motion in soft actuators [36–38], as well as multi-modal
actuations [39].

In this study, two novel hybrid reinforced actuators are presented in which SMA
wires replace the typical reinforcement used in fiber-reinforced actuators. This substitution
allows for twisting when electrically stimulated, providing an additional dimension of
movement, while still retaining reinforcement for the pneumatic actuation of the actuator.
The inspiration for this work stems from a prior study by our group, whereby SMA wires
were utilized to reinforce a self-healing soft bending actuator, aiding in damage closure
and promoting healing [17]. In that work [17], a single wire was wound clockwise and
then wound back counterclockwise. In this work, we build upon that concept, differing in
the approach of employing two SMA wires for radial reinforcement of the soft chamber.
One wire is wrapped clockwise and the other is wrapped counterclockwise around the
chamber. Consequently, in the current study, the activation of each wire induces a twisting
motion in two different directions. Furthermore, achieving selectivity between twisting and
bending/extending in fiber-reinforced (herein, SMA wire-reinforced) pneumatic actuators
becomes possible, a unique characteristic not commonly observed in soft actuators. This
capability is attained by integrating SMA wires and imparting hardware multifunction-
ality [40]. The subsequent section outlines the design, processing, and characterization
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methods. The results provide insights into the functioning of the actuator in both twisting
and bending/extending modes. Following this, we delve into the challenges that must be
faced and outline future directions for research.

2. Materials and Methods
2.1. Typical Fiber-Reinforced Actuators vs. the Proposed Hybrid Actuators
2.1.1. Typical Fiber-Reinforced Actuators

Fiber-reinforced pneumatic actuators are typically constructed using a soft chamber
shaped like a cylinder or half cylinder, which is then reinforced with tiny fibers, wires, or
strands [11]. Without reinforcement, the chamber expands in all directions upon inflation.
However, depending on how the chamber is reinforced, its deformation is restricted in
specific directions and the actuator can achieve different motions; typically, extension,
bending, and a combination of extension with twisting and bending with twisting [11]. The
design and actuation of fiber-reinforced pneumatic actuators are as follows (the readers
are referred to https://softroboticstoolkit.com/book/fr-variation-motion (accessed on
12 February 2024)): For extension, the actuator is radially double helically reinforced
(Figure 1a). In the case of bending, in addition to radial double helical reinforcement, a
strain-limiting layer is embedded within the actuator (Figure 1a). This layer is flexible, yet
not stretchable and may consist of materials such as paper or a fabric such as Kevlar. The
layer hinders the extension on one side of the actuator, resulting in a bending motion when
pressurized. In both the bending and extension actuators, if the radial reinforcement relies
solely on a single helix manner, twisting simultaneously occurs in the actuator as well.
This twisting motion is a result of the asymmetrical application of force due to the single
helical reinforcement (Figure 1a). Hence, to improve the controllability of fiber-reinforced
pneumatic actuators, a preference is given to those with double-helical reinforcement that
remains untwisted.
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Figure 1. An overview of the design and motion actuation of (a) typical fiber-reinforced actuators and
(b) the SMA-reinforced actuators in the current study. Using SMA wires allows for hybrid pneumatic
and electric reinforced actuators capable of either bending or extending and pure twisting. Twisting
is possible in both directions in the double-helical reinforcement design.

2.1.2. Concept of Hybrid Actuators

The hybrid principle of the presented actuators refers to their ability to be activated
both pneumatically and electrically. Two types of actuators were developed: (i) a bend-
ing/twisting actuator and (ii) an extending/twisting actuator (Figure 1b). The key differ-
ence between these two actuators lies in the presence of a strain-limiting layer required for
the bending motion of the first actuator (Figure 1b).

When the actuators are subjected to pneumatic pressure, the first actuator bends,
while the second one extends. This is the pneumatic mode of operation for the actuators.

https://softroboticstoolkit.com/book/fr-variation-motion
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In the electrical mode, attributed to the activation of SMA wires by the Joule effect, the
actuators undergo twisting. Typically made from nickel–titanium alloys with a crystalline
molecular structure, SMA wires exhibit unique properties. When a load is applied to SMA
wires below their transition temperature, in the martensitic phase, the wire is deformed
due to the high mobility of interphases of martensite. This strain can be recovered by
heating the wires above the transition temperature, inducing the phase transition in the
crystalline structure from martensite to austenite [20]. The SMA wires are pre-strained
before being embedded within the soft chamber, enabling the initial actuation. During
multiple cycles of actuation, when the SMA wires are deactivated (cooling down), the
elastic property of the soft chamber restrains them, preparing for the next actuation cycle.
Since the chambers are reinforced with double-helical SMA wires, twisting can occur in
both directions through the activation of each SMA wire. The twisting motion results from
the helical configuration of the SMA wires, which, upon contraction, apply a rotational
force to the chamber (Figure 1b).

