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Abstract: Compared with traditional rigid robots, soft robots have high flexibility, low stiffness, and
adaptability to unstructured environments, and as such have great application potential in scenarios
such as fragile object grasping and human machine interaction. Similar to biological muscles,
the soft actuator is one of the most important parts in soft robots, and can be activated by fluid,
thermal, electricity, magnet, light, humidity, and chemical reaction. In this paper, existing principles
and methods for actuation are reviewed. We summarize the preprogrammed and reprogrammed
structures under different stimuli to achieve motions such as bending, linear, torsional, spiral. and
composite motions, which could provide a guideline for new soft actuator designs. In addition,
predominant manufacturing methods and application fields are introduced, and the challenges and
future directions of soft actuators are discussed.

Keywords: soft actuator; actuation; design; manufacturing; applications

1. Introduction

Traditional rigid robots are assembled from parts and structures with certain hardness
and stiffness which are endowed with large load capacity and precise locomotion. However,
it is difficult for these robots to conduct tasks in unstructured environments due to their
high stiffness. Soft robots, show great advantages in flexibility, compliance, and adaptivity
thanks to their soft materials and structures. They are widely adopted for grasping irregular
objects [1–3] and minimally invasive surgery [4–6], which could broaden the working field
of robots.

Soft actuators are crucial components of soft robots, and are fabricated by soft ma-
terials such as dielectric elastomers (DEs), electroactive polymers (EAPs), shape memory
alloys/polymers (SMAs/SMPs), electroactive ceramics, thermoplastic polyurethane elas-
tomers (TPUs), and hydrogels [7]. Soft actuators can be actuated by various stimuli,
including fluid, thermal, electric, magnetic, light, humidity, chemical actuation, etc. Dif-
ferent actuation methods possess specific advantages. For instance, fluid actuation has
the advantages of high energy efficiency, simple structure, flexibility and low cost [8–13].
Thermal actuation can avoid the need for bulky pumps and valve control systems to achieve
wireless actuation [14–18]. Electric actuation has shown significant advantages in terms
of fast response, non-loading stimulation manner, and easy integration [19–23]. Magnetic
actuation can realize remote actuation for wireless soft actuators [24–27]. Light actuation
has the advantages of remote directional and contactless actuation [28–30]. Humidity
actuation can be realized by changing the humidity gradient of the environment [31–34].
Chemical actuation can be actuated by internal chemical reactions rather than external
environmental stimuli [35]. Acoustic actuation is another potential actuation, which could
transfer energy through sound waves to achieve locomotion [36–38].

Based on these actuation methods, specific motions are preprogrammed into the struc-
tures of actuators, which provide inexpensive and convenient methods for desired motions.

Actuators 2022, 11, 331. https://doi.org/10.3390/act11110331 https://www.mdpi.com/journal/actuators
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To achieve inchworm multimodal locomotion, Gu et al. presented a soft actuator that could
complete a variety of locomotions, such as crawling, climbing, and transitioning between
horizontal and vertical planes through the preprogrammed motion of the actuator [39]. To
achieve object grasping purpose, Yoshida et al. proposed an internal exoskeleton gripper
with variable stiffness pneumatic bending actuators based on low-melting-point-alloys,
which was able to conduct a bending motion at different points and keep its bending
shape without power input [40]. However, actuators with preprogrammed structures
cannot achieve multiple motions by a single customized actuator. According to the pre-
programmed structure, the constraints are embedded into the structure of the actuator,
which cannot be changed to achieve specific motions. The reprogrammed structure of a
soft actuator can adjust the structure constraints dynamically to achieve different defor-
mations. Yoshida et al. presented an actuator in [41] which was able to achieve different
motions (e.g., torsional and linear) by changing the fiber alignment. Yang et al. proposed a
novel reprogrammable soft actuator which achieves spiral motion by tension jamming; the
proposed jamming technology enables adaptive ability in the emerging actuator to deal
with unknown environments [42]. Moreover, Cui et al. presented a soft microrobot which
can be controlled to realize a specific shape transformation by programming magnetic
configurations [43].

The presented literature provides a critical overview of the developments in soft
actuators, including the actuation methods, preprogrammed structure design, and existing
manufacturing types and applications, as shown in Figure 1. This article demonstrates the
relations between actuation methods, preprogrammed structure design, and corresponding
motions, which could provide a guideline for actuator design. At the end of this review,
the continuing challenges and future directions of soft actuators are discussed.

Figure 1. Actuation methods, motions, and applications of soft actuators.

2. Actuation

2.1. Fluid Actuation

Fluid actuation is one of the most common actuation methods for soft actuators, with
high energy efficiency, large output force, a simple mechanism, and low cost. The medium
of the actuation is divided into a compressible gas and incompressible liquid, which can be
used to change the pressure of the sealed space made by flexible inflatable materials [44–47].
With changing volume in the confined space, expansion or contraction can be achieved.
Moreover, the stiffness of flexible materials is the most important factor for this kind of
actuation, as expansion or contraction always occurs first where the stiffness is minimal;
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many motions can be achieved in this way. However, this actuation method is rarely used
in wireless actuation, as it is usually accompanied by heavy auxiliary equipment.

2.2. Thermal Actuation

Thermal actuation is frequently used on intelligent materials which experience per-
formance changes under application of thermal energy [48–50]. These materials can be
divided into two different types: those in which the crystal structure of the material changes
directly in the solid state, such as SMAs, and those in which the stiffness of the material is
varied, such as SMPs.

Currently, SMAs are most widely used due to their high recovery stress. The crystal
structure variation of nickel titanium (Ni-Ti) SMA is shown in Figure 2a. Specifically, the
SMA can change modulus when it varies from austenite to martensite, which shrinks or
expands from its initial shape with temperature variation [51–53].

Figure 2. (a) The crystal structure variation of nickel titanium (Ni-Ti) SMA. (b) Schematic diagram of
SMP deformation.

In addition, the stiffness ratio of SMPs can be as high as several hundred due to the
change in the SMP molecular chain segments, as shown in Figure 2b. Specifically, the
molecular chain segments transform from high stiffness to low stiffness when experiencing
the transition temperature. The transition characteristics of SMPs provide an opportunity
for realizing obvious deformations under the action of external force [54–58]. Wireless
actuation can be achieved by tuning the temperature around the actuator. However,
a significant drawback of this method of actuation is poor real-time ability and small
output force.

2.3. Electric Actuation

Electric actuation has two main forms with respect to realizing functions. One is to change
the stiffness of intelligent materials, such as electro-rheological fluids (ERF). The other is to
make intelligent materials such as DE, ionic polymer–metal composites (IPMC), and EAPs
deform directly.

The viscosity of ERF changes under the action of an electric field, which affects
its stiffness [59,60]. Figure 3a shows the variation of ERF microstructure under electric
actuation. ERF consists of dielectric particles and an insulating liquid, such as a Newtonian
fluid. The randomly distributed dielectric particles are arranged in chains along the
direction of the electric field. In this process, ERF changes from a high-viscosity gel state to
a low-viscosity liquid state with stiffness variation.

Compared to ERF, DE can produce motion immediately under the action of direct
current [61,62]. DE is squeezed by electrostatic force to deform with variable length
when voltage is applied; the schematic diagram is shown in Figure 3b. Moreover, the
Maxwell force is the electrostatic force which is generated between two electrodes under
electrification. Due to this, the Maxwell force can achieve motion immediately with electric
actuation [63]. However, DE and the Maxwell force both require high voltages to realize
function. IPMC is an ionic electroactive polymer which is able to achieve deformation
directly with a low actuation voltage based on the energy transfer mechanism of ion
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migration and its particular structure [64], as shown in Figure 3c. Specifically, an IPMC
film consists of a positive electrode, a negative electrode, and an electrolyte. When a high
voltage is applied to the electrodes, hydrophilic cations in the electrolyte accumulate at the
negative electrode. Based on this, the IPMC film bends towards the positive electrode. The
angle of bending is inversely proportional to the thickness of the IPMC film. Moreover,
the geometrical parameters of the IPMC film, such as length, width and height, affect
the deformation effect. IPMC does have disadvantages, hpwever, such as back relaxation
effects. Electric actuation has the advantages of high response and remote control, although
there exist problems with electrical breakdown coupling instability and poor safety.

Figure 3. (a) Internal dielectric particle transformation of ERF after applying electric field. (b) De-
formation schematic diagram of DE under voltage. (c) Deformation schematic diagram of IPMC
under voltage.

2.4. Magnetic Actuation

Magnetic actuation plays an important role in adjusting the stiffness of magnetic-
sensitive materials which can achieve deformation under external force by adjusting the
magnetic field. Magneto-rheological fluid (MRF) is a magnetic sensitive material frequently
used in this actuation; it consists of small soft magnetic particles with high permeability
and a non-permeable liquid [65]. The principle of MRF stiffness modulation is based on the
viscosity and yield stress of such fluids, which varies with changes in the applied magnetic
field. As shown in Figure 4a, randomly distributed magnetic particles in the non-permeable
liquid form particle chains along the direction of magnetic field. These particle chains can
generate considerable viscosity and increase stiffness.

Compared with MRF, magneto-rheological elastomers (MRE) has better variable
stiffness performance; the elastomer does not leak like a liquid does. The microstructure
variation of MRE is shown in Figure 4b. MRE can be obtained by simply replacing the
liquid medium with elastomers. The magnetic particles in MRE arrange into chains by
magnetic fields during the curing process of the elastomers, similar to MRF [66].

Magnetic actuation can conduct manipulation with wireless actuation. However, it is
difficult to control motions and force output, and it is hard to achieve precise control with
the magnetic field.
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Figure 4. (a) Microstructure diagram of MRF. (b) Scanning electron microscopy photos of MRE
microstructure variation.

2.5. Light Actuation

Light actuation uses an external stimulus to deform the materials via exposure to light.
There exist two primary forms of light actuation, namely, photothermal and photochemical
actuation, which use different mechanisms. The former is actuated by light-induced
temperature transitions, while in the latter photosensitive materials are directly actuated to
realize deformation.

Photothermal actuation converts the absorbed light energy into heat energy through
the photothermal material in the system; the thermal energy induces the deformation of
the polymer material. The photoinduced shape memory polymer material is prepared
by introducing photothermal materials into the polymer matrix. This kind of material is
essentially a thermally-induced shape memory material. The optical fiber is introduced
into the polystyrene matrix to construct a photoinduced shape memory polymer. After the
material is shaped, it is irradiated with a mid-infrared laser [67]. The optical fiber converts
the light energy into heat energy and induces the material to return to its initial shape.
Figure 5a shows the shape recovery of the material at different irradiation times.

Figure 5. (a) Shape recovery of the photoinduced shape memory polymer material [67]. (b) Deforma-
tion process of photothermal shape memory polymer materials [68].

In addition, photochemical actuation is actuated by a chemical reaction that occurs
after illumination. The groups with photochemical reactivity are introduced into the
polymer network to construct memory materials, and the materials deform and restore the
initial shape via light-controlled chemical changes. For instance, when light is irradiated on
one side of the material, the monomer molecules on the irradiated side become crosslinked.
This contraction only occurs on the irradiated side, while the non-irradiated side remains
unchanged, causing the entire material to undergo deformation [68], as shown in Figure 5b.

Moreover, light actuation can achieve fixed-point actuation by using a small range
of light with infinite energy sources. Based on this, wireless actution could be realized
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without the constraint of connectors. However, there exist problems with slow reaction
times, small output force, and poor controllability.

2.6. Humidity Actuation

Humidity actuation is based on the characteristic of moisture-sensitive materials,
which can realize internal volume changes by adjusting the environmental humidity gradi-
ent to accomplish deformation.

Polymer films are commonly used as moisture-sensitive materials; they achieve deforma-
tion by absorbing and releasing water, allowing them to quickly respond to environmental
humidity changes and realize bending deformation under the effect of water vapor [69]. A
schematic diagram is shown in Figure 6a. Cellulose is able to synthesize cellulose stearates
with different degrees of substitution. Cellulose stearates with a low degree of substitution
have good humidity response characteristics. Water molecules can be absorbed or released by
the cellulose stearate film. Hence, the cellulose stearates can achieve controllable bending and
folding movement [70], as shown in Figure 6b.

However, humidity actuation is usually accompanied by relatively difficult control
and small output force. It has challenges with accomplishing certain operations, such as
load bearing, and is unable to achieve long-term stable actuation performance.

Figure 6. (a) Schematic diagram of polymer film with water vapor. (b) Schematic representation of
cellulose stearate film with the effect of water.

2.7. Chemical Actuation

Chemical actuation is different from other actuations that are actuated by external
stimuli. The actuation power comes from the energy generated by combustion or chemical
reactions, which is used to achieve motion.

Combustion reactions exhibit dramatic changes and quickly produce a large amount
of gas and heat energy, which can be directly converted into mechanical energy for actua-
tion [71]. However, combustion reactions make it difficult to accurately control the resulting
motions and improve the robustness due to the multiple factors of combustion. Moreover,
chemical reactions may produce gas slowly, and these gases can be accumulated as a gas
source to conduct motions [72]. For instance, liquid solvents under catalysis can create
a large amount of gas. The chemical reaction of hydrogen peroxide catalyzed by silver
produces oxygen; the schematic diagram of this chemical reaction is shown in Figure 7.
Chemical actuation is an internal actuation method that can achieve wireless actuation.
However, it cannot be active for very long without external energy input, and it is difficult
to control the actuation energy.
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Figure 7. Schematic diagram of the reaction between hydrogen peroxide and catalytic silver.

2.8. Acoustic Actuation

Acoustic actuation provides a new opportunity to implement wireless actuation. The-
oretically, acoustic energy could suspend objects in the air or manipulate objects. Hopefully,
this potential method can extend the choices available for actuation methods. The principle
of manipulation is to use standing waves to form sound traps, which then create suspension
forces to resist gravity and keep items suspended [73], as shown in Figure 8a.

Furthermore, acoustic actuation may become a new actuation method through the use
of ultrasonics to actuate particular liquids, such as non-Newtonian liquids. When actuated
by ultrasonic waves, a non-Newtonian liquid is pushed up and deformed, as shown in
Figure 8b. If elasticity or film could be used to limit the deformation of non-newtonian
liquid, the actuation principle could be used to actuate a soft actuator in a similar manner
to fluid actuation [74].

Table 1 summarizes the advantages and disadvantages of each actuation method. In
order to achieve a certain operation or motion, it is important to select the appropriate
actuation method to provide actuation energy based on their respective advantages. Fur-
thermore, combining multiple actuation methods may make it possible to overcome the
limitations and disadvantages of a single method.

Table 1. Advantages and disadvantages of various actuation methods.

Actuation Advangtages Disadvantages References

Fliud actuation
high energy efficiency,
simple structure,
flexibility, low cost.

heavy auxiliary equipment,
high sealing requirements. [44–47]

Thermal actuation contactless actuation,
miniaturized actuation.

poor controllability,
low actuation efficiency,
dependence of
intelligent materials.

[48–58]

Electric actuation
high response,
wireless actuation,
easy integration.

coupling instability
of electric breakdown,
and poor safty.

[59–64]

Magnetic actuation remote control
without contact. poor precision control [65,66]

Light actuation remote directional
wireless actuation.

slow reaction,
small output force,
poor controllability.

[67,68]

Humidity actuation wireless actuation. low precision deformation,
poor real-time ability. [69,70]

Chemical actuation internal chemical reactions,
rapid response.

low precision,
poor controllability. [71,72]

Acoustic actuation non-contact actuation,
direct energy conversion.

small actuation force,
complex auxiliary
equipments.

[73,74]
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Figure 8. (a) Schematic of an object suspended by a standing wave. (b) Schematic diagram of a
non-Newtonian liquid actuated by an ultrasonic wave.

3. Design

3.1. Bending Motion

By adding non-expansive constraints to flexible materials, bending motions can be
achieved under gas pressure. Non-expansive constraints can be preprogrammed at a
specific position of the soft actuator to constrain the deformation of the actuator, which
can result in uneven stretching to achieve bending motion. An actuator based on a fiber-
reinforced structure was proposed in [75] which consists of a soft gas chamber, circumfer-
ential winding fibers, and a strain-limiting layer, shown in Figure 9a. The double helix
winding fibers around the gas chamber constrain the radial expansion, and the strain-
limiting layer at the bottom of the gas chamber limits the elongation of one side of the
actuator. The preprogrammed fiber-reinforced structure results in a bending motion to-
wards the strain-limiting layer when inflated. In addition, the angle of bending and the
input pressure vary approximately linearly [75]. Compared with a multi-chamber pneu-
matic bending actuator, this bending actuator had a larger output force, and the bending
curvature was constant. Galloway et al. presented a fiber-reinforced soft bending actuator.
The bending curvature and axis of the actuator can be programed with a flexible and selec-
tive placement of conformal coverings [76]. Ye et al. designed a pneumatic soft bending
gripper; the bending motion is generated by using a limiting fiber to replace the axial
restraint layer [77]. Deimel et al. proposed a highly compliant bending soft actuator, with
the semicircular chamber inside the actuator is fiber-reinforced as well. Bending motion
can be achieved due to the decreasing cross-section along the root to the tip [78].

Uneven stretching of a soft structure can be used to achieve a bending motion when
pressurized. The expansion of the actuator in the axial direction causes the actuator to
elongate unevenly under pneumatic actuation, which leads the actuator to bend in a less
elongated direction. A pneumatic networks bending actuator was proposed by Mosadegh
et al. [? ], as shown in Figure 9b. The actuator is based on multi-chamber structure with
elastic material, and the parallel chambers are connected by a channel. The inextensible
bottom layer acts as a limiting layer, and the asymmetric elongation of chambers and
limiting layer induce the multi-chamber to conduct a bending motion when pressurized.
Additionally, Shepherd et al. designed a pneumatic network of flexible actuators that bend
under inflation due to the decreasing cross-section of the chambers [80]. Based on a number
of origami pneumatic networks chambers, Kim et al. proposed a deployable soft actuator.
The sides of the chambers are combined with a non-elongable structure, while the axial
direction can freely extend under pressure. When the uneven elongation of the side and
the axial direction induce the actuator to bend, the origami pneumatic networks chambers
rapidly expand and increase the force arm when inflated [81].
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Figure 9. (a) The bending motion and finite element analysis of a fiber-reinforced soft actuator [75].
(b) Pneumatic network structure and bending posture under pressure [? ]. (c) Bending motion of
the variable stiffness multi-joint actuator [82]. (d) Actuator prototype with bending status of each
joint [83]. (e) Single spring structure and bending posture combining two spring units [84]. (f) The
internal structure and actuation principle of a bending actuator [85].

In addition, variable stiffness structures can achieve bending motion at the low stiffness
point when actuated. By changing the structure stiffness of the actuator parts, the parts with
low stiffness first deform under the actuation force. By reasonably designing and arranging
the distribution of uneven stiffness, the actuator is able to achieve bending motion. Utilizing
intelligent materials, variable-stiffness structures could be more widely adopted in soft
actuators. Kitano et al. presented a soft actuator to accomplish bending motion by adjusting
joint stiffness based on a magneto-rheological (MR) gel [82], as shown in Figure 9c. The
actuator consists of MR gel rings, electromagnets, four uniformly distributed wires, and
non-magnetic gaskets. The primary function of the gaskets is to prevent leakage of the
magnetic field from affecting the performance of adjacent joints. When a magnetic field
is applied to the MR gel ring, the stiffness increases rapidly due to the large variation
in gel viscosity. On the contrary, when the magnetic field disappears, the stiffness of
the MR gels decreases. Consequently, the MR gel rings become soft joints, which bend
under the unbalanced force of the pulling wires. Similarly, Yang et al. designed a soft
actuator that could deform in the same way as a human finger [83], as shown in Figure 9d.
According to the design, a fiber-reinforced elastomer pastes to a substrate made of SMP.
The heaters distribute at the bottom of the SMP substrate. According to the characteristics
of SMP [86], the stiffness decreases when heated, and the bending motions happens around
the heater when the elastomer is pressurized. In addition, Shintake et al. designed a
variable stiffness bending actuator which is actuated by DE, with stiffness controlled by
a low melting point alloy (LMPA) [49]. Zhang et al. designed a two-layer actuator which
consists of a light-absorbing layer and an active layer [87]. The light-absorbing layer is
made up of single-walled carbon nanotube; it absorbs light energy and converts it into heat
energy. The active layer consists of a polymer that can expand or contract when heated.
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Hence, the bending motion is achieve due to the uneven expansion or contraction of the
two-layer structure.

Thus, actuators can accomplish bending motion based on unbalanced force. Unbal-
anced force generated by smart materials or structural design is distributed on different
sides of the actuator by proper structural design, which allows the actuator to deform
towards the side with greater force. For instance, a small soft actuator based on an SMA
spring was designed by Yuk et al. [84], and is shown in Figure 9e. Two combined springs
are distributed on both sides of the actuator. The SMA spring activated by electric current
shrinks to 50% of the initial state. In this way, the unbalanced contracting force in the couple
of springs induces a bending motion. Similarly, Li et al. designed a soft actuator made up
of a pre-stretched dielectric elastomer (DE) and an ionically conductive hydrogel [85], two
silicone films are attached to each end of the DE acting as wings, as shown in Figure 9f. The
antagonism between the pre-stretched force and Maxwell force generated by the electric
field leads to a bending motion. Hence, a bionic fish has been proposed based on this
effect which is able to swim underwater similar to fish. However, many bending soft
actuators remain in the laboratory stage, and are rarely used in specific task environments
due to various limitations, such as insufficient force output and difficulty in achieving
precise control.