2.2. Selection of Materials

Three distinct materials were employed in the fabrication of the hybrid soft actuator
capable of twisting and bending: a hyperelastic elastomer for the soft chamber material, a
fabric as the strain-limiting layer essential for bending performance, and SMA wires for
twisting performance, complemented by radial reinforcement necessary for pneumatic
actuation. A similar approach was applied for the twisting and extending actuator, omitting
the strain-limiting layer. The material constituting the chamber must be inherently soft
and flexible, and preferably an elastomer with a nearly purely (hyper)elastic behavior.
Additionally, it is vital for this material to possess adequate heat resistance, surpassing the
transition temperature of the SMA wires, which is 78 ◦C. Consequently, we opted for an out-
of-shell silicon-based material, specifically Ecoflex-0030 (Amsterdam, Netherland), with a
useful temperature range of −53 ◦C to 232 ◦C (refer to Smooth-On products, purchased
from Form X, Amsterdam, Netherland). Moreover, Ecoflex-0030 exhibits a high fracture
strain of 900%, making it an ideal choice for various soft robotic applications. A piece
of Kevlar fabric was chosen as the strain-limiting layer (needed for the bending motion)
due to its inextensibility compared to Ecoflex-0030. It is thin and flexible, ensuring that it
does not compromise the bending and twisting functions of the actuator. The SMA wires,
strands of nickel–titanium alloy, were sourced from Dynalloy (Irvine, CA, USA). Following
a comparative analysis between SMA wires with diameters of 0.1 mm and 0.3 mm, the
0.3 mm wire with the start heat transition temperature of 68 ◦C was selected. In addition
to the higher force of the 0.3 mm wire (1280 gr for the 0.3 mm SMA wire and 143 gr for
the 0.1 mm SMA wire), its larger diameter facilitates enhanced interaction with the soft
chamber. However, it is important to note that wrapping the 0.3 mm SMA wire around the
chamber presents greater challenges compared to using the 0.1 mm SMA wire. The wires
were already pre-strained by 5%. The wire’s properties are detailed in Table 1.

Table 1. Properties of the 0.3 mm SMA wire sourced from Dynalloy.

Activation Start Temp Activation Finish Temp Resistance Rec. Current

68 ◦C 78 ◦C 12.2 Ω/m 1500 mA

Rec. Pull Force Rec. Defomation Young Modulus
(martensite)

Young Modulus
(austenite)

1280 gr 3–5% 28 GPa 75 GPa

2.3. Design and Processing

The design parameters are adjustable according to the application. In this study,
we aimed to demonstrate our novel technology by targeting dimensions comparable to
those of a human finger for the actuator. The length was set at 90 mm, with a width of
approximately 20 mm. Another crucial parameter is the pitch of the radial reinforcement,
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as a larger pitch size is expected to result in a greater twisting angle. To determine the
maximum pitch size while ensuring sufficient reinforcement for pneumatic actuation,
finite element simulations were conducted using Abaqus CAE 2019 (Simulia, Dassault
Systèmes, Johnston, RI, USA). In the finite element model, the bending performance was
taken into consideration. The hyperelastic material modeling, the Neo-Hookean model for
Ecoflex-0030, was described in [41]. SMA wires were defined as element B32, while the
matrix was represented by element C3D10H. A tie interaction was established between the
SMA wires and the matrix. The pressure was applied to the inner surfaces of the actuator.
Further detailed information is available in [17]. Based on the finite element analysis, it was
determined that the maximum pitch achievable while ensuring adequate reinforcement for
pneumatic actuation was 6 mm.

Figure 2 outlines the processing steps involved in creating the actuators. The process
utilizes a primary mold (mold N1) and a secondary mold (mold N2) 3D-printed using
filament extrusion (Figure 2). The molds were printed in two separate parts for easier
demolding. The half-cylinder rod (Figure 2a), spray-coated with a release agent, is po-
sitioned in mold N1, and the strain-limiting layer is secured in place using side clamps.
It is important to note that the step of adding the strain limiting layer is exclusive to the
bending actuator and not applicable to the extending actuator. The material is then poured
into mold N1 and cured for four hours at room temperature. Thereafter, the chamber
containing the embedded strain-limiting layer and the rod inside is demolded from the
mold (Figure 2b). The path for radial reinforcement was considered in mold N1 to ensure
even spacing of the radial reinforcements and prevent ballooning upon inflation. This also
guarantees that the wires are fully embedded within the actuator, facilitating efficient force
transmission during twisting.
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Figure 2. Processing of the SMA-reinforced actuators. (a) The mold N1 with the half-cylindrical rod
and the clamps that are used to secure the rod and the strain-limiting layer. The material is poured
into mold N1. (b) The cured chamber is then disassembled and equipped with the SMA wires that
are covered with Teflon tape. (c) Thereafter the chamber is placed in mold N2 and, again, the material
is poured into the mold to embed the reinforcements. After 4 h, the actuator is demolded, the rod is
removed, and the pneumatic connector is connected. (d) Dimensions of the two actuators.