3.2. Linear Motion

Soft actuators have been presented to achieve linear motion via circunferential or axial
winding fibers. Fibers wound to the circumferential or axial surface of the actuator can
constrain expansion in the corresponding direction of the actuator to produce stretching in
a specific linear direction. McKibben artificial muscles were first proposed to achieve linear
motion in the 1950s [88]. The typical McKibben artificial muscle consists of an inner soft
tube and a double-helix braided sheath with nonextensible fibers, as shown in Figure 10a.
When the inner tube is inflated, the high-pressure gas compresses the inner surface and
the outer sheath, which has a tendency to increase its volume. Due to the non-scalability
(or high longitudinal stiffness) of the fibers in the woven reticulated sheath, the actuator
achieves inner tube elongation as its volume increases. There exists a linear relationship
between the input pressure and the stretch length of the McKibben artificial muscles [88].
Homoplastically, Yamaguchi et al. proposed an in-pipe mobile actuator with two clamping
units. One is limited axially by fiber and the other, used as the propelling unitm is wound
circumferentially [89], as shown in Figure 10b. The propelling unit can elongate in the
axial direction when inflated because the circumferential fiber limits the radial expansion.
Combined with the clamping units, the propelling unit can realize continuous linear motion.
This actuator was able to complete a crawling movement in a pipe by controlling these
three units sequentially.

Certain intelligent materials can conduct linear expansion or constriction under ex-
ternal stimulated conditions. Thanks to the properties of smart materials, it is possible
for them to stretch under heating or electrostatic forces, which can result in linear motion
by combining multiple actuators to amplify tiny stretch deformations in each actuator.
Menciassi et al. presented a linear motion soft actuator [90], which is shown in Figure 10c.
The actuator consists of a flexible SMA spring, two brass disks, and a silicon shell. The
two brass disks are combined in the silicon shell, which is connected to the SMA spring.
Contraction of the SMA spring pulls the silicone shell when the Joule effect heats the spring.
After the SMA spring cools, the silicon shell is restored to the initial state. Consequently,
the actuator can conduct linear motion. The actuator was used as an earthworm to achieve
linear peristalsis and bionic movement by asynchronous control. Ni et al. demonstrated a
polymer interdigitated pillar electrostatic (PIPE) actuator based on dielectric liquid which
achieved an output force density 5 to 10 times higher than natural muscle [91], as shown in
Figure 10d. The PIPE actuator consists of chips, dielectric liquid, and springs; each chip
has a high density column, while the spring between the chips connects the two parts and
provides the restoring force. Notably, the dielectric liquid fills the interspace, which could
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increase breakdown voltage and electrostatic force. When an electric field is applied, the
generated electrostatic force between the two chips pulls the movable pillar array towards
the fixed pillar array without changing the pillar space, resulting in linear contraction. After
the electric circuit is cut off, the springs are restored to their original position. Meanwhile,
larger force output can be achieved by combining multiple PIPE actuators.

Figure 10. (a) The composition structure of McKibben artificial muscle and the forms in two states [88].
(b) The in-pipe mobile robot and locomotion of the in-pipe mobile robot [89]. (c) The structure
of the module and the artificial earthworm prototype [90]. (d) Structure of skeletal muscles and
stack schematic diagram of polymer interdigitated pillar electrostatic (PIPE) actuators, which are
similar to the structure of natural muscles [91]. (e) Conceptual model of the bellows-driven soft
actuator that represents smooth muscle contractions of a stomach [92]. (f) Schematic diagram of the
operation of an actuator pulling an underwater fish for 3.5 cm in 20 s [93]. (g) Schematic diagram of a
pneumatic/cable-driven hybrid linear actuator [94].

At present, many foldable structures are used to achieve linear motion with a sym-
metrical cross-section, which can produce a telescopic motion in a fixed direction through
the design of the crease under the pneumatic or cable actuation. A bellows was used
as a kind of foldable structure with a soft actuator to achieve linear motion in [92]. The
actuator was able to produce linear motion similar to the smooth muscle in the stomach, as
shown in Figure 10e. After gas is infalted or extracted, the top of the bellows is subjected
to internal or external gas pressure. Based on this, the bellows can conduct linear motion.
Due to circumferential creases, the radial direction has a resistance force that resists the gas
pressure, and there is slight radial expansion or contraction; the main change is the axial
expansion. Based on the bellows, a soft pneumatic actuator was made and installed in a
circular frame to simulate the circular contraction of the stomach. Similarly, origami is one
kind of foldable structure with light weight and high efficiency. Based on origami, Li et al.
presented an origami-inspired artificial muscle which could realize linear motion like a
fish [93], as shown in Figure 10f. The origami structure requires only a foldable skeleton, a
flexible skin, and a fluid medium. The linear motion of contraction or elongation is realized
by changing the pressure difference between the inside and outside of the artificial muscle.
In the initial equilibrium state, the pressure difference between internal and external fluid
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is zero. When the pressure drops, the external skin produces tension, thus actuating the
foldable skeleton of origami to achieve linear motion. Moreover, Zhang et al. designed a
pneumatic/cable-driven hybrid linear actuator with a deployable mechanism based on an
origami structure [94], as shown in Figure 10g. The structure mainly includes a pneumatic
folding room, a cable drive system, and an unfolding mechanism. Pneumatic pressure
makes the actuator elongate, and the pulling cable makes the actuator shorten. Bidirec-
tional linear motion is realized through the resistance of the cable and pneumatic pressure.
Because an origami chamber has a coupled torsional motion, two folding chambers with
reverse torsional motion are used to offset the torsional motion to produce a pure linear flat
motion. Notably, the linear actuator contains a passive deployable mechanism with high
radial stiffness, which is able to withstand large loads. In addition, Aziz et al. designed
a novel coil polymer actuator that could achieve linear motion by converting microwave
radiation into thermal stimulation [95]. This spiral rotating actuator is made of high-stretch
nylon-6 fibers filled with carbon nanotube (CNT). Under microwave irradiation, the CNTs
absorb external electromagnetic energy and convert the energy into thermal energy to heat
the fibers, allowing the actuator to achieve linear motion similar to muscle.

3.3. Torsional Motion

Non-uniform stiffness structures of actuators can be designed to achieve torsional
motion. Torsional motion can be generated by means of preprogrammed designs, as
non-uniform stiffness structures are able to exhibit different deformations under actuation.
Gorissen et al. proposed a flexible pneumatic torsional actuator [96] which is shown in
Figure 11a. The torsional actuator consists of two identical back-to-back pneumatic airbag
arrays; the chambers of thepneumatic airbag are tilted and in a uniform arrangement.
When the two pneumatic airbags are inflated separately, the actuator achieves bidirec-
tional torsional motion by actuating two pneumatic airbag actuators separately. Moreover,
Xiao et al. designed a torsional pneumatic networks actuator with three spiral chambers
distributed on the elastomeric body, which collapse inward cooperatively when negative
pressure acts on the chambers, resulting in torsional motion [97]. Analogously, a foldable
actuator with non-uniform stiffness could accomplish torsional motion. Jiao et al. pre-
sented a foldable bidirectional torsional actuator with creases [98].The crease is obtained
by removing part of the material on the surface of the soft actuator. As the thickness of
the crease is smaller than the wall thickness, the stiffness at the crease is lower. When the
vacuum is extracted, shrinkage first occurs at the crease, and this shrinkage can be used to
achieve torsional motion.

An asymmetric actuation force can be generated due to asymmetric distribution of
intelligent materials in the preprogrammed structure, resulting in different deformatoins used
to achieve torsional motion. Shim et al. designed a torsional actuator composed of an SMA
wire embedded in a polydimethylsiloxane (PDMS) matrix [99], as shown in Figure 11b.
As the main mechanism of actuation, the SMA wire has torsional strain preapplied. The
prestrained SMA wire shrinks during the martensite to austenite phase transformation
under Joule heat. The SMA wire then returns to the initial state without torsional prestrain
when shinking. Hence, the actuator achieves torsional motion with a large torsional angle.
Additionally, when energized under clockwise torsional prestrain, the achieved effect
is counterclockwise torsion. Ahnet al. proposed a soft morphing actuator using smart
soft composite composed of SMA, PDMS, and acrylonitrile butadiene styrene (ABS) [100].
The actuator achieves torsional motion via the coupling effect of motions induced by the
composite. However, these actuators are very small and produce minimal output force.
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Figure 11. (a) Torsional actuator and torsional angles with different pressures [96]. (b) Schematic
diagram of torsional prestrain and torsional angle of the actuator [99]. (c) Process of a pneumatic
torsional actuator [101]. (d) Model drawing and torsional effect [102].

Asymmetric constraints can be imposed on pneumatic preprogrammed structures to
conduct torsional motion. For example, asymmetric constraints with a spiral distribution
can be subjected to a stretching force, causing the actuator to produce a torsional motion
under the pneumatic actuation. These kinds of architectures can be used to achieve large
overall motion and output force. Lee et al. proposed a new pneumatic modular torsional
actuator with a spiral constraint added to its surface [101], as shown in Figure 11c. When
applied to compressed gas, the actuator module induces torsional motion due to the spiral
constraint. However, the torsional deformation of the actuator is not obvious due to the
length limitation of the fibers embedded in the actuator. There exists a small angle when
the pressure gas is supplied. To improve torsional performance and motion, a torsional
actuator was designed by Schaffner et al. [102], as shown in Figure 11d. This actuator can
achieve a large torsional angle under pneumatic actuation. Sprial stripes are added to the
outer surface of the elastic body and fixed at both ends. When the elastic body chamber is
inflated, a torsional motion occurs due to the constraint of the external spiral stripes. In
addition, Yan et al. presented an inflatable soft actuator driven by two spiral chambers
wound by fibers. This actuator has a purely efficient torsional motion, without any bending
or extension movements [103].

3.4. Spiral Motion

Based on the non-uniform shrinkage of intelligent materials, spiral motion can be
achieved as well. Non-uniform shrinkage is usually used in bilayer structures. The
shrinkage of one layer is usually greater than that of the other layer. When the degree of
shrinkage varies greatly, the bilayer structure achieves a spiral motion. Feng et al. designed
a bilayer structure to accomplish spiral motion [104], whoich is shown in Figure 12a. The
bilayer structure is 3D printed and corresponding self-morphing wire material is polylactic
acid (PLA); the stresses of the two layers are in different directions due to different printing
patterns. When the bilayer structure is heated to above the glass transition temperature,
the upper layer shrinks and the lower layer expands along the printing angle, which leads
to self-spiralling behavior. Notably, the right screw and left screw can be controlled by the
printing angle. However, this kind of motion is limited by small output force and fewer
applications because of the material characteristics.
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Furthermore, the coupling effect between different motions can be combined to realize
sprial motion. For example, the combination of bending and torsional motion can achieve
spiral motion. Hoang et al. designed a variable stiffness spiral gripper [105], shown in
Figure 12b. The gripper is mainly composed of a core soft actuator of fluid actuation, fabric
sleeves, and a variable stiffness structure. When pressurized fluid actuates the core actuator,
a coupled extended torsional motion is generated. Meanwhile, the gripper finger causes
a bending motion, with a strain limiting the side of the fabric sleeve. Hence, the gripper
is able to accomplish a spiral motion to wind around objects by combining bending and
torsional motion.

Figure 12. (a) Schematic diagram of a bilayer structure under different printing patterns and the
principle of deformation [104]. (b) Structure of a spiral actuator and spiral deformation posture [105].
(c) Structure diagram of an actuator and spiral posture under different pressures [106]. (d) Structure
diagram of actuator and spiral effect [107].

In addition, a preprogrammed asymmetric structure can be used to accomplish spiral
motion. A tilted chamber design allows the actuator to elongate in the vertical direction of
the tilted angle. Due to the existence of constraints, spiral motion can be achieved under
pneumatic actuation. Wang et al. proposed a spiral gripper by designing asymmetric
inclined chambers [106], as shown in Figure 12c. Chambers with a certain inclination
angle expand via inflating the high-pressure gas; the expansion direction is perpendicular
to the inclination angle of the cavity, which accomplishes spiral motion of the winding
objects. Alternatively, soft actuators can realize spiral motion by using a plastic film to
obtain better grasping force. Compared with an actuator made of elastic material, a folding
plastic film can result in a lightweight soft actuator which is suitable for the human body to
wear and has enough durability for use. Amase et al. presented the spiral gripper [107]
shown in Figure 12d. The gripper consists of two layers of plastic film. The upper layer is
folded obliquely to produce creases, then the two layers are connected by thermal welding.
When inflated, the gripper realizes a spiral motion, and can automatically change its shape
according to the shape of the object.

3.5. Composite Motions

The actuators above are only able to conduct a specific motion when actuated, which
is not suitable for complex tasks. Therefore, actuators that can achieve composite motions
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attract more attention. For multi-module actuators, each module is able to achieve different
motion, and composite motions can be realized by combining multiple modules. Due to
pneumatic artificial muscles and external fiber constraints, Guan et al. designed a kind
of actuator that could be assembled modularly [108], as shown in Figure 13a. Pneumatic
artificial muscles achieve elongation and contraction, while bending and spiral motion are
achieved by adding parallel axial and helical cables; then, by combining various bending
and spiral actuators, the result is a combined actuator that can conduct complex composite
motions, similar to an elephant’s trunk.

Figure 13. (a) The realization process of pneumatic artificial muscle composite motions [108]. (b) Mo-
tion effects of three angle fiber direction composite laminae adhered on a soft actuator [109]. (c) The
mechanism of a scaffold reinforcement soft actuator and the effect of different motions by changing
the scaffold direction [110].

More dexterous motions can be accomplished by dynamically adding external con-
straints. These dynamically added constraints can make the actuator achieve specific
deformations, which can then be combined to achieve more complex motions. Kim et
al. presented a self-adhesive composite laminate [109] which was able to adhere to any
volume-expanding soft body to control its trajectory. Due to the unidirectional embedding
of non-expandable continuous fibers in the hyperelastic matrix of composite laminates,
these composite laminates can only be stretched in one direction. The soft actuators can
deform specific trajectories according to their design by simply adhering laminates to their
surfaces. Moreover, self-adhesive composite laminates have multiple fiber orientations to
achieve bending or spiral movements by adhering, such as 0, 45◦, and 90◦fiber orientations.
Figure 13b shows the various motions after adhering laminates on the surface of such a
soft actuator; the composite laminates can adhere to any place in order to achieve motion.
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These variable-constraint structures can be used to increase the precise control and motion
diversity of organisms. Target motion effects with high application significance could be
achieved by adjusting the constraints.

In addition, such reprogrammed structures could be used to realize different kinds
of motions, which would then adjust the distribution of the constraints on the actuator
and could achieve different deformations, such as bending and spiral motions. Recently,
Jiang et al. proposed a soft gripper consisting of a soft layer and a rotatable scaffold
reinforcement layer, where the scaffold reinforcement layer is distributed on the surface
of the soft gripper [110], as shown in Figure 13c. The actuation cable is inside the soft
layer, while the scaffold layer is made of a spine and flexible linkages. The direction of
the scaffold can be adjusted by controlling the cable, which in turn can change the motion
constraint of the gripper, resulting in different motion forms. By dynamically adjusting the
direction of the scaffold, the bending motion and complex spiral motion of the soft gripper
in three-dimensional space can be accomplished via the actuation cable.

A structure design matrix is proposed to summarize existing implementations of
various motions through different actuation methods and design approaches, as shown
in Table 2. To the best of our knowledge, actuators able to conduct certain motions under
specific actuation have not yet been reported in literature. Designs of the corresponding
actuators could refer to structures of actuators under similar actuation methods. For
instance, actuators under chemical actuation have not been reported to achieve torsional
motions. Because chemical actuation usually makes use of the gas generated in chemical
reactions to pressurize actuators, the actuator structures under fluid actuation, such as
tilted multi-chamber and external spiral constraints, could be referenced to design torsional
actuators under chemical actuation.

Table 2. Structure design matrix based on actuations and motions.

Actuation

Motion
Bending Linear Torsional Spiral

Fluid
Uneven constraints,

Asymmetric stretching.

Fiber-reinforcement,
Uniform constraints,
Foldable structure.

Multi-chamber,
Asymmetric constraints,

Uneven elongation.
Tilted multi-chamber.

Thermal
Variable stiffness,

Non-uniform stiffness.
SMA spring structure. Torsional prestain. Bilayer uneven shrinkage.

Electric
Variable stiffness structures,

Unbalanced force.
Linear stretching materials. / /

Magnetic Variable stiffness structures. / / /

Light Non-uniform shrinkage. / / Non-uniform shrinkage.

Humidity Internal small volume variation. / / /

Chemical Uneven volume expansion. / / /

In addition, the materials used in soft actuators are an important part in the design and
manufacture of actuators. Different materials have different characteristics and limitations.
While many soft actuators use the unique characteristics of smart materials to achieve
certain deformations, certain smart materials have certain limitations and shortcomings.
Table 3 shows the characteristics and limitations of a number of common materials.
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Table 3. The characteristics and limitations of commonly used soft materials.

Materials Characteristics Limitations

Flexible silicone
High expansion coefficient,

Long lifetime,
Good flexibility and safety.

Long molding time,
Complex production method,

Expensive.

SMA/SMP

Rich phase transition phenomenon,
Excellent shape memory

and super elastic property,
Good mechanical property,

Corrosion resistance.

Complex manufacturing process,
High-cost.

MRF/ERF

High boiling point,
Low freezing point,

Large viscosity change,
Good chemical stability,

Low-cost.

Poor sedimentation stability.

MRE
Large viscosity change,

Good stability,
Good sedimentation.

Insufficient liquidity.

DE
Large deformation and fast response,

Light weight,
High energy density.

High actuation voltage,
Low safety.

IPMC

Low driving voltage,
Fast response,

Low power consumption,
Low density and good flexibility.

Back relaxation effects,
Low control accuracy.

4. Manufacturing

4.1. Shape Deposition Manufacturing

Shape deposition manufacturing (SDM) is another rapid manufacturing method; after
rapid prototyping, it adopts a unique method of adding and removing materials [111–114].
Meanwhile, different methods can be introduced according to the materials used for the
parts, making it possible to integrate multiple materials into a single actuator [115]. As
shown in Figure 14a, through multi-step deposition and removal of materials, multi-
material soft actuators with certain outer shapes and internal structures can be obtained.
Moreover, rigid electronic components such as sensors can be embedded in soft materials,
which provides soft actuators with a flexible appearance and avoids the confines of rigid
materials. Currently, SDM has been widely used in soft actuators manufacturing due to the
advantages of low cost, simplicity, and a relatively speedy manufacturing process [116–119].
Similarly, the silicone-molding method and SDM manufacturing method have many com-
mon characteristics. The silicone shape can be formed by designing the mold, and the soft
actuator can be manufactured by multi-step silicone-molding [120,121].

Figure 14. (a) Schematic diagram of SDM processes [115]. (b) Fully soft robot manufactured by 3D
printing [122]. (c) Processing steps of micro-powder injection molding [123].
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4.2. Three-Dimensional Printing

Three-dimensional (3D) printing is a kind of rapid prototyping technology, sometimes
known as additive manufacturing. It is a technology that uses adhesive materials to print
objects layer by layer based on digital model files, which is suitable for printing complex
structures [124–127]. In the process of printing, the influence of various parameters needs
to be considered [128–130]. Early 3D printing technology could only print rigid materials;
soft materials were not available in the past, as only thin film parts could be printed
due to the viscosity and fluidity of the materials. Wehner et al. made a breakthrough in
moving research from semi-soft to fully soft robots [122], as shown in Figure 14b. Using
multi-material 3D printing technology, they developed a soft octopus robot able to craw
and swim.

4.3. Micro-Powder Injection Molding

Micro-powder injection molding is a new forming technology which combines tradi-
tional powder metallurgy technology with modern plastic injection molding technology. It
is widely used to produce products with small size and complex shape; therefore, it has
been introduced into soft robots as a promising molding method [123]. Soft materials are
injected into a mold with a specific shape, then the desired soft parts are obtained through
demolding and sintering, as shown in Figure 14c. This method makes it easy to manu-
facture soft parts with small size [131–134]. However, various defects, such as cracks and
bubbles, may appear during the production process. In addition, various parameters which
may affect the final molding effect need to be considered, such as the mold temperature,
injection pressure, and pressure holding time.

4.4. Soft Lithography

Soft lithography, or soft etching, is a fundamental technology applied to fabrication and
microfabrication. It utilizes stamps or molds made from PDMS with microscopic patterns
on the surface to achieve microstructure replication by molding and embossing elastomers
on a mold [135]. Soft lithography is characterized by replacing the hard mold used in
lithography with an elastic mold; thus, it is able to produce more complex three-dimensional
structures. In addition, it can change the chemical properties of the material surface as
needed, which provieds an opportunity to fabricate multimaterial soft robots [80]. Currently,
soft lithography is widely used in optics, biotechnology, microelectronics, sensors, and
micro-total analysis systems.

5. Applications

5.1. Wearable Devices

Wearable devices is a general term for a class of products attached to or worn on
users as wearable technology, and is commonly used in monitoring and medical fields.
Such devices have to be flexible, lightwight, portable, and able to output relatively large
torque when used in the medical assistant field. As a result, soft robots are quite suitable
for wearable device because of their high compliance, adaptiveness, and safety in human–
machine interaction [136,137]. For example, a fluid-driven exoskeleton is designed to be
worn on the limb and help disabled people with rehabilitation training, such as standing up
independently [138]. Moerover, a flexible exoskeleton with a control system was designed
to assist people with walking [139]. However, this flexible exoskeleton cannot provide
enough output force and support, making it only suitable for people with a certain level
of walking ability. In addition, origami structures have been applied to wearable devices;
because of their light weight, actuators made from origami structures can help people
who have lost the ability to grip objects with certain weight and size through pneumatic
actuation [140]. Furthermore, a low-cost soft neuroprosthetic hand was designed by [141].
In addition to achieving precise movement, the soft neuroprosthetic hand was able to
realize particular tactile feedback. Amputees are able to gain real-time feedback from the
prosthetic hand, whcih is suitable to wear with only 256 g.
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5.2. Exploration and Rescue

Over the past decades, robots have drawn more and more attention in the field
of exploration and rescue. Because the working environment is full of complexity and
uncertainty, robots must have good anti-damage ability and be able to work normally in
an unstructured environment. In addition, they must be miniaturized and lightweight
as much as possible in order to meet the requirements of working in a narrow space.
Therefore, soft robots have become a research hotspot because of their good environmental
adaptability and portability. One example is a novel soft robot able to grow tens of times
longer when pressure is applied to its tip, which invests itself with good obstacle avoidance
and high load capacity (100 kg) [142]. Cameras and sensors that installed on such robots
can achieve real-time transmission of images and signals, which helps them to achieve
turning and automatic obstacle avoidance by adjusting the gas flow, which could be useful
in earthquake rescue applications. Furthermore, a team from Zhejiang University designed
a wireless self-powered soft robot that could be used for deep-sea exploration [143]. Their
robot has been tested in the Marianas trench and South China Sea, proving that it can be used
in deep sea exploration thanks to its excellent pressure resistance and swimming performance.
In addition, soft robots can be used underground. For instance, an underground exploration
soft robot has been invented that can burrow in sand at a speed of 480 cm/s [144]. It is used
as a carrier for electric wires and irrigation pipes because of its hollow structure and ability
to move around and flex under obstacles.

5.3. Industrial Field

Although traditional rigid robots are able to complete automatic operations accurately
and efficiently, they may cause potential harm to people because of their rigid structures; in
addition, they have shortcomings when dealing with fragile and delicate objects. Therefore,
soft robots have attracted much attention in industry because of their good shape adaptabil-
ity and flexibility [145–152]. One example is a soft gripper based on pneumatic networks
that is able to grasp and manipulate objects with complex shapes thanks to its ingenious
structural design [106]. Another example is a soft gripper inspired by an octopus that is
capable of grasping target objects underwater and in the air through the force provided by
suction discs on the gripper or the deformation of the gripper, which has good grasping
ability by combining the two approaches [? ]. A gripper that utilizes particle interference
has been designed as well [154]. Coffee beans were inserted into a spherical elastic film to
adapt to the shape of objects and variable stiffness grasping was realized by controlling
the pressure in the film, with a greater vacuum resulting in higher stiffness. Moreover, a
palm with three fingers has been developed that can actively deform to grasp objects with
different shapes, which expands the application of soft robots [155]. Additionally, a soft
gripper with less control and sensory ability was proposed that is able to manipulate objects
without knowing their precise position, shape, or size, including unscrewing caps and
sorting snacks [156]. In addition, various hardware facilities can be combined to expand
the application of soft robots [157], and grippers assembled on mechanical arms could be
used in various industrial tasks.

6. Conclusions and Prospectives

This paper reviews the state-of-the-art research on soft actuators. The principles of
various actuations are first summarized. Then, we review different kinds of structural
designs used to achieve different motions, such as bending, linear, torsional, spiral, and
composite motions. Existing research on manufacturing is discussed, and applications in
wearable devices, exploration and rescue, and industrial fields are presented. A variety of
actuation methods and motions exist. For different actuation methods, it is necessary to
design a suitable preprogrammed structure which controls the deformation of the actuator
material in order to achieve a specific motion. The structural design matrix we propose can
provide a guide to actuator designs.
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Although significant progress has been achieved in soft actuators over the past few
decades, many challenges remain in developing soft actuators; these include poor self-
healing, low sensory integration, and small region of actuation force. Therefore, soft
actuators are expected to improve in the future thanks to their high safety, good controlla-
bility, high integration and good repeatability. Meanwhile, the theoretical model of the soft
actuator is difficult to model. Non-model behavioral motion control could become a future
research direction for researchers; alternatively, other advanced control technologies, such
as neural networks, could be used to obtain adaptability to the environment. Furthermore,
research of bionic intelligent control algorithms of soft robots should be strengthened. By
effectively calculating and controlling the movement, body stiffness, and deformation of
soft robots, they could be made to better adapt to changing environments.
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Abstract: SPIRA Coil actuators are formed from thin sheets of PET plastic laminated into a coil shape
that unfurls like a “party horn” when inflated, while many soft actuators require large pressures
to create only modest strains, SPIRA Coils can easily be designed and fabricated to extend over
dramatic distances with relatively low working pressures. Internal metalized PET strips separate in
the extended portion of the actuator, creating an electrical circuit with a resistance that corresponds
to the actuator length. This paper presents and experimentally validates easy-to-use design models
for the actuators’ self-retracting spring stiffness, its pneumatic extension force, and its internal length-
sensing electrical resistance. Testing of the self-sensing capabilities demonstrates that the embedded
sensor can be used to determine the actuator length with virtually no hysteresis. Feedback control
with the resistance-based sensing resulted in length-control errors within 5% of the extended actuator
length (i.e., 3 cm of 60 cm).

Keywords: soft robotics; pneumatic actuators; resistance sensing

1. Introduction

The development and application of a wide-variety of soft pneumatic actuation tech-
niques has led to extensive innovation in mechanisms and robotics [1–3]. Typically made
from elastomers, fabrics, or thin plastics, these soft actuators are driven by the expansion
of an internally contained volume of air. The actuators tend to behave in a “soft” or com-
pliant way because the materials are often flexible and the air is compressible. Examples
of common soft pneumatic actuators include axially contracting fiber-reinforced actua-
tors, bellows-like axially extending actuators, and bellows-like bending actuators (which
reinforce one side of the actuator to convert the extension into bending).

While these actuators have shown great versatility in their applications, the distance
over which these actuators can traverse is fundamentally limited to some fraction or
multiple of their initial length. Contracting fiber-reinforced actuators and “peano” actuators,
for example, can typically only reduce their length by less than 50% [4,5]. Bellows-like
actuators, on the other hand, can extend in an accordion-like manner to several multiples
of their contracted length when pressurized. Correspondingly, when subjected to vacuum
pressure, bellows-like structures can act as contractile actuators with dramatic contraction
ratios [6–8]. The ratio of the extended length to the contracted length is limited, however,
by the thickness of the many folds.

In many ways, the extended length of soft pneumatic actuators is limited by the
ability to efficiently store the material needed to enclose the air volume as it expands.
Some actuators achieve their motion by stretching elastomeric bladders. However, these
often require substantial amounts of pressure to stretch the elastomers. Furthermore,
there are limits to the strain these materials can undergo. Larger strains can often be
accomplished by using membrane-reinforced actuators that use bending or unfolding
pleated structures [4,5,7]. Recently, there has been exploration of pneumatically actuated
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structures that extend by inverting [9,10] or un-spooling thin tubes [11]. These long thin
tubes allow the actuators to extend over dramatically long distances.

This paper introduces a novel, self-sensing coiled actuator called a “SPIRA Coil”,
which stands for Soft Self-Sensing Pneumatic Integrated Retractable Actuator Coil. A
SPIRA Coil is formed from thin sheets of plastic that are laminated into a coil shape. When
air is added to the interior volume of the actuator, it extends like a party horn (Figure 1b).
When air is removed, it retracts towards its coiled shape. Because the materials are so thin
when deflated, the actuator can extend and retract over dramatic distances compared to its
initial size. In this work, actuators with a coiled outer diameter of approximately 2 cm were
able to extend 60 cm.

(a)

(b)

Figure 1. The SPIRA Coil actuator presented in this work, (a) shown both retracted and extended, is
similar in mechanism to a “party horn” (b) and can extend to dramatically long lengths from a tightly
wound coil. Unlike a party horn, SPIRA Coils can sense their own extension through the resistance
of an internal circuit, allowing the length of the actuator to be measured and controlled for robotic
applications. The ruler shown in (a) is in cm.

Like other soft actuators, the party-horn-like actuator presented in this work could not
easily be combined with traditional mechanical sensors without compromising its unique
features [12]. Accordingly, SPIRA Coils are designed with sensing integrated into their
structure. The interior volume is formed from two layers of PET with a thin metalized
layer. The air in the expanded section of the actuator separates these two layers. At the
point where the coil begins, the two layers are pressed together, forming an electrical circuit
between the air-inlet end of the actuator and the beginning of the coil (Figure 2). As the
actuator extends, the length of the circuit increases, making the resistance proportional to
the actuator length.

28



Actuators 2023, 12, 455

Figure 2. A cross-section of a partially deployed actuator. The conductive path for resistance sensing
is shown as a dashed line. Shown also is the corresponding length of the actuator x, the diameter D,
and inner diameter Di.

This paper introduces the SPIRA Coil actuator, describes how it can be readily fabri-
cated with inexpensive materials, and presents and validates easy-to-use design models for
the actuator’s self-retracting spring stiffness, its pneumatic extension force, and its internal
length-sensing electrical resistance. This paper also presents the use of the resistance-based
length sensing in the feedback control of the actuators.

2. Background

2.1. Party Horns and Coiled Inflatable Booms

The coiled spiral pneumatic mechanism presented in this work is very similar to that
of the “party horn” (Figure 1b). Though the name in English is somewhat ambiguous, other
languages have more unique monikers (German—rollpfeife, luftrüssel; Spanish—espantasuegras;
Italian—lingua di Menelik; Japanese—fukimodoshi) some of which date back more than a
century to the popularity of the horn in carnival celebrations. Despite the ubiquity of the
mechanism in popular culture, with little exception [13], it has been largely ignored by the
robotics community.

In contrast, non-retracting coiled inflatable booms have been the subject of extensive
research. These are pneumatic tubes that have been flattened, wrapped around a hub, and
designed to unroll as they are inflated [14]. A coiled boom may be advantageous due to its
simplicity [15] and the potential for high packing efficiency [16]. Typically inflatable booms,
both coiled and uncoiled, use metal–polymer laminates as their membrane [14,15,17–19].

There are, however, known issues with coiled inflatable booms. The thickness of
the material, for example, often causes issues (ex. wrinkling, local buckling) during the
coiling process [14,17,19,20], while alternate wrapping methods have been suggested that
accommodate thickness [21–23]; these methods do not include a sealed inner volume and
thus are not suitable for pneumatic actuator use.

The SPIRA Coil fabrication method introduced in this paper solves many of these
issues. Rather than rolling up a flat tube, which could introduce wrinkles and local buckling,
the layers of the SPIRA Coil prototypes are adhered only after they have been coiled,
allowing the layers to shift relative to one another prior to adhesion. The compromise of
this method is the slight curvature introduced into the inflated actuator.

Another issue of non-retracting inflatable booms is the potential that they can uncoil
in an unpredictable manner. The dynamics and geometry of inflatable booms during
deployment have been studied and simulated by [24–28]. Results have found that the
deploying motion can be unstable, unpredictable, chaotic, and even catastrophic [15,20,27],
particularly in an orbital environment. Researchers have tried to address this by us-
ing hook-and-loop strips [29], adhesive [26], and flexible plates [30] as methods to slow
down deployment.
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In contrast, just like a party horn, the self-retracting SPIRA coil extends and retracts in
a predictable way. This is partly encouraged by changes in the relaxed coil diameter along
the length of the actuator—an unavoidable result of the fabrication process. This changing
diameter, combined with the restricted airflow to the coiled section, creates conditions that
encourage the actuator to unfurl sequentially and predictably.

2.2. Plastic Annealing of PET

Polyethylene terephthalate (PET) is a common material used in deployable booms
and other origami applications [14,31,32]. It has been demonstrated that heating a sheet of
PET can relieve internal stresses without causing softening of the material [33]. This plastic
annealing effectively resets the natural state of the PET so that, when the sheet is cooled,
the PET remains in the as-heated shape.

This method was analyzed for use in origami applications [34] and has been demon-
strated in a medical support system to mitigate buckling [35], lamina emergent origami [36],
and in developable mechanisms [37]. This simple plastic annealing process can be very
useful as it can change the energy behavior of the material, allowing the user to select
different stable and unstable states [38].

2.3. Constant Force Springs

The self-retraction of the SPIRA Coil actuator is enabled by a material structure that
closely resembles that of a “constant force spring”. Votta’s equation for the retraction force,
FR, of a constant force spring of natural diameter Dn is

FR =
Ebt3

26.4(Dn
2 )2

(1)

where E is the Young’s modulus of the material, b is the spring’s width, and t is the spring’s
thickness [39].

3. Design

The actuator is made using readily-available materials. The walls of the actuator’s
inflatable chamber are made of metalized PET. These sheets also provide the conductive
path for the integrated resistance sensing. The exterior of the actuator is made from PET
laminate material (heat-activated adhesive backed with PET), which bonds the actuator
together and provides the pneumatic seal. A lay-flat PET tube is inserted at the open end
of the actuator to allow air to enter once sealed, and shims are placed on the sides to help
the edges properly adhere.

All of these layers are then rolled up on a mandrel. During the rolling process the
layers are allowed to shift end-to-end, which prevents the wrinkling and local buckling
often observed in coiled booms (see Section 2.1). Once rolled up and secured, the layers
are then heat-treated. The heat treatment melts the heat-activated adhesive which bonds
and seals the actuator together. The heat also serves to plastically anneal the PET material,
relaxing the internal stresses. Once cooled, the actuator remains in the coiled shape.

After heat treatment, the shims and mandrel are removed and the formed actuator
acts as a coiled PET spring with an integrated pneumatic chamber. As air enters the
pneumatic chamber, the spring force is overcome, and the actuator unrolls and provides
structure. As air is removed, the spring force rolls the actuator back up. In other words,
the extension force comes from the air pressure, while the retraction force comes from its
spring-like behavior.

The conductive aluminum of the metalized PET forms the circuit used in resistance
sensing, as shown in Figure 2. During the extension and retraction, the metalized PET
separates in the inflated portion and connects again at the coil (where the aluminum on
one side of the chamber contacts the aluminum on the other side of the chamber). Hence,
the resistance of the separated aluminum corresponds to the inflated length of the actuator.
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3.1. Construction

The construction of each actuator is shown in Figure 3 and described below. A video
of how to fabricate a SPIRA Coil actuator can be found in the Supplementary Materials as
Video S2 (the video has minor changes to the steps below).

(a) (b)

(c)

(d) (e)

Figure 3. Steps in the manufacture of an actuator: (a) cut and mask the metalized PET (b,c) layer as
shown; (c) insert PET tube (top laminate layer not shown); (d) place shim material, roll up, secure,
and heat-treat in oven. Subfigure (e) shows a cross-section of two layers of a rolled-up actuator after
heat treatment (not to scale).

First, two metalized PET layers are cut to width bp and length l. These layers should be
cut and masked as shown in Figure 3a, which allows the conductive layer to be accessible
outside of the actuator without allowing the pressurized air to escape. The masking (placed
on the conductive side of the material) prevents contact between the aluminum layers at
the base of the actuator, as this area may become partially pinched during actuation.

Second, two strips of PET laminate are cut to width bt and length l and the four strips
are stacked together as follows (see Figure 3b):

1. PET laminate (adhesive face down);
2. Metalized PET (aluminum face down);
3. Metalized PET (aluminum face up);
4. PET laminate (adhesive face up).

Layers 2 and 3 should be shifted such that the strips for measuring resistance extend
beyond the PET laminate as shown in Figure 3c. A laid-flat PET tube is inserted between
layers 2 and 3, which will allow air to enter the sealed chamber in the completed actuator.
A few centimeters of the opposite end can be adhered to prevent those ends from sliding
during the rolling process.

Due of the difference in thicknesses between the laminate-only and pneumatic sections
of the final actuator, a flexible shim must be chosen such that tp ≈ tl + ts. These disposable
shims are placed over the laminate-only layers (see Figure 3e) during the fabrication process.
This ensures that an adequate adhesive bond is made throughout the actuator.
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Next, the layers are rolled up on a mandrel of diameter Di, as shown in Figure 3d.
Care should be taken that the layers do not shift side-to-side during the rolling process
and to ensure that the electrical circuit is not compromised. Excess laminate material will
accumulate at the unrolled end and can be trimmed. Secure the completed roll and place in
an oven at approximately 160 ◦C until all the adhesive has bonded. The shims should be
removed after the actuator has cooled.

For this paper, we used the materials found in Table 1.

Table 1. Materials used in this paper.

Material Thick. Vendor Part No.

Metalized PET 2 mil McMaster-Carr 7538T11
PET Laminate 5 mil USI-Laminate 1146

Masking Polyimide 1.5 mil McMaster-Carr 1754N13
PET Shim 5 mil Various Various

4. Model

The presented actuator can be modeled as a constant force spring and as a pneumatic
cylinder. Hence, the force model can be viewed in two interlocking pieces: the spring
model (for retraction), and the pneumatic model (for extension). Resistance sensing is
also modeled.

4.1. Retraction: Spring Model

The spring model is based on Equation (1), with adjustments for different sections of our
actuator. The actuator can be modeled as a constant force spring with two sections—pneumatic
and laminate-only. The spring forces for these sections add in parallel and have the same
diameter. The modulus of elasticity E, width b, and thickness t vary between these sections
and will be noted by subscripts p and l for pneumatic and laminate-only, respectively, as
shown in Figure 3.

If we assume that the diameter of the actuator is constant along its length (D = Di),
then the retraction force of the actuator, FR, is

FR ≈ El(bt − bp)t3
l + 2(Epbp(

tp
2 )

3)

26.4(Di
2 )2

(2)

which considers the force from the pneumatic section to be the force of two identical springs
of thickness tp

2 in parallel.
For actuators in a coiled natural shape, the diameter, D, changes along the length x

of the coil due to the thickness of the material. One way to approximate the diameter of a
wrapped coil of a given length l is to calculate the cross-sectional area of the coil [40]. Since
the cross-sectional area remains the same between coiled and uncoiled:

ltp = π(
Do

2
)2 − π(

Di
2
)2 (3)

where l and tp are the length and thickness of the coiled sheet, and Do and Di are the outer
and inner diameters of the coil. Solving for the outer diameter, Do, we obtain

Do = 2

√
ltp

π
+ (

Di
2
)2 (4)

We can also solve for the coil diameter D at intermediate states, where some length of
material x is uncoiled and the rest of the material, l − x, is coiled:

D = 2

√
(l − x)tp

π
+ (

Di
2
)2 (5)
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Combining Equations (2) and (5), we obtain an equation for the retraction force of our
actuator, FR, as a function of the deployed length:

FR =
El(bt − bp)t3

l + 2(Epbp(
tp
2 )

3)

26.4( tp(l−x)
π + (Di

2 )2)
(6)

4.2. Extension: Pneumatic Model

Neglecting losses and elastic energy storage, the pneumatic extension force FE is the
product of the internal gauge pressure P and the change in volume per unit length dV

dx

FE = P
dV
dx

. (7)

The change in volume per unit length dV
dx is equal to the cross-sectional area of the

inflated portion of the actuator Apneu

FE = PApneu. (8)

Except for the portion near each end, we assume that the pressure will force the
cross-section the inflated portion to be circular, thus maximizing the volume within the
constrained perimeter length. If we assume the cross-section is circular, then we can replace
Apneu with an expression based on circumference of the circle being equal to twice the
width of the inflatable section, bp

FE = P
bp

2

π
. (9)

Because our actuator has a constant cross-section, this result matches with those
obtained by [27,28].

4.3. Sensing: Resistance Model

The self-sensing of the actuator is performed by measuring the resistance of the
vacuum-deposited aluminum that “metalizes” the inner PET layers. This resistance value
can then be correlated with the length of the actuator.

The resistance of a wire can be found using the following equation:

Rwire =
ρwirelwire

Awire
(10)

where ρwire is the resistivity, lwire is the length, and Awire is the cross-sectional area of the
wire. For our application, the wire is the metalized PET strips. Assuming the vacuum-
deposited aluminum has a constant thickness tal, the resistance is a linear function of the
length of the inflated portion of the actuator, x:

ΔR =
2ρalx
bptal

(11)

In the case that the actuator completely extends, the metalized PET strips may com-
pletely separate and no electrical connection is made. This makes it easy to measure when
the actuator is fully extended. The connection will be restored when the actuator starts to
roll back up into an intermediate state.