Subsequently, the cured material was then equipped with radial reinforcements cov-
ered with Teflon tape (Figure 2b). The use of Teflon tape is to prevent short circuits in
the wires when the voltage is applied. Teflon tape is an excellent insulator, can withstand
high temperatures, is durable, and due to low friction allows for smooth movement of
SMA wires upon activation. Similar to the step in Figure 2a, the chamber with the radial
reinforcement was placed into mold N2 (Figure 2c). More material was then poured into
mold N2, completely covering and embedding the radial SMA reinforcements. After a
four-hour curing process under ambient conditions, the part was demolded. Finally, the
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half-cylinder rod was removed from the chamber, and the actuator was equipped with the
necessary pressure inlet and sealed via clamping (Figure 2d). The actuator’s dimensions are
90 mm in length (10 mm is exploited for the pneumatic connector) and 19 mm in diameter
(Figure 2d).

2.4. Experimental Setup

Referring to Table 1, the manufacturer’s data sheet for the SMA wires provided the
recommended electrical current necessary for achieving full contraction of the wires. Each
radial reinforcement had a length of almost 60 mm, requiring a corresponding electrical
voltage/current of 12 V/1.5 A for achieving full contraction. This electrical current was
supplied using a laboratory power supply. The actuator was securely mounted within a
Plexiglas box (Figure 3a). The actuator’s performance upon wire activation was recorded
from the bottom of the box (Figure 3a). The twisting performance of the actuators was later
analyzed through video processing.
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Figure 3. Setups used for testing the actuators in the (a) electric mode for SMA actuation and the
resulting twisting behavior (four electrodes, two pairs, were attached to the two SMA wires for
electrical activation) and (b) pneumatic mode. Note that pneumatic setup was used for both the
bending actuator and extending actuator.

For pneumatic actuation of the bending and extending actuators, a pressure supply
was connected to a FESTO VEAB-L-26-D7-Q4-V1-1R1 pressure controller. The actuator’s
performance under varying pressure levels was recorded and subsequently analyzed
through front-view video recording and processing, as illustrated in Figure 3b. It is impor-
tant to note that in this work, the actuators’ performance was kinematically analyzed. The
force exertion capabilities were not investigated in this particular study.

3. Results

As mentioned, two different reinforced actuators were developed. A bending/twisting
actuator and an extending/twisting actuator. The difference between these two actuators
lies in the strain limiting layer which is needed for the bending performance of the first
actuator. However, as the strain limiting layer was very thin and flexible, it did not
compromise the twisting performance of the bending/twisting actuator. As such, the
twisting performance of both actuators was quite similar and the reported results are true
for both of them.
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3.1. Twisting Performance

The electric-activated contraction of the SMA wires wrapped around the soft chamber
resulted in a pure twisting angle in the soft actuators. Two wires were used for the radial
reinforcement of the chamber, creating a double helical reinforcement, allowing for twisting
in both clockwise and counterclockwise directions (Figure 4a and Supplementary Video S1).
Using different voltage levels, various twisting angles could be achieved (Figure 4a).
Figure 4b shows the results of clockwise twisting of the actuator in five consecutive cycles.
As observed, without any external intervention, cycles of twisting actuations were possible.
The lesser twisting angle in the following cycles compared to the first cycle could be
attributed to the viscoelastic property of the soft matrix (via SMA wire activation, the
matrix is heated up), some misalignment of the wire after the first activation, and a smaller
pre-strain compared to the initial amount provided by the supplier. Multiple cycles of
actuation imply that the elastic response of the soft chamber is capable of restraining
the wire when it cools down; this is referred to as passive antagonist action from the
soft elastomeric chamber (Figure 4c). However, despite the passive antagonistic action, a
complete return to the initial position did not occur, and some remaining twisting angles
were observed after each deactivation of the SMA wire (Figure 4a–c). Nevertheless, in
the presented design, the other SMA wire reinforcement can act as the active antagonistic
action (Figure 4c). Another approach to enhance the recovery process involves altering
the matrix and examining the impact of the different mechanical properties of the matrix
on the twisting and recovery process. Furthermore, the adhesion between the SMA wires
and the matrix can be studied [42]. Figure 4c also provides a brief description of the time
response of the actuators (the fourth cycle of the twisting test in Figure 4b was selected as
the example). By suddenly increasing the voltage to 12 V, more than 90% of the maximum
twisting angle is accomplished in almost 2 s. It can roughly be approximated that the
actuators twist with a velocity of 10◦ per second. The actuator was able to maintain its
position for longer time periods. After turning off the electricity, it took approximately 10 s
for the passive recovery of the actuator. Nevertheless, as seen, this recovery can be actively
achieved in 2 s. Figure 4d demonstrates how activation of the second SMA wire (the other
radial helical reinforcement) can return the actuator to the full initial position.