5. Testing

5.1. Test Setup

The testing was primarily performed using a tensile test machine and custom fixture
plates, as shown in Figure 4. The base of each actuator was clamped in the bottom fixture,
which has a channel for the pneumatic inlet tube and copper contacts for electrical con-
nection with the resistance sensor. The top fixture was constructed using a polished steel
shaft which rolls in ultra-low-friction PTFE dry-running sleeve bearings and is covered
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by 12.7 mm (1/2”) PTFE tubing. This allows the length of the actuator to be controlled
and measured with the rolling portion of the actuator free to roll and slide on the rod with
minimal friction. The force data found by the tensile test machine (FM) is the sum of the
pneumatic force (FE) and the spring force (FR), which include frictional losses.

The tensile test machine fully extended and retracted the actuator several times while
collecting corresponding force data. Meanwhile, a simple pneumatic system was controlling
the air pressure inside the actuator. A video of one cycle of a test is included in the
Supplementary Materials as Video S3.

(a) (b)

Figure 4. (a) A tensile test machine was used to test various actuators under tightly controlled internal
pressure conditions. (b) The actuators were tested at lengths up to 60 cm from their relaxed length.

5.2. Material Characterization

The effective modulus of elasticity for each of two sections of the actuator in Equation (2)
was characterized based on sample measurements performed on the tensile test machine.
Coils of laminate–laminate and laminate–metalized PET were prepared and tested on using
the same setup as described above. From this data we estimated the modulus of elasticity
values as approximately Ep = 5 GPa and El = 3 GPa.

All the actuators shown were made using the same batch of metalized PET. We assume
the aluminum has a constant thickness throughout the batch and that the aluminum has
a resistivity of ρal = 2.65 × 10−8 Ohm · m. The resistance of a 2-cm-wide, 60-cm-long
sample strip of metalized PET was measured to be 37.07 Ohms. Using Equation (10), the
approximate thickness of the aluminum was calculated as tal = 1.87 × 10−8 m.

5.3. Spring Force Response

The spring response of the actuators was tested using the test setup described above
with the tube inlet left open (Figure 5). The open tube ensured zero gauge pressure in
the pneumatic section of the actuator (FE = 0). Hence, the force measured by the tensile
test machine is the spring force (FM = FR), which is considered to include hysteresis-
inducing losses.
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Figure 5. Measured spring retraction force compared to the model-predicted forces presented in
Section 4.1 for six different actuators.

5.4. Pneumatic Force Response

The pneumatic force response testing was similar to the spring response testing but
involved a constant applied pressure to the actuators’ pneumatic input. A simple pressure
controller with a large pneumatic accumulator was used to maintain constant pressure in
the actuator during tensile testing. In order to keep the coil end of the actuator in consistent
contact with the rolling shaft, the magnitude of the pressure was limited to those pressures
which allowed the actuator to maintain tension on the test fixture in both extension and
retraction. If a larger pressure was used, then fixture would apply compressive forces to
the actuator, confounding the results and often causing the actuator to buckle and/or slip
out of the fixture. This not only limited the number of distinct pressures that individual
actuators could be tested at but limited the number of actuators that could be tested at
multiple pressures.

5.5. Resistance Sensing

To achieve an accurate resistance measurement, a sufficient amount of pressure is
needed to ensure that the metalized PET strips remain separated during actuation. In
free extension and retraction, the actuator maintains sufficient back pressure for resistance
sensing (for more details, see Section 6.3). It is also important to provide sufficient masking
on the metalized PET, as described in Section 3.1.

The resistance was measured using a simple DAQ and voltage divider simultaneous
with the pressure-response tests described earlier.

6. Results and Discussion

6.1. Spring Force Response

As can be seen in Figure 5, the model-predicted force values overlapped with the
experimentally measured values. In almost every case, using the more complex, changing-
diameter model (Equation (6), dashed line) resulted in a more accurate spring-force predic-
tion than the simpler, constant-diameter model (Equation (2), thick solid line). The model,
however, does not account for the evident hysteresis in the response.

6.2. Pneumatic Force Response

The results, shown in Figure 6, show the pneumatic force of several actuators
(FE = FM − FR) compared to the model predictions. The plotted experimental values
have the spring component of the force (from Figure 5) subtracted from them to isolate
the net effect of the pneumatic pressure. The thick, dashed lines show the extension force
predicted by the simple pneumatic model, Equation (9).
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Figure 6. Extension force compared to the model prediction of Equation (9) for four different
actuators. (a) The extension force plotted in these axes is defined as the measured tensile force minus
the zero-pressure spring-retraction force for the same actuator. (b) These axes show the forces from
(a) normalized by the model-predicted value (dashed lines).

At short extension lengths, the pneumatic force of the actuators starts small but, once a
certain length is reached, the force becomes roughly constant, consistent with the constant
force predicted by the model.

We again note that, to maintain tension in the fixture, the pressures shown in Figure 6
are lower than the self-extension of the actuators in unloaded conditions. The larger group
of actuators shown in Figure 5 were found to have self-extension pressures that varied
between 4 kPa and 9 kPa (0.6 psig to 1.3 psig).

Understanding the pneumatic force response of the actuator is an important step in
the actuator design (e.g., to ensure equipment has sufficient pressures to actuate the device).
In practice, once the minimum self-actuation pressure is met, the actuator extension is
controlled more by mass than pressure. In the absence of external loads, the pressure inside
the pneumatic chamber will equalize to the corresponding spring retraction force. Higher
pressures do not always lead to higher extension forces. If the extension is constrained, the
actuator may buckle or fold as internal pressure is increased. Hence, while the retraction
force is controllable up to the maximum of the spring retraction force, the extension force
is limited.

6.3. Resistance Sensing

Only one actuator prototype was free of manufacturing flaws and had sufficient
retraction force to allow the resistance response to be reliably characterized on the tensile
testing machine. As discussed previously, the pressure values at which we could test each
actuator were limited. Some of these pressures were not large enough to fully separate the
metalized PET layers along the entire length of the deployed actuator, creating an unusable
resistance response at those pressures.

While this might seem like a problem, such low-pressure conditions are unlikely to
be experienced by the actuator without active mass removal (i.e., vacuum). Pressurized
self-extension produces sufficient back pressure for accurate resistance sensing. The same
is true for self-retraction, where the back pressure is created by the flow restriction at the
inlet. The experiments reported here included pressures that were lower than the pressures
the interior volume would experience in most applications.

Further, several actuators had manufacturing flaws that affected the metalized PET.
These flaws included the following: insufficient masking, inadvertent scoring and removal
of aluminum along width of actuator, and buckling along wrinkle in laminate, allowing the
PET strips to remain in contact in that area.
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The resulting length to resistance data are shown in Figure 7. At extremely low pres-
sures (i.e., below approximately 1.4 kPa or 0.2 psig), the resistance value was inconsistent
due to insufficient back pressure, as discussed above. Above these pressures, however, the
resistance response was very consistent and followed a similar trend to the linear response
predicted by Equation (11) (black dashed line).

Figure 7. When a SPIRA Coil has sufficient pneumatic back pressure (in this case, ≈1.4 kPa or
0.2 psig), whether extending or retracting, the measured resistance can be used to determine the
actuator length.

At full-extension, the calculated resistance became very high as the two sheets of
metalized PET lost contact completely (nearly vertical lines in the top right of axes in
Figure 7). This feature makes it very easy to identify the full-extension state of the actuator.

The measured resistance response at the pressures higher than 1.2 kPa and lengths
less than 58 cm were fit with a cubic polynomial (yellow dashed line). The consistent
response, virtually free from observable hysteresis allowed the cubic fit to describe nearly
all the variance in the data, with an R2 value of 0.996 and a corresponding RMSE of only
0.59 Ohms. This suggests that the measured resistance can reliably be used to calculate the
length of the actuator for logging and control. Since the metalized layers are inside the
sealed internal volume, they are protected from outside dust and debris.

7. Feedback Control

The predictable resistance response suggests that the measured resistance can reli-
ably be used to calculate the length of the actuator for logging and control. This section
demonstrates feedback control of SPIRA actuators using the integrated resistance sensing.

7.1. Feedback Test Setup

A vertical test fixture was created to test the use of the resistance in the feedback
control of the actuators’ length (Figure 8). The actuators were each connected to two small
wooden mounting plates with thin layers of foam and strips of copper tape sandwiched
between the plates and the actuator. The foam and copper ensured a consistent and reliable
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connection to the metalized PET at the ends of the actuator. The actuator was clamped
between these mounting plates and wires were attached to the copper tape as shown in
Figure 8.

Figure 8. The SPIRA Coil actuator prototypes tested in Section 7.1 were outfitted with wooden
clamps (for convenience), wires for resistance measurement, and an air inlet tube. Each actuator
was connected to a vertical fixture for feedback testing using their internal-resistance-based length
sensing. The vertical fixture included a printed ruler for visual length reference and an ultrasonic
distance sensor for ground truth.

Next, the actuators were connected to a simple pneumatic system for adding and
removing air, as well as an electronics system for measuring the actuators’ resistance
response. The actuator length in the fixture was measured by an ultrasonic distance sensor
(DFRobot URM14, 1 mm accuracy).

A best-fit curve (second-order polynomial) relating the measured resistance to the
actuator length (as measured by the ultrasonic sensor) was found for each actuator prior to
feedback testing. The polynomial was used by the feedback controller to convert measured
resistance values into estimated actuator lengths.

The actuators were then controlled using a simple proportional control algorithm, with
the resistance providing the length estimate for feedback. Gain and dead-band values were
chosen manually. The error in the commanded length was multiplied by a gain and used to
drive the speed of a corresponding diaphragm pump. Two pumps and two solenoid valves
were used, with one pair for inflation and the other for deflation. The nominal maximum
flow rate of each pump was 12 L per minute (LPM) with a nominal power of 12 W.

The ultrasonic sensor was not included in the feedback loop and provided the ground
truth for comparison. The sensor was specified to 1mm accuracy and ±1% error. However,
due to its inherent limitations, the ultrasonic sensor was only able to capture distance
data every 500 ms. The distance measurements happened during the first 100 ms of this
window but were only reported by the sensor about 200 ms later. This may explain the
slight time delay shown in the data. Spurious ultrasonic measurements were excluded
from the reported data.

7.2. Feedback Results

The results from the feedback testing can be found in Figure 9, in a video included in
the Supplementary Materials as Video S1, and in Table 2. As reported in Table 2, inspecting
the measurement error between the feedback controller’s resistance-based length estimate
and the ultrasonic transducer measurement during the last five seconds of each commanded
step, actuators ‘a’, ‘b’, and ‘c’ had steady-state respective length estimate errors of only
1%, 3%, and 2.3% on average, compared to the fully extended length of the actuators
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(60 cm). For every commanded step across the three actuators, the average steady-state
measurement error was less than 3 cm (5%).
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Figure 9. Time vs. distance graphs for three actuators (graphs ‘a’, ‘b’, and ‘c’ correspond to the three
respective actuators) under feedback control. Internal metalized strips were used for the self-sense
length feedback. Values from the ultrasonic sensor were used as the ground truth for comparison
(and were not included in the feedback loop). Quantitative analysis is found in Table 2.

Table 2. A comparison of the measurement error (i.e., self-sensing value minus ground-truth) for the
three actuators tested with feedback control during the last five seconds of each commanded step.
Italicized values are in centimeters. The calculated percentage is based on the fully extended length
of the actuator, 60 cm. Actuators ‘a’, ‘b’, and ‘c’ correspond to the respective actuators in Figure 9.

Measurement Error at Each Commanded Step, cm

Act. 30 cm 20 cm 60 cm 40 cm 50 cm 10 cm Average

(a) 0.46 0.67 0.03 0.97 0.71 0.79 0.60
(0.76%) (1.11%) (0.05%) (1.61%) (1.18%) (1.32%) (1.01%)

(b) −0.30 1.00 1.71 2.74 2.86 2.82 1.81
(−0.50%) (1.67%) (2.84%) (4.57%) (4.77%) (4.70%) (3.01%)

(c) 0.22 2.65 1.89 0.74 1.08 1.51 1.35
(0.36%) (4.42%) (3.15%) (1.23%) (1.81%) (2.51%) (2.25%)

At some positions, the actuators had difficulty maintaining the commanded position
and instead oscillated around the commanded position. This can be best seen in actuator

39



Actuators 2023, 12, 455

(a) of Figure 9. This may be caused in part to inherent mechanical hysteresis and the jagged
force response (local mountains and valleys), shown in Figure 5, and relatively large pumps
that were used in the control. Actuator (a), in particular, had a small air leak that acted as a
disturbance, causing it to slowly retract when the pumps were stopped. As can be seen,
the resistance measurement allowed the control system to identify and correct the effect of
this disturbance.

For some of the feedback testing, control resulted in a steady-state error of a few
centimeters (Figure 9). In these cases, it is clear that the controller believed the actuator was
at the correct length (convergence of the dotted line with the thick black line) even as the
ultrasonic sensor reported the error for post-processing (gap between the thin solid line
and the thick solid line). This may be due in part to the best-fit calibration curve not fully
capturing the resistance response.

8. Conclusions

The SPIRA Coil actuator presented in this work has many unique features compared to
other actuators, including long extension lengths, ease of fabrication, low actuation pressure,
and self-sensing. The coiled structure of the actuator allows it to extend to dramatically long
lengths from a relatively small initial diameter. The actuator can be fabricated with low-cost,
readily available materials and tools. The material for each actuator costs only a few US
dollars. The fabrication requires little more than cutting tools and an oven. Compared
to elastomer-based actuators, which often require large pressures to strain the material
(e.g., 345 kPa for one of the most widely-cited soft actuators [41]), some of the SPIRA Coil
prototypes tested in this work were able to self-extend with pressures lower than 5 kPa
(less than 0.75 psig).

The simple spring and pneumatic models presented and validated in this work suc-
cessfully approximated the experimental values. These simple-to-use algebraic models
will enable SPIRA Coils to be readily designed for use in a variety of robotic applications,
without the need to resort to complex and expensive computational modeling techniques.

Furthermore, the SPIRA Coils can measure their own extension through the resistance
of the circuit formed by the metalized sheets, creating the opportunity for feedback con-
trol. Feedback control was successfully demonstrated on three actuators with an average
measurement error of 1.2 cm (2.1%).

Compared to other potential electrical values (e.g., inductance, capacitance) resistance
is by far the simplest to measure. Many implementations of resistance sensing in soft
robotics, however, exhibit extreme time dependence and hysteresis due to the interaction of
the resistive elements with elastomeric structures and the associated stress–relaxation [12].
In contrast, the resistance of SPIRA coils shows virtually no hysteresis (Figure 7). Though
the resistance depends on the contact of two conductive surfaces, these surfaces are inside
the sealed internal volume and thus are inherently protected from outside dust and debris
which could foul that connection. Future work on SPIRA Coil self-sensing could include
methods for preventing localized buckling along creases, preventing electrical connection
along the edges, and an investigation into the effect of temperature on the resistance.

Compared to other soft actuators, SPIRA Coils can extend to dramatic lengths. They
are low-cost, easy-to-fabricate, and easy-to-use. Their motion can be driven with low-
pressure micro-pumps and their length can measured through resistance. The techniques
and results presented in this work represent the beginning of the investigation into SPIRA
Coils. We welcome additional work to improve and extend these methods. We are confident
that the robotics community will find many interesting and useful applications for this
unique actuator technology.

9. Patents

Felt, Wyatt and Greenwood, Jacob R. U.S. Provisional Appl. #63/489,962. Self-Sensing
Pressure-Driven Extending Actuator. Filed: 13 March 2023.
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Supplementary Materials: The following supporting information is available: Video S1: Video ab-
stract and SPIRA Coil feedback control demonstration, https://youtu.be/fdyJlJAw4ao; Video S2: How
to fabricate SPIRA Coils, https://youtu.be/dUjNiWvFAJc; Video S3: Force testing of SPIRA Coils,
https://youtu.be/Ylq9VbeD4l8.
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Abbreviations

The following abbreviations and nomenclature are used in this manuscript:

ASME American Society of Mechanical Engineers
SPIRA Coil Soft Self-Sensing Pneumatic Integrated Retractable Actuator Coil
Apneu cross-sectional area of the inflated pneumatic chamber
b width of a constant force spring
bp width of the flattened pneumatic chamber
bt total actuator width
D natural diameter of the actuator at length x
Di inner diameter of the actuator
Dn natural diameter of a constant force spring
Do outer diameter of the actuator
E Young’s modulus
El Young’s modulus of laminate-only section
Ep Young’s modulus of pneumatic chamber
FM force measured by the tensile test machine
FR retraction force
FE extension force
l total actuator length
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P pressure in pneumatic chamber
ρal resistivity of aluminum, 2.65 × 10−8 ohm m
ΔR resistance of the actuator
t thickness of a constant force spring
tal thickness of aluminum on the metalized PET
tl thickness of laminate section
tp thickness of the flattened pneumatic chamber
ts thickness of shim material
V volume of air in pneumatic chamber
x deployed actuator length
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Abstract: Traditional rigid grippers that are used for underwater systems lack flexibility and have
lower degrees of freedom. These systems might damage the underwater environment while conduct-
ing data acquisition and data sampling. Soft robotics, which is mainly focused on creating robots
with extremely soft materials are more delicate for the grasping of objects underwater. These systems
tend to damage the underwater ecosystem in the least possible way. In this paper, we have presented
a simplified design of a soft arm inspired by the octopus arm actuated by coiled Shape Memory
Alloys (SMAs) using completely flexible lightweight material. The characterization arm performance
under various load and input current conditions is shown. We hope this work will serve as a basis
for the future of underwater grasping utilizing soft robotics.

Keywords: coiled SMA; soft robot; biomimetic; artificial muscles; underwater grasping

1. Introduction

Traditional robotic systems that are used for various applications such as medical,
manufacturing, as well as exploration are always a bit invasive to the environment they
are working in. This is due to the rigid body components of such systems. Even though
rigid robotic systems get the job done, they can be inefficient, large, bulky, and expensive,
making them unfavorable for delicate tasks. Work is being carried out to increase the
efficiency of such systems. However, a better approach would be to take inspiration from a
highly advanced system that has been evolving for billions of years: Nature.

Engineering problems can be approached by taking inspiration from nature’s solution
to various problems. This design, known as the biomimetic design approach, uses natural
principles, structures, and processes as a basis for innovation and problem-solving in
a wide range of fields. Soft robotics is another field that makes use of soft and flexible
materials, such as silicone and elastomers, and allows the robotic system to adapt to its
environment, conform to different shapes, and exhibit behaviors like living organisms.
One of the key benefits of using biomimetic soft robots is that they can help to create more
sustainable and efficient products and systems. A biomimetic system can use various
actuation techniques depending on its application. Many such robotic systems make use
of artificial muscles as their actuation technique and sensors. Artificial muscles are used
to mimic the function of biological muscles when subjected to an external stimulus. Some
examples of artificial muscles that can be used in biomimetic soft robots are Electroactive
Polymers (EAPs) [1,2] that change their shape in response to an electric current, Pneumatic
Artificial Muscles (PAMs) [3,4] that are made from elastomeric tubes which expand when
they are pressurized, Twisted and Coiled Polymer muscles (TCPs) [5–7] and Shape Memory
Alloys (SMAs) [8,9] that contract and expand in response to change in temperature. Each
of the actuation techniques, including all the artificial muscles, has its advantages and
disadvantages. A trade-off of one property while compensating for another property is
necessary while developing any robotic system. Selecting an actuator that is compatible
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with the structure and can accomplish the designed tasks efficiently is critical to the success
of the robotic system.

For underwater applications, although electroactive polymers and pneumatic artificial
muscles work, their performance is greatly affected by the conductivity of the surrounding
water medium. The performance and the actuation capacity of Shape Memory Alloys
(SMAs) and Twisted and Coiled Polymers (TCPs) remain unaffected even if they are used
in the underwater medium. While electrical motors and fluidic actuators are energy efficient
and easily controlled, they tend to be bulky, expensive, and produce a lot of noise and
disturbances in an underwater environment. Hence, using SMAs and TCP muscles is a
great alternative to using traditional actuation techniques. On top of these advantages,
artificial muscles such as TCPs and SMAs also have higher force density [10], higher
strain [7,11,12], faster actuation [13], high endurance [5,14], and are lightweight.

The promising results of the Twisted and Coiled Polymer (TCPs) muscle behavior were
shown by Haines et al. [15] and opened new ways in which these muscles can be created
and modified. The behavior of these muscles embedded inside a soft silicone material was
further investigated, and the optimized parameters were observed in [7]. Moreover, these
muscles have demonstrated good grasping abilities in the remotely controlled octopus
robot [6]. There has been research to investigate the inculcation of TCPs in devices for
medical use. One such attempt is presented in [16], where a hand orthosis device has
been fabricated and investigated. TCPs have also been used to accurately mimic the
locomotive swimming nature and the appearances of a couple of jellyfish found in nature,
namely, Chrysaora achlyos [12,14,17]. Another artificial muscle whose performance is
unaffected due to the conductivity of the surrounding medium, specifically, in underwater
environments is the Shape Memory Alloys that remember their memory shape and revert
to it when the temperature increases.

Previously, SMAs have been employed in soft robots to mimic various aspects of the
animals found in nature. The potential of linear Shape Memory Alloys coupled with silicone
rubber tubes in a soft robotic actuator for gripping objects has been demonstrated [18].
A robotic structure that can swim in multiple directions using linear SMAs confined in
a conduit and actuated by electrical current stimulation and mimics the appearance and
biological locomotion of a jellyfish found in nature, Chrysaora Colorata is presented in [5].
Coiled SMAs have been used to create a soft robotic hand able to lift off weight up to 130 g
through the process of Joule heating [19]. Coiled SMAs can be easily fabricated from linear
SMAs. One such study presents the fabrication of coiled SMAs from linear SMAs and
the characterization of the resulting coiled SMAs for using them in humanoid robots [10].
Hence, both coiled and linear SMAs have very high potential in applications for soft robots.
Some advantages of using these artificial muscles in underwater soft robots are that they
are flexible, noninvasive to marine life, durable, and typically have a low cost of operation.
However, researchers are working on solving the challenges faced in developing these
robots. Some of the challenges faced are the development of small, efficient, lightweight
power sources and control systems, durability, and control due to the lack of rigidity in
them, scaling up a soft robot also becomes a challenge as when the soft materials become
larger, they tend to become less and less stable. Mimicking the anatomy and physicality of
an octopus arm is a common solution for underwater manipulation due to its high degree
of freedom. Varying octopus-inspired designs and actuation methods have been presented
such as tendon-driven [20–22], actuated by SMAs and EAPs [2,23–26], hybrid actuation
using stepper motors and fishing line TCP [6], pneumatics and fluidic [3,4,27–30]. Some
insights regarding creating soft robots while having a minimum invasion of marine life are
presented in the survey paper [31]. One of the first attempts at creating a biomimetic robot
that moved on its own without requiring an external power supply was the Octobot [27],
which is a 3D-printed soft-bodied autonomous robot. PoseiDRONE is a robot mimicking
the maneuverability of an octopus through jet propulsion by the virtue of its equidistant
arms around the body [21]. A dynamic model of a completely soft octopus-mimicking
robot with an elastomeric main body has been presented in [32]. A bipedal walking of a
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soft robot inspired by a coconut octopus has been studied. The gait analysis of the bipedal
octopus is presented along with the design of the mechanical structure and the control
systems [33].

In this paper, a simplistic version of a biomimetic soft robotic octopus tentacle using
coiled Shape Memory Alloys embedded in Ecoflex silicone is presented. The bending
angle characteristics of the arm are studied when it is freely suspended with and without
weights attached at the tip in an underwater environment and subjected to Joule heating
(some examples are presented in supplementary movie S1). A simple temperature model is
created that can be used to predict the temperature of an SMA when it is actuated under
embedded conditions. The key highlights of this work can be summarized as follows:

• We introduce a modular and lightweight bio-inspired robotics arm. The design is
simple and emphasizes flexibility utilizing artificial muscles as actuators.

• We develop a predictive temperature model for the coiled SMAs when actuated
in silicone. This model aids in studying the control behavior of the SMAs during
operation.

• Extensive actuation analyses reveal the arm’s capabilities, including controllable 2D
and 3D bending, a lifting capacity of up to 125 g, and the ability to grasp and hold
objects of diverse sizes and shapes.

2. Materials and Methods

2.1. Design of the Silicone Arm with Embedded Coiled SMA

The proposed silicone arm shown in Figure 1 was created by embedding the coiled
Shape Memory Alloys inside Ecoflex silicone with a shore hardness of 0010. The arm is in
the shape of an inverted frustum of a cone with a base diameter of 50 mm and a truncated
diameter of 20 mm with a silicone thickness of 3 mm. The total length of the arm is 200 mm.
A coiled SMA with a spring wire diameter of 0.008” (0.203 mm) and spring outer diameter
of 0.054” (1.37 mm) is crimped on both ends and embedded inside the silicone.

(A) (B) 

  

Figure 1. The design of the arm: (A) The conceptual design, (B) The fabricated silicone arm suspended
underwater.

2.2. Fabrication Methods Used for Creating the Silicone Arm

The three-dimensional silicone arm is created by folding a trapezoidal silicone sheet
into a truncated cone shape, as shown in Figure 1. To create the trapezoidal sheet, the CAD
of the mold is designed in Fusion 360 and is 3D printed with PLA filament using Lulzbot
Taz 5, as shown in Figure 2.
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Figure 2. The CAD model of the PLA mold that was created in Fusion 360. The figure shows the
schematic of the SMA coil and the slots present in the mold for fixing it.

The mold has multiple slots to fix the crimped SMA in place before embedding it in
silicone. The slots are 2.5 mm in diameter and are centered 2.5 mm from the top surface
of the mold. The silicone curing area of the mold is 3 mm thick, and the sides are equal
to the circumference of the diameters of the arm. The smaller base of the trapezium is
60 mm long, while the larger base is 160 mm long. A lip of 20 mm is added at the side of
the trapezium to seal the 2D sheet into a 3D truncated cone.

Firstly, the length of the SMA coil is chosen in such a way that when the coil is
tensioned with a pull force of 0.089 pounds (38.3 g), the length becomes 200 mm. The
compressed spring is hung vertically, and a calibrated weight of 38.3 g is attached to it.
After tensioning the coil, the 3D-printed PLA mold is sprayed with a BK30 mold-release
lubricant. The tensioned and crimped SMA is fixed in the mold, as shown in Figure 2. Next,
40 mL each of parts A and B of the platinum-cured Ecoflex 0010 were mixed and poured
over the SMA fixed on the PLA mold. The silicone is set for curing at room temperature
for 4–5 h. After the silicone is cured, the flat sheet of silicone that is embedded with the
SMA is carefully removed from the mold, and the excessive silicone around the edges is
cut. The 2D flat sheet is then folded over the sides, and the lip is sealed over the arm with
small amounts of fast-curing Ecoflex 0035.

2.3. Experimental Setup of the Bending Characteristics of the Arm

The silicone arm is suspended in a tank underwater such that the SMA is exactly on
the side of the arm, as shown in the schematic in Figure 3. The value of M for studying
the bending characteristics is 0 g, as no weight is attached to the tip of the arm. The
SMA embedded inside the arm is actuated with all combinations of 1.125 A–1.5 A with an
interval of 0.125 A and heating times of 2 s–5 s with an interval of 1 s and the cooling time
of 45 s underwater. All the actuation cycles were captured in a video recording.
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Figure 3. The schematic representation of the bending characteristics of the silicone arm embedded
with coiled SMA.

The final videos of the actuation cycles were analyzed in Tracker Physics software.
As shown in Figure 4A,B, a cartesian coordinate system was set up with the origin at the
corner of the fixed stand. The final bending angle (plotted below) is given by the expression
(ϕ − θ), where ϕ and θ are as shown in the figure below. The bending angle of the arm
with respect to the initial position as described in the mathematical description was studied
as a function of the actuation current and actuation time.

(A) (B) 

  

Figure 4. The placement of the origin of the cartesian coordinate system and the demonstration of
the bending angle calculations. (A) Nondisplaced arm position. (B) At a fully actuated position.

2.4. Weightlifting Characterization of the Single SMA Embedded Inside the Silicone Arm

The experimental setup for performing the weightlifting capabilities of the SMA coil
is shown in Figure 3, except that the mass M is nonzero in the case of the weightlifting
characterization.

The broader end of the arm was hung with the help of a stand, as shown in Figure 5A.
The other end of the arm was free to move. Figure 5B,C show the full displacement of
the tip of the silicone arm when no weight is attached to the other end and with weight,
respectively. The arm was actuated with the same combinations of the current and the
heating times. Standard calibrated weights of 25 g, 50 g, and 75 g were used for this
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experiment. The bending angle of the arm with respect to the initial position when weights
are attached with the help of a fishing line was recorded.

(A) (B) (C) 

   

Figure 5. Some bending configurations of the silicone arm. (A) Nondisplaced arm. (B) Fully curled
arm with no weight attached at the tip. (C) Fully displaced arm lifting 50 g.

2.5. Temperature Modeling of the SMA Embedded in the Silicone Arm

The coiled SMA embedded silicone arm is suspended underwater with the help of a
lab stand. The J-type thermocouple wire which is connected to a NI-cDAQ 6178 chassis is
inserted in the silicone and wound on the SMA coil in the geometrical center to obtain the
temperature readings that are not affected by the extremities. The NI-cDAQ 6178 chassis
reads the temperature of the coil with the help of LabVIEW. The frequency of the data
acquisition is 10 Hz (explained in Figure 6). A simplistic analytical temperature model of
the arm is developed to predict the temperature of the SMA coil. One can say from the first
law of thermodynamics using Equation (1),

mCp
dT
dt

= −hA(T − T∞) + I2R (1)

Figure 6. The schematic figure of the experimental setup for measuring the temperature of the
embedded SMA coil.

Integrating this equation, we obtain Equation (2),

T = T∞ +
IV
hA

[
1 − exp

(−hAt
mCp

)]
(2)
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The values and the descriptions of each of the parameters in Equations (1) and (2) are
given in Table 1.

Table 1. The parameters used for temperature modeling of the SMA coil embedded inside the
silicone arm.

Quantity Description Value

Ta?_ Water Temperature 17.5 ◦C
I Current 1.125 A–1.5 A **
V Voltage 18.9 A–23.0 A **

h Convective Heat transfer coefficient Obtained semi-analytically, partly
through the experiments

As
The surface area of the coil exposed to the

silicone and/or water 0.012 m2

m The mass of the SMA coil by itself 0.00228 kg
Cp Specific heat capacity of the SMA + Silicone 1620 J/kg/◦C

Duty Cycle The ratio of the heating time to cooling time 4.2–10% **
Rate of change of temperature per

unit time Extracted Experimentally 12.12 ◦C/s ***

** These parameters are changed with every experiment depending on the used sets of actuations. *** This value
is extracted from the heating cycle of the experimentally measured temperatures. All the heating cycles are
considered (for all current and time combinations). The rate of change of the temperature over the heating cycle is
calculated for all the experiments. The average value of the slopes is calculated and is found to be 12.12.

Equation (1) is a first-order differential equation containing the rate of change of
temperature with respect to time and the temperature of the SMA coil at that specific time.
To solve this equation, a Simulink model is created in MATLAB. The input to the Simulink
model is the parameters as defined in Table 1. The experimental temperature output of
LabVIEW in each case is recorded and plotted against time. In this section, the model was
validated with the help of the experimental temperatures. The model was run alongside
combinations of temperatures in which either only the current is varied or only the heating
time is varied.

3. Results and Discussion

3.1. Bending Characterization of the Silicone Arm

Figure 7A–D show the bending angle of the tip of the arm vs. time for the currents
used. As expected, a higher bending angle is caused by actuating the SMA with a higher
current and a corresponding higher heating time. However, as can be seen in Figure 7B,
the bending angle peaks at a minimum current of 1.25 A and a corresponding minimum
time of 3 s. The maximum bending angle achieved is about 48◦, as can be seen in Figure 7.
This peak angle can be set as the limit of the silicone arm above which the arm is not able
to bend.

For some heating time and current combinations (for example, 1.125 A for 2 s of
heating), the tip of the arm does not reach the maximum bending angle. For most such
cases, it can be said that the coil is not getting enough time to be heated, and the surround-
ing silicone and water are cooling the coil before it can reach the actuation temperature.
For most higher current and heating time combinations, the displacement reaches the
maximum value of displacement before the heating time ends. In such cases, as the tip
has already reached maximum displacement, further supplying current to the coil heats
the coil excessively. This excessive heat may damage the SMA coil or the silicone arm. If
the SMA coil is repeatedly supplied with excessive heat while it is under tension, it may
cause the coil to change its memory shape effect due to the martensite–austenite phase
transformation. Such an alloy with a changed memory shape does not “remember” the
original shape. Thus, as a result, the coil is no longer useful.
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A B
)

C D 

Figure 7. The plot shows the bending angle (in ◦) of the tip of the arm vs. the time (in seconds).
(A) 2 s heating, (B) 3 s heating, (C) 4 s heating, (D) 5 s heating.

3.2. Weightlifting Characterization of the Arm with a Single Embedded Coiled SMA

In the weightlifting characterization experiment, the bending angle and the actuation
voltage were recorded for all current and time combinations. The overall energy transferred
to the SMA (Q = VIt) is calculated and tabulated below. The bending angle was plotted
against the calculated energy for different loads that the arm was able to lift off the bottom
of the fish tank.

From Figure 8, on average, the bending angle for the lower mass of 25 g is higher than
the corresponding bending angle for the higher mass. The heat consumed, which is plotted
on the X-axis, is a function of the voltage, the current, and the time. When the SMA coil is
heated up to actuate it, the temperature of the coil increases due to Joule heating. This, in
turn, reduces the resistance of the coil. As a result, the voltage across the coil is not constant
but is constantly changing. For this experiment, the resistance is assumed to be constant
throughout the experiment. Hence, although some points show deviation from one another
in terms of the bending angle with respect to the energy consumed, the differences can be
assumed to be in the experimental uncertainty.

Figure 8. Maximum bending angle vs. energy consumed by the SMA for various loads.

It can be seen from the figure above that for low actuation current and low time, the
bending angle of the tip of the arm does not reach its maximum potential. For a relatively
lower load of 25 g on the arm, the maximum bending angle reaches 12.5◦, whereas for a
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higher load of 75 g, the single-coil SMA arm can reach a maximum bending angle of 6◦
only. For all the loads and the current and time combinations, the bending angle peaks
at around 130 J–140 J of electrical energy. At around 140 J, a maximum bending angle is
achieved. This peak angle is around 17◦ for 25 g, 13◦ for 50 g, and about 10◦ for 75 g, as can
be seen in Table 2. If a higher energy is supplied, by either increasing the current and/or the
heating time of actuation, the bending angle saturates. However, the desired curling shape
is achieved much faster than the curling shape with lower current and time combinations.
The energy used is a trade-off between the frequency of actuation and the energy consumed
during the experiment. If little to no energy is to be wasted in increasing the temperature of
the coil excessively, then one has to trade off the faster frequency. However, if the arm is to
be used in an application that requires higher frequency, then high energy can be supplied,
and as a result, the measurable qualities such as efficiency and the overall life of the SMA
are compensated.

Table 2. Tabulated values of the energy, voltage, and current are shown, which are plotted in Figure 8.

I t Power Density V Work = (VIt) Maximum Bending Angle

A sec kW/kg Volts Joules 25 g 50 g 75 g

1.125 5 8.04 16.3 91.7 12.58 8.73 6.25
1.25 4 10.36 18.9 94.5 14.43 10.29 6.72
1.5 3 15.13 23.0 103.5 14.38 11.52 8.47

1.375 4 12.60 20.9 114.9 14.01 12.28 9.50
1.25 5 10.86 19.8 123.8 15.18 11.19 8.69
1.5 4 15.13 23.0 138.0 17.17 12.58 8.26

1.375 5 12.61 20.9 143.7 14.57 13.81 10.28
1.5 5 15.13 23.0 172.5 17.09 12.88 9.93

Through the previous experiments, it was found that the input energy of 140 J allows
the arm to reach the maximum bending angle during weightlifting. All energy supplied
higher than 140 J goes into increasing the temperature of the coil without changing the
shape of the silicone arm. Prolonged exposure to such high energy can cause the SMA coil
to be damaged and change its original memory shape. Hence, the optimal energy to be
supplied to the single-coil SMA embedded in a similar silicone arm is around 140 J, which
can be achieved by passing 1.5 A for 4 s or 1.375 A for 5 s.

3.3. Weightlifting Characterization of the Arm with Multiple Embedded Coiled SMAs

Similar to the previous section, SMAs are embedded in the silicone; in this case
3 SMAs are embedded in parallel close to each other. The bending angle is recorded while
carrying various loads. The arm shows good weightlifting capabilities when 3 SMAs are
actuated together. This shows a linear trend between the number of SMAs embedded and
the maximum weight it can carry. In this case we found that 3 SMAs, of the same coiled
diameter, can carry up to a 125 g load with acceptable bending (~10o). The current and
time combination used for the 3 SMAs is the same as for the single SMAs (multiplied by
number of SMAs). Figure 9 shows the bending angle vs. load of 3 SMAs embedded vs.
1 SMA embedded. The results show a significant increase in the bending angle. We assume
that increasing the number of SMAs embedded will further enhance the capability.
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Figure 9. A comparison of the maximum bending angle vs. load for single and 3 SMAs embedded in
the silicone arm.

3.4. Temperature Modeling of the Single SMA Coil Embedded in a Silicone Arm

The bending angle of the tip of the silicone arm is directly proportional to the tempera-
ture of the SMA coil. A low temperature of the actuated SMA results in a lower bending
angle of about 20◦ for a combination of low current (1.125 A) for a low time (2 s). This is
because the electrical energy supplied to the coil is not enough to raise the temperature
of the coil to activate the shape memory effect. For most combinations of current and
time, the temperature of the coil almost reaches the required value for the actuation to
begin and activate the shape memory effect. Similar observations as section B can be made
about these results as well, that if excessive energy is passed through the coil, then the
resulting bending angle will not be more but will be limited at a certain value. All the
energy transferred to the circuit after the limiting value will increase the temperature of the
SMA coil and might destroy it.

Two types of temperature modeling results are shown in Figures 10 and 11, respec-
tively. In Figure 10, the created model demonstrates the comparison between the exper-
imental temperature and the analytical temperature obtained from the model presented
in Equation (2) for an actuation current of 1.5 A for 2, 3, 4, and 5 s. In this test, the heating
time is changed, which results in the change of the duty cycle, which is one of the crucial
variables in the whole model. The other type of model demonstrates the comparison
between the experimental temperature and the analytical temperature obtained from the
model for a heating time of 5 s and a cooling time of 45 s for 1.25 A, 1.375 A, and 1.5 A of
actuation current. In this type of model, the current is changed, which results in the change
of voltage and the expression for h only.

Figure 10. The experimental vs. theoretical temperature for an actuation current of 1.5 A for all the
values of heating times.
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Figure 11. The experimental vs. theoretical temperature for a heating time of 5 s, for all the values
of current.

Together, the results from these 2 models can be superimposed on one another, which
results in a model that can predict the temperature of the SMA coil embedded inside the
silicone arm when the current is changed and/or the heating time of the actuation cycle is
changed. Thus, these 2 models were created individually and will be superimposed as and
when needed. By performing this, a bigger model that predicts the temperature when both
the current and the duty cycle changes can be created. Figure 10 shows the comparison
between the experimental and analytical temperatures for 1.25 A, 1.375 A, and 1.5 A for a
heating time of 5 s and a cooling time of 45 s.

As the model is designed for the heating cycle of the actuation only, for all the heating
times, the model predicts a temperature that is closer to the experimental temperature.
However, for the cooling cycle of the actuation, the model shows a difference between
the experimental temperature and the model temperature. We can use these results to
form a relation between the actuation parameters of the SMA and the arm bending, hence
reducing experimental time and cost to develop a more robust soft arm for underwater
application.

3.5. Grasping and Shape Manipulation of the Arm

Using the created arm, various objects with different sizes and weights were allowed
to be grasped by the arm underwater. In these experiments, multiple SMAs were actuated.
Figure 11 shows the various objects that the arm was able to lift underwater. It must be
noted that the objects had to be held in place for a brief period while the actuation was
activated for the arm to be able to hold them. In all the cases shown, the arm was actuated
with 2.75 A (total current) for 5 s. The soft material can facilitate delicate grasping without
damaging or deforming the structure, as seen in examples of a plant stem and flexible
elastomer tubing shown in Figure 12A,F. The soft material of the arm can conform around
the body of the object, making it easy to hold on to thicker objects such as a 3D-printed gear
and plate in Figure 12B and 12D, respectively, all the way down to thin objects such as a
thin ruler shown in Figure 12E. Finally, the use of multiple SMAs increases the weightlifting
capability; Figure 12A–H show ascending order by weight of object held starting from 2 g
up to 50 g. We can conclude that increasing the number of embedded muscles will further
increase the weightlifting capabilities.
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Figure 12. The grasping of objects. (A) a plant (2 g). (B) Small 3D-printed gear (10 g). (C) A plastic
syringe (15 g). (D) 3D-printed flat plate (15 g). (E) Thin plastic ruler (15 g). (F) small plastic tube
(20 g). (G) Metal spring (40 g). (H) A standard calibrated weight (50 g).

3.6. Shape Manipulation Utilizing Sequential Actuation

Shape manipulation was achieved by actuating SMAs in a series of combinations.
We observed 2D and 3D bending, as shown in Figure 13. The first was utilizing all
3 embedded SMAs at the same time, the second was for 2 SMAs (long and short), the third
was for the opposite 2 SMAs (long and short), and lastly for 2 SMAs (both short). Actuating
3 SMAs at the same time provided 3D bending where the arm initially starts bending in
the XY plane and then transfers to the ZY plane. Actuating 2 SMAs (long and short) in
the first case resulted in 2D bending in the XY plane, while the third case provided 2D
bending in the ZY plane. We observe that, in this case, the bending plane is dependent
on the muscle location but both will result in 2D manipulation. Actuating 2 SMAs (both
short) results in 2D bending as well. Adding more SMAs will result in a more complex
manipulation platform and higher weightlifting capabilities. An integrated control system
can be developed to initialize the sequential actuation based on user input.
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Figure 13. Snapshots of shape manipulation utilizing sequential actuation. (A) Activating 3 SMAs.
(B) 2 SMAs (long middle and the one towards positive Z). (C) 2 SMAs (long middle and the one
towards negative Z).