Although double helical reinforcement is necessary for the pneumatic bending and
extension of the actuators, each helical reinforcement also compromises the twisting actu-
ation of the other reinforcement. The maximum twisting angle of an actuator reinforced
with a single helical reinforcement was 30◦ (Figure 5 and the Supplementary Video S2),
while in the case of double helical reinforcement, it was 24◦ (Figure 4a). Note that in the
single helical reinforcement design, a combination of twisting with bending/extending can
be achieved upon inflation (Figure 1a), and with SMA activation, single-direction twisting
is performed.

3.2. Pneumatic Actuation

Pneumatic actuation of typical fiber-reinforced soft actuators has been well studied
in the literature. In this study, the results demonstrate that utilizing SMA wires as re-
inforcement with the considered design parameters not only enables electrically driven
twisting of the actuators but also allows for effective bending in the bending/twisting
and extending in the extending/twisting actuators in pneumatic mode. Figure 6a depicts
the bending performance where the bending angle reaches 40◦ with an input pressure of
50 kPa (Supplementary Video S3). Although higher bending angles can be achieved, the
resulting configuration meets the requirements for many applications, such as gripping.
The performance of the extending actuator is shown in Figure 6b (Supplementary Video S4).
As observed, a 20% longitudinal strain was achieved with an input pressure of 25 kPa. It
was observed that a 5 kPa increase in pressure could extend the actuator by 3–4 mm. Above
the mentioned amount of pressure in the bending and extending actuators, ballooning
happened from the end wall of the actuator. However, by increasing the length of the tip of
the actuator (its thickness), more pressure can be applied to the chamber.
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4. Conclusions

In this work, two novel hybrid electric/pneumatic actuators capable of twisting and
bending/extending are demonstrated. The design of the actuators mimics the well-known
fiber-reinforced actuators, in which SMA wires were used as reinforcement instead of
typical fibers. As a result, a new capability, which is selectivity between twisting and
bending/extending, was introduced. These multifunctional actuators can potentially be
utilized for advanced soft robotic applications. For example, the actuators can be used for
applications where both bending/extending and twisting are required at different modes of
operation. For example, one use case for the bending/twisting actuator can be the wrist of
grippers or bionic hands to provide both flexion/extension motion (in the bending mode of
the actuator) and pronation/supination motion (in the twisting mode of the actuator). For
the extending/twisting case, probably the most highlighted application can be for walking
or crawling robots to move forward (in the extending mode of the actuator) and change
the contact and friction with the terrain which is needed for moving (in the twisting mode
of the actuator). In addition, although not elaborated in this paper, the actuators can have
the potential of simultaneous actuation of both modes, which can for instance be used
for in-hand manipulation as seen in [3]. The potential use case of this technology can be
explored for the closure of areas of damages through self-healing actuators. By employing
twisting actuation, it can be investigated whether the actuator can effectively close damage
applied in various directions, beyond the transverse damage closure presented in previous
studies [17].

However, in this paper, the concept was presented, and a feasibility study was shown.
There are still many possibilities to improve the performances of the actuators and address
these issues. The primary problem in using SMA wires in the double-helical wrapping
design is the risk of a short circuit that can occur if the two wires make contact. Although
the wires were covered with Teflon tape, there is a risk of connection between the wires
upon activation, leading to overheating and smoking. This necessitates a more robust
coating for the wires. Another potential solution could be wrapping the two wires with a
noticeable offset, i.e., wrapping the helical reinforcements in different molding steps with
sufficient material in between.

Another challenge is understanding the interaction between the embedded wires
and the soft matrix. Upon contraction of the wires, some slipping or mislocation in the
wires may occur. This can make modeling the twisting performance more challenging and,
practically, may alter the reinforcement and lead to ballooning upon inflation. To tackle
this issue, research on improving the adhesion of SMA wires with a polymeric matrix can
be useful [42]. In the future, it is necessary to develop a valid model for the actuator and
study the influence of the size of the chamber and its length and diameter on the twisting
angle. The larger the size of the chamber, the longer the reinforcement, resulting in more
contraction of the SMA wires upon activation.

Moreover, the force exertion ability of the actuator still needs to be characterized.
Clearly, the thicker the SMA wires, the more load they can exert. Nevertheless, activation
requires a higher electrical current, and wrapping the wires becomes more difficult. Another
characteristic that can be studied is simultaneous pneumatic and electric actuation to
determine how the twisting occurs while the actuator is in the bent or extended position.
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Video S4: Pneumatic extension.
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