4. Conclusions and Future Work

In this paper, we have defined the design parameters of a biomimetic octopus-inspired
arm actuated by coiled Shape Memory Alloys embedded inside Ecoflex 0010 silicone.
Embedding the coiled Shape Memory Alloys gives rise to a curling motion for the whole
arm. The strain in the coiled SMA is about 60%, giving rise to the arm achieving a curl
throughout the length. The maximum bending angle that is achieved from the fabricated
arm is 48◦. The arm with one coiled SMA can achieve a maximum bending angle of about
17◦ when a load of 25 g is attached to the tip of the arm, about 14◦ when 50 g is attached,
and about 10◦ when a load of 75 g is attached in an underwater environment. To achieve
the curling motion and efficiently reach the bending angles mentioned above, a minimum
of 140 J of electrical energy is required to be supplied to the arm. Future work is necessary
for this robotic system to be deployed into the water for data acquisition. Topics such as
continuum robotics, modeling, and simulation of the displacement of the tip of the arm can
be implemented in the system. Some design changes to improve the performance of the
arm are attainable. If multiple SMA coils with varying lengths are embedded in the silicone
that forms the arm, a more controlled and hence better bending can be achieved, and the
arm can be designed to have better grasping abilities and achieve more curl. Adding some
temperature and vision sensors can improve the system further, which can then be used to
grasp objects underwater delicately without causing much disturbance in the ecosystem.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/act12100377/s1, Movie S1: Video showcasing actuation of the
arm under described conditions.
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Abstract: Soft actuator technology is extensively utilized in robotic manipulation applications. How-
ever, several existing designs of soft actuators suffer from drawbacks such as a complex casting
process, a multi-air chamber configuration, and insufficient grasping force. In this study, we propose
a novel soft bellow design featuring a single air chamber, which simplifies the fabrication process of
the actual model. To enhance the performance of the proposed design, we employ the Box–Behnken
response surface design to generate a design matrix for implementing different levels of design factors
in the finite element model. The FEA response is then subjected to an analysis of variance to identify
significant factors and establish a regression model for deformation and stress response prediction.
Among the considered responses, the wall thickness emerges as the most influential factor, followed
by the divided ratio of radians and the number of bellows. Validation of the optimized soft bellow
actuator’s deformation response is performed through comparison with experimental data. Moreover,
the soft bellow actuator is capable of exerting a pulling force of 8.16 N when used in conjunction
with a simple gripper structure design, enabling effective object manipulation. Additionally, the soft
bellow design boasts cost-effectiveness and easy moldability, facilitating seamless integration with
different gripper frames for diverse applications. Its simplicity and versatility make it a promising
choice for various robotic manipulation tasks.

Keywords: soft bellow actuator; soft gripper; FEA; response surface analysis; Box–Behnken design

1. Introduction

In the automation industry, robot manipulation plays a pivotal role in process lines.
The end-effector of a robot arm is a crucial component responsible for manipulating target
objects through grasping [1]. Traditional grippers are designed with a rigid structure to
handle specific items. However, they are unsuitable for gripping delicate or deformable
objects encountered in manufacturing, such as food and fruit products, which lack stable
geometry and possess complex surface properties. To overcome this limitation, soft grippers
have been developed, offering the advantage of securely grasping objects with uneven
shapes and precise positioning without causing damage [2]. This type of actuator has
significantly enhanced the interaction between robots and object surfaces, prioritizing
safety. Its applications extend beyond industrial work [3–5] and encompass fields like
rehabilitation [6–9] and harvesting [10–12].

Soft grippers utilize various types of actuators [13] to hold, handle, and grasp objects,
including pneumatic, vacuum, shape memory alloy, and cable-driven actuators. Among
these, pneumatic actuators are highlighted in this study due to their adaptability and rapid
response [14]. Soft pneumatic actuators exhibit a range of designs suitable for gripper
applications [15]. One common design is pneumatic networks (PenuNets) [16–19], which
involve the creation of multi-air chambers that utilize the bending effect to grip objects.
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However, the fabrication process of the real model using silicone parts can be complicated,
requiring the gluing together of multiple parts. Additionally, this design tends to provide a
lower lift force when holding objects. To address these challenges, a more easily fabricated
design called the fiber-reinforced design [20–22] has been proposed. This design features
a single-celled air chamber covered with silicone and winding fiber, utilizing a bending
state to hold objects. Another design approach, known as granular jamming [23], employs
a donut-shaped structure with two chambers controlled by air pressure and vacuum to
enclose objects, enabling the gripping of various sizes and shapes. Gao et al. [24] introduced
a telescopic design with passive retraction and a gripping force of 14 N. On the other hand,
the pneumatic bellow actuator [25–27] relies on rapid deformation responses achieved
through compression and friction forces to grip objects. This design allows for direct control
of deformation by adjusting the air pressure and is simpler to cast as a single chamber
component. However, it provides limited information regarding optimal factors influencing
deformation and stress response. To address these limitations, this research proposes an
optimized design for the soft bellow actuator.

Response surface methodology (RSM) is a commonly used design of experiments
(DOE) approach to determine the optimal influential factors in a given problem [28,29].
By employing statistical and mathematical techniques along with analysis of variance
(ANOVA), this method facilitates the optimization and prediction of responses based
on a set of independent variables. The approximating function is typically divided into
first- and second-order models. Several design methodologies, such as the 3K factorial,
central composite, and Box–Behnken designs, are commonly employed for second-order
models [30]. The main advantage of the Box–Behnken design is its efficiency in exploring
the design space and determining the optimal factor settings with a relatively small number
of experiments. Compared to full factorial designs, the Box–Behnken design requires
fewer experimental runs while still providing accurate and reliable results. This is particu-
larly beneficial when conducting experiments that involve time-consuming or expensive
simulations or physical prototypes.

In the context of soft actuator applications, Cao et al. [26] introduced the Box–Behnken
design to optimize the parameters of a double-chamber bellow actuator, validating the
displacement response through experimental data. Honarpardaz M. [31] utilized the
Latin Hypercube Sampling Design with a full quadratic model to optimize the design of
PenuNets, focusing on minimizing stress while maximizing the gripper’s payload. Chen
et al. [32] utilized the topology optimization procedure to maximize the bending ability and
enhance the payload capacity of the gripper. Finite element analysis (FEA) is a commonly
employed technique to derive the response of an optimized design [33,34]. It serves as a
valuable tool for enhancing the simulation model prior to manufacturing, saving time and
eliminating the need for trial-and-error iterations.

This study aims to optimize the independent variables of the soft bellow actuator by
employing a DOE approach with Box–Behnken response surface design. The objective
is to achieve high deformation while minimizing stress. FEA is utilized to investigate
the behavior of the soft bellow actuator in more than twenty cases. The proposed bellow
design offers advantages in terms of fabrication process reduction by featuring a single
air chamber and generating a significant pulling force that can be adapted for various
applications. The framework presented in this work provides a systematic approach for
researchers to optimize the soft actuator by reducing the design lead time and facilitating
its application to other soft actuator models. The key objectives of this research can be
summarized as follows:

• To study the parameters that influence the deformation response of the soft
bellow actuator;

• To determine the optimized model of the soft bellow actuator and analyze the signifi-
cant parameters using ANOVA;

• To propose a regression model to predict the deformation and stress response for this
specific design of the soft bellow actuator;
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• To validate the optimized design through experimental testing, assessing the deforma-
tion response and grasping performance using pulling force testing.

By addressing these objectives, this study provides valuable insights into the optimiza-
tion of soft bellow actuators, enabling their efficient and effective use in various applications.
The remainder of the article is organized as follows: Section 2 provides an overview of
the workflow, the mathematical model of hyper-elastic materials, and the concept of DOE.
Section 3 describes the geometric model of the soft bellow actuator and simulation analysis.
Section 4 discusses significant parameters, the regression model, and the optimized design
based on the Box–Behnken response surface design. Section 5 focuses on the manufacturing
process and assembly of the soft bellow actuator. Section 6 presents the validation of the
optimized design through deformation response and pulling-force performance. Finally,
Section 7 concludes the paper, summarizing the findings and contributions of this study.

2. Materials and Methods

2.1. Workflow

The systematic workflow employed in this study is shown in Figure 1, which outlines
the methodologies utilized. To assess the effectiveness of the optimized soft bellow actuator
design, FEA is employed to identify the factors influencing deformation. These identified
parameters are then applied to the Box–Behnken experimental design, generating a three-
level design matrix. FEA is conducted using the MSC Marc Mentat Software (2020.0.0) to
compute deformation and stress within the soft bellow actuator, allowing for the estimation
of response parameters based on the generated design matrix. ANOVA is subsequently
performed on the FEA results, calculating p-values to identify significant factors and
establishing a regression model that correlates these factors with response parameters.
By considering large deformation response and acceptable stress levels at a pneumatic
pressure of 50 kPa, the optimal trial model within the design matrix is determined. To
validate the deformation response of the optimized design, simulations are conducted and
compared with experimental data. Subsequently, the soft bellow design is integrated into a
rigid gripper structure to facilitate testing of its pulling force capabilities. By considering
a large deformation response and acceptable stress levels at a pneumatic pressure of
50 kPa, the optimal trial model within the design matrix is determined. To validate the
deformation response of the optimized design, simulations are conducted and compared
with experimental data. Subsequently, the soft bellow design is integrated into a rigid
gripper structure to facilitate testing of its pulling-force capabilities.

2.2. A Mathematical Model of Hyper-Elastic Materials

The soft bellow actuator incorporates a hyperelastic material for prototyping purposes,
as it possesses the ability to undergo significant deformations when subjected to pressure,
allowing for delicate object grasping [35]. In order to accurately characterize the hypere-
lastic behavior, nonlinear finite elements are employed. Various studies have proposed
hyperelastic material models such as Mooney–Rivlin, Yeoh, Neo-Hookean, and Ogden by
fitting experimental data curves. The numerical accuracy of these models relies on their
order; however, a higher order does not necessarily guarantee a stronger correlation. For
fundamental experiments like the uniaxial test, the two- or three-order Mooney–Rivlin
approximation is commonly used [36]. The Mooney–Rivlin constitutive model is based on
the strain energy function (W). In the absence of volumetric deformation and temperature
variations, this function can be expressed in polynomial form using MSC Marc Mentat
Software (2020.0.0) as

W =
n

∑
i+j=1

Cij(I1 − 3)i(I2 − 3)j (1)
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where I1 and I2 are the deformation invariants, whereas Cij are material-specific constants.
These deformation invariants can be expressed as follows:

I1 = λ2
1 + λ2

2 + λ2
3 (2)

I2 = λ2
1λ2

2 + λ2
2λ2

3 + λ2
3λ2

1 (3)

where λ1, λ2, and λ3 are the elongations of the element in three directions, respectively.
The hyper-elastic material can be assumed to be incompressible by:

λ2
1λ2

2λ2
3 = 1 (4)

The elongation in each direction is a function of strain (ε), which can be presented by

λ = 1 + ε (5)

Thus, the deformation invariants for the uniaxial deformation mode can be expressed
as follows:

I1 = λ2 + 2λ−1 (6)

I2 = 2λ + λ−2 (7)

According to the Mooney–Rivlin three-order model, the stress (σ) of the hyperelastic
material can be defined in terms of elongation and the Cij parameter as follows:

σ(λ) = 2[C10(λ − λ−2) + C01(1 − λ−3) + 3C11(λ
2 − λ − 1 + λ−2 + λ−3 − λ−4)] (8)

It is important to note that the internal pneumatic pressure can influence the elongation
behavior of a flexible bellow actuator. The level of air pressure plays a significant role in
determining the deformation and stress response of the actuator.

 

Design parameter analysis of
the soft bellow actuator

Optimized design

Identifying factors with the FEA

DOE by the Box-Behnken Design

- Wall thickness
- Number of bellows
- Divided ratio of radians
- Heights of the actuator

Fabrication and experiment - Validation deformation response
- Pulling force

Displacement 
ANOVA Stress ANOVA

- Response surface model
- Regression model

Figure 1. Analysis method.
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2.3. Design and Statistical Analysis of Experiments

The Box–Behnken design is a well-known experimental design method that incorpo-
rates a response surface and is particularly suitable for investigating three independent
variables in an experiment. Each factor is assigned code values representing the minimum,
median, and maximum levels, resulting in three levels for each factor. These coded values
facilitate the development of response surface designs. Additionally, to analyze the effect
of parameters and estimate the regression equation, the Box–Behnken design response is
employed. By considering the number of factors (K) and the number of center points (P),
the total number of experiments (N) can be determined using the following equation:

N = K2 + K + P (9)

The Box–Behnken response surface is generalized to the second order of the polyno-
mial regression mode [30] as follows:

Y = β0 +
k

∑
i=1

βixi +
k

∑
i=1

βiix2
i +

k−1

∑
i=1

k

∑
j=i+1

βijxixj + γ (10)

where Y is the response parameter; k is the number of independence variables (k = 3); xi
and xj are the independence parameters; β0 is the intercept coefficient; and βi, βii, and βij
are the regression coefficients for linear, quadratic, and interaction variables, respectively.
The experimental miscalculation (γ) is assumed to be zero. This regression model was
used to estimate the factor responses. The fitness of the polynomial regression is defined
by the coefficient of determination (R2). The significance of the factors is evaluated using
ANOVA, employing the f -value at a specified p-value threshold. The optimal conditions
for each factor are estimated through three-dimensional (3D) response surface plots and
contour plots. Subsequently, the optimized model of the soft bellow actuator was validated
by conducting experiments to verify the response.

3. Finite Element Analysis of Soft Bellow Design

3.1. Geometric Model of the Soft Bellow Actuator

The proposed design of the bellow actuator is shown in Figure 2. In this design, certain
dimensions remain constant: the diameter on the top surface (D1) is 40 mm, the height of
the soft actuator (H1) is 35 mm, and the length from the fixed base (H2) is 5 mm. The height
of the bellows layer (h) is determined by the number of bellows (N) and the wall thickness
(t). The relationship between these parameters can be expressed as follows:

h =
H1 − H2 − t

N
(11)

where h is used to compute the bellows’ radian (r) using the following formula:

r =
h
d

(12)

where d is the divided ratio of h that must be more than half of h in order to calculate the r
of the soft bellow actuator. In order to facilitate general usage for object grasping and to
simplify the optimization process, the contact surface of the model is designed to be flat.

3.2. Simulation Analysis

FEA is a widely used tool for predicting the behavior of a system, including deforma-
tion, stress, and more. In this study, MSC Marc Mentat Software (2020.0.0) is utilized to
perform FEA simulations. To reduce computational costs, an axisymmetric approach is
employed to calculate the effects of deformation and stress. The model utilizes quadrilateral
mesh elements with four nodes, as depicted in Figure 3.
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Figure 2. The geometry of the bellow design.

Selection node

Fixed_displacement

Pressure

Figure 3. Boundary condition of an actuator.

Figure 3 shows the boundary conditions of the actuator with an axisymmetric model.
In the analyzed model, the element type employs the full integration (Quad 10) formulation
for solid structures. Given that the soft gripper deforms the actuator through pressurized
air, several assumptions are made: (a) both the air pressure and atmospheric pressure are
constant; (b) the actuator is completely sealed without any leaks; and (c) the pressure within
the bellow is uniformly distributed and remains constant at each point. These assumptions
allow for the definition of boundary conditions in the model. The ground of the actuator is
subjected to a fixed displacement, while the inner surface of the curve generates pressure
through an edge load, as illustrated in Figure 3. In this study, the edge load is set at 50 kPa,
and a linear ramp table is employed to calculate the large strain of the static model with
a constant time of 0.02, utilizing 50 steps. For model optimization, the deformation and
stress response at the selected node, as shown in Figure 3, are considered. This particular
location is crucial as it represents the weakest area responsible for supporting the object
during grasping applications.

When it comes to applications involving soft actuators, materials like Ecoflex, Dragon
Skin, and TPE rubber are commonly used for casting models. In this study, Dragon Skin 30
(Smooth-On, Inc., Macungie, PA, USA) was chosen as the material to construct the bellow
actuator due to its desirable characteristics, including high tensile strength and significant

66



Actuators 2023, 12, 300

elongation deformation, which make it well-suited for gripper applications. The material
properties of Dragon Skin 30 were evaluated for tensile strength using the ASTM D412
standard, employing a Z005 tensile testing machine (Zwick Roell, Ulm, Germany). Five
silicone samples of Die C, each with a thickness of 3 mm, were subjected to extension
at a rate of 500 mm/min until rupture. Figure 4 presents a comparison between the
experimental data and the fitted data for the stress and strain of Dragon Skin 30. The
maximum tensile strength was determined to be 3.64 ± 0.21 MPa, while the elongation at
break was measured to be 473 ± 28%.

Die C

Figure 4. The tensile strength test data and experiment data fit.

To determine the material properties, data from specimen 1 was selected for its average
characteristics compared to the other specimens. The material properties were computed us-
ing MSC Marc Mentat software (2020.0.0). The Mooney–Rivlin model of the third order was
utilized, with the following coefficients: C10 = 1.192 × 10−1 MPa, C01 = 3.464 × 10−9 MPa,
and C11 = 1.484 × 10−2 MPa, with an error 3.370 × 10−4. To optimize the design of
the soft bellow gripper, the deformation and stress at the center of the model’s upper
surface were analyzed. These response parameters were crucial for the DOE using the
Box–Behnken method, allowing for the design of the bellow soft gripper with acceptable
levels of deformation and stress.

In this study, we consider the following factors to influence the deformation of the soft
bellow actuator: wall thickness, number of bellows, bellow radian, and actuator height.
These factors are crucial in defining the response prior to applying the Box–Behnken
method for factor reduction. The wall thickness is examined at three levels: 3 mm, 4.5 mm,
and 6 mm. The casting process imposes a minimum wall thickness requirement, as thin
walls are prone to tearing.

The simulation models in our study maintain a consistent number of bellows (six)
and a divided ratio for the bellow radian (three). Figure 5 demonstrates the finite element
analysis result of the comparative model. The lower part of the model, represented by the
blue color, indicates fixed displacement, while the middle portion of the model’s upper
surface, depicted in red, exhibits significant displacement. This region is influenced by the
internal pressure of the actuator and is located away from the fixing area.

Figure 6a presents the relationship between deformation displacement and pressure for
comparable wall thicknesses. At a pressure of 50 kPa, the 3 mm wall thickness demonstrates
the highest deformation displacement of 14.58 mm, whereas the 6 mm wall thickness
exhibits the smallest deformation displacement of 5.49 mm. It is evident that the thin wall
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thickness significantly affects the deformation of the soft actuator. However, it is important
to note that excessive stress on a thin wall may lead to actuator rupture.

Figure 5. Simulation result of deformation response under 50 kPa pressure with different wall
thicknesses of (a) 3 mm, (b) 4.5 mm, and (c) 6 mm.

Figure 6. Relationship between deformation and air pressure of simulation results (a) under different
wall thicknesses, (b) under different numbers of bellows, (c) under different divided ratios, and
(d) under different heights of the actuator.
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We compare the deformation response for three different numbers of bellows: three,
six, and nine, simulated under the same conditions, as previously described. The models for
comparison have the same wall thickness and a divided ratio of 4.5 mm and 3, respectively.
In Figure 6b, it can be observed that the deformation with varying numbers of bellows at
six and nine under the same pressure is not dissimilar. When the applied pressure is 50 kPa,
the greatest deformation displacement of 11.0 mm is observed with three bellows. The
deformation responses of these three cases are comparable, as the rigidity of the simulation
model does not vary significantly.

Next, we examine the effect of the bellow’s radian with different divided ratios of two,
three, and four while keeping the same wall thickness (4.5 mm) and number of bellows (six).
Figure 6c demonstrates the influence of the bellow’s radian on the deformation response.
The divided ratio of four yields the greatest deformation of 10.72 mm compared to the
divided ratios of two and three. However, most of the models exhibit deformations greater
than 8 mm, which is beneficial when adapting the model to a soft actuator for a wide range
of object grasping.

Furthermore, when comparing the height of the actuator at 25 mm, 30 mm, and
35 mm with the same wall thickness (4.5 mm), number of bellows (six), and divided
ratio of radians (three), Figure 6d illustrates that the actuator’s height has no significant
effect on the deformation response. The nearly identical deformations observed in each
air-pressurized simulation case confirm that the actuator’s height does not significantly
influence the deformation response. Hence, the factors that have a notable impact on the
deformation of the actuator include the wall thickness, number of bellows, and divided
ratio of radians. These variables were used to create an experiment using the Box–Behnken
method, allowing for the optimization of the model.

4. Box–Behnken Design

The optimization of the soft bellow actuator’s design focuses on the deformation and
stress at the contact surface. To achieve this goal, the Box–Behnken technique is employed
to optimize the model’s design through a matrix design. This method utilizes a response
surface to determine the effect of factors and levels on the objective function. In this study,
the deformation of the soft gripper was influenced by the wall thickness, number of bellows,
and divided ratio of radians, as described in Section 2.3. In the Box–Behnken design, these
factors are used to evaluate the surface response, with the index A representing the wall
thickness (mm), B representing the number of bellows, and C representing the divided ratio
of radians. The deformation and stress results at the selection node are denoted by D (mm)
and E (kPa), respectively. Table 1 provides an overview of how the factors are classified
into three levels.

Table 1. Design factors of the Box–Behnken method.

Factor Name Low Median High

A Wall thickness 3 4.5 6
B Number of bellows 3 6 9
C Divided ratio of radians 2 3 4

The response surface design of the soft bellows is investigated using three factors
and three levels. Equation (9) is used to calculate the total number of experiments, and
the replicate number is three. As a result, the simulation test employs the design factors
based on the Box–Behnken design, as shown in Table 2. The number of trials is equal to the
number of experiments, totaling 15 cases. This parameter is utilized to define an optimum
soft bellow design with high deformation and minimal stress.
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Table 2. Box–Behnken design and response results.

Standard
Order

Running
Order

Point Type Blocks A B C D E

1 1 2 1 3 3 3 18.06 290.8
2 2 2 1 6 3 3 6.49 243.9
3 3 2 1 3 9 3 13.28 287.9
4 4 2 1 6 9 3 5.19 234.1
5 5 2 1 3 6 2 19.02 288.2
6 6 2 1 6 6 2 6.37 250.1
7 7 2 1 3 6 4 13.19 289.7
8 8 2 1 6 6 4 5.14 232.0
9 9 2 1 4.5 3 2 16.07 294.6

10 10 2 1 4.5 9 2 9.52 294.3
11 11 2 1 4.5 3 4 9.50 288.6
12 12 2 1 4.5 9 4 8.27 290.8
13 13 0 1 4.5 6 3 9.12 291.8
14 14 0 1 4.5 6 3 9.12 291.8
15 15 0 1 4.5 6 3 9.12 291.8

Analysis of Variance

The response surface with the Box–Behnken design is utilized to determine the in-
fluence of the deformation and stress of the bellow actuator, as observed from the FEA
results presented in Table 2. The displacement response is subjected to ANOVA at a 95%
confidence level, and the results are summarized in Table 3. The model f -value of 273.89
and the associated p-value (p < 0.0001) indicate that the regression model is statistically
significant. The mean square (MS) value for the uncontrolled aspect of the simulation
data had an inaccuracy of 0.1127. The analysis of the model’s significant factors suggests
that the p-values should be less than 0.05, with variables having lower p-values being
more significant.

Table 3. Results of the ANOVA for extraction displacement of the soft bellow actuator.

Source DF Adj SS Adj MS F-Value p-Value

Model 9 277.84 30.87 273.89 <0.0001

Linear
A 1 203.59 203.59 1806.27 <0.0001
B 1 23.97 23.97 212.64 <0.0001
C 1 27.68 27.68 245.6 <0.0001

Square
A× 1 2.76 2.76 24.49 0.0043
B×B 1 2.22 2.22 19.66 0.0068
C×C 1 3.31 3.31 29.38 0.0029

2-way
Interaction

A×B 1 3.05 3.05 27.02 0.0035
A×C 1 5.3 5.3 47.01 0.001
B×C 1 7.06 7.06 62.65 0.0005

Error 5 0.5636 0.1127
Total 14 278.4

R2 = 0.998, adj-R2 = 0.9943, C.V.% = 3.2, and Adeq Precision = 51.55

As seen in Table 3, all variables, including linear, quadratic, and two-way interactions,
have p-values less than 0.05, indicating their significant influence on the displacement
response. The Adeq Precision is a measure of signal-to-noise ratio precision, with values
greater than four indicating high precision. In this case, the Adeq Precision is 51.55,
suggesting that the design space navigation model had a high level of precision. Through
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the analysis of displacement simulation data using multiple regression, the response model
in the second-order polynomial equation can be predicted using Equation (13):

D = 76.26 − 10.287A − 3.811B − 13.65C + 0.3843A×A + 0.0861B×B + 0.947C×C + 0.1939A×B + 0.767A×C + 0.4429B×C (13)

The R2 and adj-R2 values for this regression model are 0.998 and 0.9943, respectively.
These values exceed 0.7, indicating a significant correlation between the displacement
response and the independent variables. R2 values closer to 1 suggest that the regression
model is well-suited to the actual response.

Figure 7 presents the 3D response surface and contour plot of the regression equation
(Equation (13)). These plots provide insights into the relationship between the displacement
response and the levels of two independent variables. The results of the extraction affected
by the wall thickness, number of bellows, and divided ratio of radians are displayed in
Figure 7a–c. Using two continuous variables and fixing the other variable at its middle,
Figure 7a illustrates the displacement response as a function of wall thickness and number
of bellows while keeping the radian ratio constant at three. These two factors had a
significant impact on increasing the deformation of the bellow actuator. The response range
increases rapidly from 9.12 to 18.06 mm when the wall thickness is reduced below 4.5 mm.
In Figure 7b, the effect of the divided ratio of radians and the number of bellows is shown,
with the wall thickness kept constant at 4.5 mm. The displacement response increases as
the parameter values decrease.

However, when the divided ratio of radians exceeds four, the displacement response
of the model is restricted to a range of 13 mm. Figure 7c presents the response of the
divided ratio of radians and the wall thickness, with the number of bellows kept constant
at six. Reducing the values of these two factors leads to an increase in the deformation
response within the range of 8.58 to 15.76 mm. Therefore, the regression model response
highlights the significant influence of wall thickness on the displacement response, as the
stiffness of the actuator depends on this factor. It is followed by the divided ratio of radians
and the number of bellows.

Table 4 presents the ANOVA results based on the experimental stress data of the bellow
actuator using the Box–Behnken design. The regression model exhibits a p-value close
to zero and a high f -value of 119.83, indicating its overall effectiveness and significance.
Factors A, C, A×A, and A×C have high significance for the stress response, as their p-values
are less than 0.05, while other factors have negligible effects. The regression model for the
stress response of the soft bellow actuator is expressed by Equation (14).

E = 85.2 + 105.06A + 0.94B + 6.92C − 12.146A×A − 0.027B×B + 0.55C×C − 0.381A×B − 3.280A×C + 0.215B×C (14)

The regression model for stress prediction demonstrates a good fit to the experimental
data, with R2 and adj-R2 values of 0.9954 and 0.9871, respectively. This indicates that the
model accurately predicts the stress of the actuator.

Figure 8 shows the response of the deformation and stress of the soft bellow actuator
based on the trial numbers in the Box–Behnken design. The models with thick walls of
6 mm (trial numbers 2, 4, 6, and 8) exhibit a deformation response of less than 6.5 mm
and a minimum stress in the range of 230–250 kPa. These models have high wall stiffness,
resulting in lower deformation and stress. For the model with a wall thickness of 4.5 mm,
trial numbers 10 to 15 show a deformation response of less than 10 mm, except for trial
number 9. Trial number 9 has the minimum values for the number of bellows and the
divided ratio of radians, leading to a higher deformation response. However, the stress
response of all models with a 4.5 mm wall thickness is approximately 290 kPa.
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(a)

(b)

(c)

Figure 7. Response surface and contour diagrams of the soft bellow: (a) under constant the divided
ratio of radians, (b) under constant the number of bellows, and (c) under constant the wall thickness.
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Figure 8. The Box–Behnken design matrix responds to stress and deformation.

Table 4. Results of the ANOVA for the extraction stress of the soft bellow actuator.

Source DF Adj SS Adj MS F-Value p-Value

Model 9 7830.61 870.07 119.83 <0.0001

Linear
A 1 4827.23 4827.23 664.82 <0.0001
B 1 14.86 14.86 2.05 0.212
C 1 84.18 84.18 11.59 0.0191

Square
A×A 1 2757.63 2757.63 379.79 <0.0001
B×B 1 0.2251 0.2251 0.031 0.8671
C×C 1 1.12 1.12 0.1541 0.7108

2-way
Interaction

A×B 1 11.73 11.73 1.62 0.2597
A×C 1 96.82 96.82 13.33 0.0147
B×C 1 1.67 1.67 0.2299 0.6518

Error 5 36.3 7.26
Total 14 7866.92

R2 = 0.9954 and adj-R2 = 0.9871, C.V.% = 0.9716, and Adeq Precision = 29.572

In contrast, the models with a thin wall thickness of 3 mm (trial numbers 1, 3, 5, and 7)
exhibit a deformation response greater than 13 mm. Among these models, trial number
5, with the number of bellows and the ratio of radians is six and two, respectively. It
demonstrates a significant amount of deformation. However, trial number 5 has a lower
stress response compared to trial number 1 and 9, due to its greater rigidity. Therefore, trial
number 5 represents the optimal design for the actuator, as it achieves high displacement
while maintaining an appropriate stress level.

5. Manufacturing and Assembly

In this section, we proceeded to construct the physical model based on the optimized
design from trial number 5 in the previous section. The optimized model has a wall
thickness of 3 mm, six bellows, and a divided ratio of radians of two. The fabrication
process of the soft bellow gripper involves two main components: the soft bellow part and
the rigid frame structure. For the soft bellow part, a molding process is employed using
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the hyper-elastic material. This design features a single air chamber, which simplifies the
fabrication process. The trial number 5 model has a volume of 16,567 mm3 and weighs
17.89 g, considering the density of Dragon Skin 30 at 1.08 g/cm3. Figure 9 shows the four
steps involved in the casting process. The model’s mold is divided into five pieces for easy
disassembly and was created using a 3D printer, specifically the Flashforge Adventurer 3
(Zhejiang Flashforge 3D Technology Co., Ltd., Jinhua, China).

Part 4

Part 2

Part 3

(a) (b) (c)

Vacuum chamber

Part 1

(d)

Figure 9. Fabrication of a Soft Bellow Actuator: (a) 3D-printed molds, (b) silicone preparation,
(c) casting process, and (d) final assembly.

In the assembly steps, Part 1 of the mold is attached to Part 3 using a screw. To ensure
proper fitting during mold construction, a tolerance of 10% is maintained between Part 2
and Part 3. Next, Dragon Skin 30, consisting of Part A and Part B in a 1:1 weight-to-weight
ratio, is prepared. The silicone compound is thoroughly mixed, and any bubbles in the
mixture are eliminated using a vacuum chamber. The liquid silicone is carefully poured
into the mold, with the mass of the silicone being measured accurately. An additional 5%
weight is added to account for any potential mold leakage. To ensure the optimal quality
of the final product, the mold is shaken to eliminate any trapped air bubbles within the
silicone. Once the pouring and shaking process is complete, the top surface of the mold
is securely closed using Part 4. Subsequently, the silicone is left to cure for approximately
16 h at room temperature. Alternatively, it can be cured at a higher temperature to expedite
the curing process.

The rigid frame of the gripper is specifically designed to enable the grasping and
holding of objects, resembling the functionality of human fingers. For the purpose of
this study, only two soft bellow actuators were utilized to evaluate the basic grasping
properties of the optimized actuator. The frame structure, as depicted in Figure 10, consists
of three individual components: the support plate for the soft bellow component, the
gripping frame, and the holding plate. All of these parts were fabricated using 3D printing
technology. The support plate serves the purpose of securely attaching the soft bellow
component to the rigid part. Additionally, it includes a hose connector that supplies
pressurized air to the soft actuator. To ensure a strong bond between the silicone part and
the rigid part, an ethyl-based instant glue called Loctite 495, manufactured by Henkel AG &
Co. KGaA, in Dusseldorf, Germany, is applied. The gripping frame is specifically designed
to facilitate the grasping of objects with two fingers, accommodating objects ranging from
30 to 50 mm in size. It is connected to the holding plate, which serves the dual function of
providing support for the end-effectors of the robot arm (Dobot CR5) during experimental
procedures and enabling future applications such as pick-and-place operations.
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Figure 10. Assembly of the rigid frame and the soft bellow actuator (a) in the 3D model and (b) in
the real model.

6. Experiments and Results

This study focused on evaluating the performance of the soft bellow actuators and the
associated pulling force. To conduct these tests, the air pressure was carefully regulated
using a digital regulator, specifically the SMC ITV2050 model. This regulator offers a
pressure range of 0.005 to 0.9 MPa and has a quick response time of 0.1 s. To control the
actuated air pressure, a voltage divider circuit was employed. This circuit allows for the
adjustment of the output voltage within the range of 0 to 10 VDC using a potentiometer.
By varying the output voltage, the desired air pressure for actuation can be achieved. The
electrical and pneumatic systems are interconnected, as illustrated in Figure 11, providing
a schematic representation of their setup and integration.

Soft bellow actuator

Electro-pneumatic regulator
(SMC ITV2050)

(a) (b) 

GND

Vcc

Input signal

SMC 
ITV2050

R2 2 k  

R1 10 k  

12 VDC 24 VDC

Figure 11. Schematic diagram of (a) the electrical system and (b) the pneumatic system.

6.1. Validation of the Deformation Response

The response of the soft bellow actuator to fluctuations in internal air pressure was
evaluated to verify the accuracy of the optimized simulation model. The pneumatic
pressure was adjusted in 5 kPa increments from 0 to 50 kPa. The displacement of the
actuator was measured at steady internal air pressure conditions. This experiment was
conducted five times with five samples to investigate the deformation response of the
actuator. Figure 12 illustrates the deformation performance of the optimized soft bellow
actuator at different internal air pressures. The actuator exhibited inflation as the pressure
increased, with a maximum pressure limit of 50 kPa to prevent damage to the bellows.
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Figure 12. The deformation response at different air pressure levels: (a) at 2 kPa, (b) at 30 kPa, and
(c) at 50 kPa.

Figure 13 shows a comparison of the deformation responses between the experimental
and simulation results. In the pneumatic pressure range of 0 to 20 kPa, the experimental
deformation showed a high error compared to the simulation, with an average error
of 43.12%, or 3.22 mm. However, for pressures exceeding 25 kPa, the deformation of
both the experiment and simulation results became more similar, with an error range of
2.51–2.18 mm or an average error of 14.54%. These discrepancies can be attributed to several
factors, including material properties, manufacturing tolerances, boundary conditions, and
simplified assumptions.

Figure 13. Comparison of deformation responses.

The material properties in the simulation, such as the elastic modulus and strain en-
ergy function of the soft bellow actuator of the Mooney–Rivlin model, may not accurately
represent the actual properties, leading to differences between the predicted and experi-
mental deformations. Additionally, the simulation assumes an idealized model without
considering manufacturing imperfections, such as uneven thickness or slight variations in
material properties, which can impact the behavior of the actuator and result in deviations
from the experimental results. The boundary conditions in the simulation, which aim to
replicate the experimental setup, may not precisely mimic the actual conditions, further
contributing to differences in deformation. The simplified assumptions made in the simula-
tion, particularly using an axisymmetric model, can also introduce inaccuracies, especially
in scenarios involving intricate or nonlinear deformations at low pressures.

Furthermore, Table 5 provides a comparison of the deformation and strain between
the experimental and simulation results. The experimental deformation reached 16.84 mm,
while the analytical model was limited to 19.02 mm, resulting in a difference of less than
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2.18 mm compared to the simulation. The strain values were 0.481% and 0.543% for the
experiment and simulation, respectively, with an error of 11.46%. These variations can
be attributed to the aforementioned factors influencing the inflation behavior of the soft
bellow actuator, leading to the experimental response being lower than the simulation
result. However, both the experimental and simulation results demonstrate a satisfactory
deformation response.

Table 5. The deformation and strain of the optimized design.

Pressure
(kPa)

Deformation (mm) Strain (%)
% Error of

a DeformationExperiment
(Average)

Simulation
Experiment
(Average)

Simulation

5 1.22 5.37 0.035 0.153 −77.29
10 4.452 7.81 0.127 0.223 −42.99
15 6.672 9.66 0.191 0.276 −30.92
20 8.864 11.26 0.253 0.322 −21.29
25 10.224 12.73 0.292 0.364 −19.68
30 11.76 14.11 0.336 0.403 −16.63
35 13.124 15.41 0.375 0.440 −14.85
40 14.544 16.66 0.416 0.476 −12.72
45 15.74 17.86 0.450 0.510 −11.89
50 16.84 19.02 0.481 0.543 −11.46

6.2. Pulling force Experiment

The experimental setup for measuring the pulling force of the soft bellow gripper is
depicted in Figure 14. The gripper, designed as per the proposed model, is mounted on a
robot arm. Various objects, including a cube, a cylinder, and a sphere with a diameter of
50 mm, were grasped by the soft bellow gripper. To measure the pulling force, a digital
force gauge (SF-100 Model, Wenzhou Sanhe Instrument Co., Ltd., Wenzhou, China) was
attached to the tested object. The response of the gripper was evaluated at different levels
of internal air pressure, ranging from 20 to 40 kPa.

Soft bellow gripper

Force gauge

Regulator

Test objects

Object

Dobot CR5

SMC ITV2050 Voltage divider circuit
 

Figure 14. Experimental setup for pulling with different objects.
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The response of the gripper was evaluated at different levels of internal air pressure,
ranging from 20 to 40 kPa. Figure 15 presents the performance of the gripper in holding
objects at different pressure levels. It can be observed that as the air pressure increased, the
deformation of the actuator applied a compressive force to the object. However, excessive
pneumatic pressure exceeding 40 kPa can adversely affect the contact force, potentially
leading to actuator damage.

Figure 15. Responses of the pulled gripper at different air pressure levels of (a) 20 kPa, (b) 25 kPa,
(c) 30 kPa, (d) 35 kPa, and (e) 40 kPa.

Figure 16 provides a comparison of the average pulling force exerted on different
object shapes. The cube shape exhibited the highest gripping force (8.16 ± 0.30 N), followed
by the cylindrical shape (7.14 ± 0.80 N) and the spherical shape (5.18 ± 0.08 N), all tested
at 40 kPa. This difference in pulling force can be attributed to the variation in the contact
surface area between the gripper and the objects. The cube shape offered a larger contact
surface area, resulting in a stronger grip. The pulling force response to pressure changes
was linear for each object shape, with the cube and cylinder objects exhibiting a higher rate
of pulling force response compared to the sphere object. The designed and optimized soft
bellow actuator demonstrated its capability to grasp various object shapes with a robust
pulling force. Notably, the cost of the soft bellow prototype is remarkably low, amounting
to only USD 1.22, while the total price of the robotic gripper is also economical at USD 5.90.
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Figure 16. The result of pulling force on different shapes of objects.

7. Conclusions

This study aimed to optimize the design of the soft bellow actuator by considering
factors such as wall thickness, number of bellows, and divided ratio of radians, as they
significantly affect the deformation and stress response. To achieve this, we employed
FEA and a Box–Behnken response surface design, resulting in a design matrix comprising
15 experimental models. Through variance analysis using ANOVA, we identified the key
factors influencing the deformation and stress response, with wall thickness emerging as the
most significant factor, followed by the divided ratio of radians and the number of bellows.
Upon analyzing the design matrix, we determined Trial number 5 to be the optimized
design for the soft bellow actuator. This design demonstrated substantial deformation and
allowable stress when subjected to maximum air pressure. A comparison between the
experimental and simulation results revealed a satisfactory deformation response, with an
error rate of approximately 11.46% at high pressure, or 2.18 mm less than the optimized
simulation model.

Additionally, we evaluated the pulling-force performance of the validated soft bellow
actuator model by integrating two actuators into a rigid gripper structure. The experi-
mental results demonstrated the capability of the soft bellow gripper to grasp objects of
various shapes, achieving a maximum holding force of 8.16 N. Consequently, the optimized
design and regression model of the soft bellow actuator can be employed in numerical
models to assess the suitability of the soft gripper. Additionally, the fabrication process
is simplified with the use of a single air chamber, and the displacement of the actuator
can be easily controlled by adjusting the pneumatic pressure. Furthermore, the design of
the soft bellow gripper offers the flexibility to be integrated with different rigid frames,
enabling efficient object grasping in a wide range of applications. This design’s versa-
tility allows for its adaptation to various scenarios, thereby enhancing its potential for
broader implementation.
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Abstract: A soft actuator is an essential component in a soft robot that enables it to perform complex
movements by combining different fundamental motion modes. One type of soft actuator that has
received significant attention is the twisted and coiled polymer artificial muscle (TCP actuator).
Despite many recent advancements in TCP actuator research, its use as an extensile actuator is less
common in the literature. This works introduces the concept of using TCP actuators as thermal-driven
extensile actuators for robotics applications. The low-profile actuator can be easily fabricated to
offer two unique deformation capabilities. Results from the characterization indicate that extensile
actuators, made with various rod diameters and under different load conditions, display remarkable
elongation deformation. Additionally, a proof-of-concept soft-earthworm robot was developed
to showcase the potential application of the extensile actuator and to demonstrate the benefits of
combining different types of motion modes.

Keywords: artificial muscle; twisted and coiled polymer artificial muscle; extensile actuator; soft
robotics

1. Introduction

Soft robotics is an emerging field of robotics that focuses on creating highly deformable,
flexible robots. An essential component of soft robots is the soft actuator, which enables soft
robots to perform intricate movements and interact with their surroundings. Soft actuators
can produce a range of basic actuation responses such as contraction, expansion, rotation,
and bending, allowing soft robots to achieve a variety of complex behaviors.

The specific type of motion generated by a soft actuator depends on its design and
the materials used. For instance, shape memory alloy (SMA) contracts in response to heat,
which has been leveraged by researchers to produce mechanical work [1,2]. Pneumatic
artificial muscles (PAMs) and hydraulic actuators contract in response to changes in air or
hydraulic pressure, respectively [3–5]. Torsional actuation originating from structural twist
behavior can be found in twisted nano-/macrofiber yarns [6,7], twisted and coiled polymer
artificial muscle [8–11], spider dragline silk [12], graphene oxide [13] and SMA fibers [14,15].
Bending motion can be found in ionic polymer–metal composites (IPMCs) [16,17], which
use the movement of ions under the influence of an electric field. Dielectric elastomer
actuators can also produce a bending motion in response to an applied electric field [18,19].
By conducting structural design and combining multiple basic actuation responses, complex
motions such as twisting [20,21], curling [22,23], and folding [24,25] can also be achieved
in the aforementioned actuators. However, the concept of deploying elongation as a
driving force is less common in the literature. DEA artificial muscles with a certain degree
of anisotropy can exhibit an expanding motion [26], forming antagonistic soft actuator
systems to mimic biological systems [27,28]. However, the high operating voltage of
dielectric elastomer actuators presents a significant barrier to their extensive adoption in
soft robotics [29,30]. For pneumatic actuators, different jamming structures [31,32] and
alterations in the braid angle of PAMs [33,34] can enable elongation motion. However, high
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noise levels and bulky forms may make them unsuitable for certain applications where a
quiet operation or compact size is important.

In this work, we reported twisted and coiled polymer (TCP) muscle as an extensile
actuator capable of performing mechanical work and demonstrated the possibility of
creating soft robots for the first time. The research presented in this paper builds upon the
work conducted by Beau in his thesis [35]. Recently, TCP actuators have attracted wide
attention in various applications, including soft robots [36,37], soft grippers [38,39], robotic
hand/prosthetic hands [40,41], orthotic devices [42,43], sensors [44,45], musculoskeletal
systems [46], healing composites [47], and energy harvesters [48], due to their high strain
and force generation, low weight and low-profile nature. These applications highlight that
TCP actuators are mainly used as torsional or contractile actuators.

Despite many recent advancements in TCP actuator research, their use as extensile
actuators is less common in the literature. This is the first study to use TCP muscle as
an extensile actuator in soft robotics. The main contributions of this paper are three-
fold. First, this work proposes a thermal-driven extensile actuator for soft robotics, which
broadens the range of motion modes available for this type of actuator. It provides an
additional novel solution for powering soft robots. Second, this work presents a detailed
experimental characterization of TCP muscle as an extensile actuator, showing its potential
to perform mechanical work. Finally, the paper demonstrates the feasibility of applying
an extensile actuator in soft-earthworm robots, highlighting their potential for use in soft
robotics applications.

The rest of this article is organized as follows. We first introduce the fabrication
method for this type of heterochiral artificial muscles, followed by the characterization
method in Section 2. In Section 3, the properties and performance of the actuator are tested,
followed by a proof-of-concept demonstration in soft robotics. Finally, Section 4 concludes
this article.

2. Materials and Methods

2.1. Heterochiral Artificial Muscle Fabrication

We first fabricated the heterochiral artificial muscle using a nylon 6 monofilament
fishing line fiber (Eagle Claw monofilament 80 lb-test fishing line with a diameter of 0.8 mm).
The fabrication process for this type of heterochiral actuator followed the four major steps
that were reported in our previous work [46]: twist insertion (Figure 1c), resistance wire
wrapping (Figure 1d), mandrel coiling (Figure 1e) and thermal annealing.

To achieve twist insertion, we twisted the 0.8-mm diameter nylon 6 fiber in the Z
direction (clockwise) using the setup in Figure 1c until the first coil formation was observed
along the fiber. A 500-g deadweight was used to keep the fishing line fiber under tension
during the twist insertion process. For resistance wire wrapping, we rapped a thin nickel-
chromium wire with a diameter of 0.076 mm around the twisted fiber using the setup in
Figure 1d. The conductive wire pool was placed on the pool holder. The pool holder was
mounted to the linear actuator. The linear actuator traveled along the axis direction of
the twisted fiber. Both stepper motors (M3) rotated in the opposite direction to prevent
any additional twist from being added to the twisted fiber. With the combination of linear
movement of the linear actuator and rotational movement of the stepper motors (M3), the
conductive wire was woven around the twisted line. To ensure the conducting wire does
not become bunched up within the feeding mechanism, we attached a small 10 g weight to
keep the wire taut. Next, we performed mandrel coiling by wrapping the fishing line onto
the rod in the S direction (counterclockwise). The major difference in this work from the
previous work is that the actuator is oppositely twisted and coiled to form a heterochiral
structure. The term “heterochiral” refers to the opposite chirality or handedness of the TCP
muscles in their structure compared to the direction of their twisting or coiling. The final
step was thermal annealing. We placed the coiled artificial muscle, with both ends tethered,
in an oven (Memmert Universal Oven) where the temperature was set to 180 degrees
Celsius for 90 min. The same annealing process was used for all the muscles used in this
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work. The thermal expansion induced untwist of the fiber produced the untwist of the
helical structure which resulted in the muscle elongation [11].

Figure 1. (a) The extensile artificial muscle (heterochiral structure) with a fiber bias angle (α f = 37◦)
and coil bias angle (αc = 16◦) measured from a microscope. (b) Schematic illustration of elongational
deformation realized by heterochiral coiled artificial muscle. (c) Inserting twist into the pristine fishing
line. (d) Incorporating the nickel-chromium wire (resistance wire) into the muscle by wrapping the
resistance wire around the twisted fiber. (e) Forming the mandrel-coiling muscle from the twisted
fiber with resistance wire as made in (d) by wrapping it around the rod via the rotation of the
stepper motor.

Figure 1a shows a microscopic image of the heterochiral TCP actuator. The image
was taken using a microscope (HAYEARTM HY-150X) and processed with the proprietary
microscope image processing software to measure the fiber bias angle α f and coil bias
angle αc. The fiber bias angle (an angle between the fiber axis and its initial orientation)
resulted from the applied torque during the twist insertion step, where the disordered
molecular chains became aligned. The initial coil bias angle (an angle between the fiber
and the coil’s cross-section) resulted from the mandrel-coiling step. Figure 1b illustrates
that upon receiving a thermal stimulus, the actuator can elongate along its axis direction
to lift a deadweight and perform mechanical work. The displacement ratio (tensile ac-
tuation strain ε) is expressed as a percentage and calculated as ε = (Δl/l) ∗ 100, where
Δl and l are the muscle deformation displacement after actuation and its original lengths
before actuation.
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2.2. Characterization Method

The lengthwise elongation of the extensile TCP actuator upon heating with varying
mandrel rod diameters and deadweights was characterized using an experimental setup, as
depicted in Figure 2. A laser displacement sensor (Keyence IL-300) was used to measure the
elongation displacement, while a power supply (BK Precision 9206) was used to program
and define the power input waveforms. We intend to control the current instead of the
voltage, as different lengths of muscle require different voltages. A deadweight was placed
on top of a 3D-printed plate mounted to the low-friction linear ball slide, which could freely
move up and down. It is very challenging to have an accurate and reliable measurement
of temperature due to the small diameter of the fiber. In this study, we tried our best to
use thermocouples for temperature measurement. Even though the temperature might not
be accurate, we relied on this to monitor the trend of the muscles’ temperature to prevent
overheating-induced damage. To be specific, two type-E thermocouples from Omega
Engineering were used to monitor the muscle’s temperature. The data were acquired using
a National Instrument DAQ.

Figure 2. Schematic diagram of the experimental setup to characterize the extensile TCP actuator.

Due to the tendency of the extensile TCP actuator to buckle, it is necessary to constrain
the out-of-plane deflection during testing. A guiding line (a thin non-twisted fishing line)
was run through the center of the muscle, which was fastened to the yellow fishing line
holder. This guiding line kept the muscle upright while remaining electrically insulated
to avoid interfering with the electrical current flowing through the muscle. Before each
muscle was tested, it was trained via 10 cycles of heating and cooling to eliminate the lonely
stroke while testing. Based on the results from the preliminary testing, a regulated constant
current of 0.20 A and a 60-s period with a 25% duty cycle (15 s on vs. 45 s off) were used for
the characterization test. This period was repeated five times for a total of 300 s. Data were
acquired via a LabVIEW program and were plotted into graphs via a MATLAB program.

3. Results and Discussion

3.1. Spring Index

We first investigated the effect of the spring index on the extensile actuator’s perfor-
mance. The spring index is a ratio of the mean coil diameter to the fiber diameter, and
it determines the final coil diameter. Due to the intrinsic structural nature of the coiled
muscle, the mean coil diameter is determined by the diameter of the rod as well as the fiber
diameter. The rod was used in the muscle fabrication to form a mandrel-coiled structure. In
this study, the extensile actuators were fabricated with varying mandrel rod diameters of
0.035′′, 0.041′′, and 0.055′′. The spring index is directly related to the mandrel coil diameter.
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The spring index of the muscle made from a 0.035′′ rod diameter was 2.98; the spring index
of the muscle made from a 0.041′′ rod diameter was 3.23; and the spring index of the muscle
made from a 0.055′′ rod diameter was 3.63. A regulated constant current of 0.20 A was
applied to each muscle, and no deadweight was applied for this experiment. The loaded
lengths were 73.4 mm, 73.2 mm, and 68.3 mm, respectively.

Figure 3a,b show the fabricated actuators’ ability to deform in the direction of the axis.
It is obvious when viewing Figure 3a,b that the muscle made from the 0.055′′ rod diameter
with the largest spring index produced the largest absolute displacement with a peak value
of 35.3 mm as well as the largest displacement ratio reaching up to 54%. The larger spring
index contributed to the actuator’s ability to deform along the axis, resulting in greater
displacement under a given load. After completing the cooling cycle, the preliminary
temperature results showed that the muscle temperature ranged from 42 ◦C to 47 ◦C. The
experiment’s cooling time setting may have been insufficient for the muscle made from the
0.055′′ rod diameter to fully return to its original position. Therefore, additional cooling
time or the use of active cooling may be necessary to achieve complete recovery. Overall,
the data indicate a distinct pattern where the increase in the diameter of the rod results in a
larger spring index, which contributes to a greater deformation.

Figure 3. The elongation performance of the muscles made from various rod diameters obtained
at a regulated current of 0.2 A. The absolute displacement (a) and the displacement ratio (b) of an
extensile actuator with different spring indexes made from different varying rod diameters.

3.2. Various Load Conditions

In addition to investigating the effect of the spring index, we also examined the
deformation of the actuator under various load conditions using the muscle made from a
0.055′′ rod diameter, which exhibited desirable deformation properties. To ensure accurate
and consistent results, we performed a training phase for at least 10 cycles on each muscle
by applying a regulated constant current of 0.20 A at various load conditions. Three
deadweights of 20 g, 40 g, and 60 g were used, and the loaded lengths were 67.6 mm,
67.4 mm, and 67.3 mm, respectively.

Our findings, depicted in Figure 4a,b, show that the maximum peak absolute displace-
ment decreased as the deadweight increased. Specifically, the muscle exhibited a maximum
peak absolute displacement of 32.6 mm under a 20 g deadweight, while the deadweights
of 40 g and 60 g resulted in a maximum absolute displacement of 26.1 mm and 14.6 mm,
respectively. The maximum displacement ratio achieved for each weight was 48.2% for
20 g, 38.9% for 40 g, and 21.8% for 60 g. Based on the preliminary temperature results,
the residual temperature was between 50 ◦C and 57 ◦C, which we believe may negatively
impact the life cycle performance due to the accumulative effect of the temperature on
the system over time. Therefore, for the endurance test, we reduced the test current to
0.18 A to extend its performance longevity. Furthermore, we observed that the greater
the compressive load, the more it facilitated the muscle’s return motion, indicating the
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actuator’s resilience to external pressure. Overall, the results suggest that the extensile
actuator has promising applications in load-bearing and deformation-sensitive tasks.

Figure 4. The elongation performance of the muscles at various load conditions obtained at a
regulated current of 0.2 A. The absolute displacement (a) and the displacement ratio (b) of the
extensile actuator subjected to different deadweights.

3.3. Endurance Test

The endurance test was performed to determine how long the actuator can perform
at an acceptable level without failure or degradation. A muscle made from a 0.055′′ rod
diameter with a loaded length of 45.1 mm was used with a 20 g deadweight. For the
endurance test, we reduced the current to 0.18 A to extend its performance longevity. The
muscle was tested at a duty cycle of 25% and a period of 60 s for 1000 cycles continuously
in ambient air. Figure 5a shows that after around 80 cycles, the peak displacement ratio
dropped from 20% and stabilized around 13% through the rest of the cycles. Figure 5b,c
show a subtle visual color change in the muscle starting from cycle 0 until the end of the
test. It was observed that the heating wire left some imprints or marks on the surface of the
fishing line, which might contribute to the slight degradation of the actuator’s performance.

Figure 5. (a) Endurance test of the muscle driven by a constant current (0.18 A, duty cycle 25% and
a period of 60 s) under a constant 20 g load for 1000 cycles of actuation (total time 60,000 s). The
pictures of the muscle at cycle 0 (b) and cycle 1000 (c) indicate a slight discoloration.

3.4. Application of The Extensile Actuator

To further illustrate the potential application of the extensile actuator and demon-
strate the advantages of combining different types of motion modes, we developed a
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soft-earthworm robot that combines the contraction and elongation capabilities of artificial
muscles. The earthworm robot moves by relying on frictional interaction with the surfaces
of the vessel it is placed in [49]. The ability to adjust this frictional interaction is a crucial
aspect of moving effectively. To showcase this capability, we designed the end caps of the
robot with extensile artificial muscles that manipulate frictional forces to assist locomotion.

In this study, as depicted in Figure 6, the silicone shell was fabricated using a Hyrel
modular 3D printer (Hydra 16 A). The shell was manufactured first by producing a hollow
mold made of water-soluble PVA as shown in Figure 6a. The printer bed was covered with
a layer of painter’s tape to allow for better adhesion of the print to the build plate as shown
in Figure 6b. Figure 6c shows that after the PVA mold was finished, a static mixing head
connected to two reservoir heads hosting silicone parts A and B, respectively, was then
used to fill the mold with Smooth-On Ecoflex 00–30 silicone. The static mixing head permits
the mixing in a 1:1 ratio between parts A and B. After the printing was finished, we waited
for 4 h before taking the entire build-out of the printer and placing it into a Vevor 26–30 L
Digital Ultrasonic Cleaner at 35 ◦C. Figure 6d shows the final fabricated silicone shell.

 

Figure 6. (a) The first few layers of printing PVA mold. (b) The completed printing of PVA mold.
(c) A static mixing head that dynamically mixes silicones at a 1:1 ratio dispenses silicone into a PVA
mold (d) Finished silicone shell.

The end caps of the robot with extensile artificial muscles are mainly used for providing
two friction modes to assist locomotion. Figure 7a shows the end cap in a high friction
mode, with the U-shaped variable friction piece in the up position (actuators were not
actuated); in Figure 7b, the actuated muscles pushed the U-shaped variable friction piece
out of the end cap, reducing the contact area and minimizing friction with the surface.
When reduced friction is no longer needed, the muscles naturally cool and retract, pulling
the friction piece back up into the body of the end cap. Rubber tips were added at the
base of the design to prevent slippage. Figure 7c shows the prototype of the earthworm,
which uses a total of seven muscles. Due to the tendency of the extensile TCP actuator
to buckle, it is very challenging to constrain the out-of-plane deflection during motion.
Therefore, contractile muscles were used in the middle long section and extensile muscles
were used in the end sections. Three contractile muscles were fabricated using the same
method reported in our previous work [46]. These muscles were placed equidistant from
each other in the middle section of the robot, and a long spring was included in the center
of the robot to form an antagonist pair. When the contractile muscles in the middle section
are activated, the length of the prototype shortens. However, the central spring enabled the
robot to return to its original length when heat was no longer applied to the contraction
muscles. Four extensile muscles were housed in both ends of the robot to alter frictional
interaction. The contraction muscles were attached to the end caps with Loctite Instant Mix
Epoxy. The silicone shell was attached to the end cap around the artificial muscles via the
same epoxy.
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Figure 7. A variable friction end cup powered by the extensile actuator in high-friction mode (a) and
low-friction mode (b). (c) The prototype of the variable friction end cup. (d) The design concept of
the earthworm robot. (e) The breakdown of the actuation sequence is in four steps. (f) Photographic
sequence with time stamps showing the horizontal locomotion of the earthworm (magnified views of
the scale reading are inset).

To move forward, the contraction muscles were periodically activated in conjunction
with the extensile muscles located within the variable friction endcaps. This allowed the
robot to move forward with only one segment, and the movement was broken into four
repeating steps as shown in Figure 7e. In step 1 (0–15 s), the front variable friction actuators
were powered on to create a smaller contact area in the rear. In step 2 (15–30 s), the central
actuators were powered on to pull the rear-end cap forward. In step 3 (30–45 s), the front
variable friction actuators were powered on to allow the front-end cap to be pushed forward.
In step 4 (45–60 s), the front variable friction actuators were powered off to prepare for the
next cycle of motion. The entire sequence of movement was programmed and controlled
via a PLC (Triangle Research Fx2424 PLC, White Rock, BC, Canada), and the locomotion of
the earthworm robot was recorded using a web camera.

Figure 7f shows the locomotion of the robot, with the central contraction muscle
actuated at 0.36 A and the extensile muscle actuated at 0.20 A. The top picture in Figure 7f
shows the initial state at 0 s; the middle picture shows that peak deformation occurred in
the central actuator at 30 s; the bottom picture shows the final state at 120 s. The maximum
axial move distance is 3.7 mm. One of the limitations of the thermal-driven actuator is the
efficiency; the maximum energy conversion efficiency during contraction for homochiral
artificial muscle that can contract is less than 1.08% [11]. Although the proposed soft robot
has limitations in terms of movement speed and operation frequency, the combination of
multiple motion modes shows the promising potential application of extensile actuators.
To overcome these limitations, future work could focus on improving the design of the
actuating system, incorporating active cooling for faster actuation, exploring cascading
structures composed of multiple units for complex robotic systems, or designing new
control strategies that enable faster and more precise movements.
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4. Conclusions

This paper described the fabrication and characterization of a heterochiral extensile
muscle that had a unique capability for elongation compared to other widely reported
homochiral contractile muscles. Upon receiving Joule heat, the muscle’s fiber untwists
due to thermal expansion, resulting in the untwisting of the helical structure and causing
muscle elongation. The results show that the extensile actuator’s performance is affected
by the spring index, which is directly related to the mandrel coil diameter. Increasing
the mandrel rod’s diameter and hence the spring index leads to greater deformation and
displacement of the actuator. However, additional cooling time or the use of active cooling
may be necessary to achieve complete recovery.

In addition to characterizing the actuator, we also tested the deformation of the
actuator under various load conditions. The actuator made from a 0.055′′ diameter rod
was tested under different deadweight conditions and found to be inversely related to the
load applied to it. Additionally, the greater the compressive load, the more it facilitated the
actuator’s return motion.

The study also explored the actuator’s potential as an earthworm soft robot drive
system. The actuator can deliver not only contraction but also elongation motion, making
it suitable for many robotic applications where elongation is desired. These actuators are
expected to play a prominent role in tasks that require low-cost, silent operation, and
high-performance and multi-motion modes. The combination of these basic actuation
motion modes also offers the potential to produce other complex motions.
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Abstract: A modular soft actuator with snakeskin-inspired scales that generates an anisotropic fric-
tion force is designed and evaluated in this study. The actuator makes it possible to fabricate soft
robots that can move on various surfaces in the natural environment. For existing modulus soft
robots, additional connectors and several independent pneumatic pumps are required. However, we
designed precise connection and snake-scale structures integrated with a single pneumatic modular
actuator unit. The precise structure was printed using a DLP 3D printer. The movement charac-
teristics of the soft robot changed according to the angle of the scale structure, and the movement
distance increased as the number of modular soft actuator units increased. Soft robots that can move
in operating environments such as flat land, tubes, inclined paths, and water have been realized. Fur-
thermore, soft robots with modularization strategies can easily add modular units. We demonstrate
the ability to deliver objects 2.5 times heavier than the full weight of the soft robot by adding tong-like
structure to the soft robot. The development of a soft robot inspired by snakeskin suggests an easy
approach to soft robots that enables various tasks even in environments where existing robots have
limited activity.

Keywords: modular soft robot; snakeskin inspiration; keeled scales; anisotropic friction force;
vacuum-powered actuators; DLP 3D printing

1. Introduction

Biological inspiration designs that mimic biological structures enable efficient move-
ment in cluttered or unstructured environments such as medical care, search and rescue,
and disaster response, as well as efficiency in tasks that require being in close contact
with people [1,2]. Recently, soft robots have been constructed to mimic the structures of
various mollusks [3]. In particular, a driving mechanism simulating the movement of
snakes or caterpillars has shown effective movement in environments that impose motion
constraints on wheeled or legged robots [4,5]. The caterpillar moves in one way using
a controllable proleg and thoracic leg [6,7]. Snakes, despite having no limbs, can move by
pulling forward scales of tile-like shapes that generate anisotropic friction and constrict the
flexible body [8,9].

Various manufacturing methods, such as the reproduction molding process [10],
rotary casting [11], screen printing [12], and 3D printing [13], have been proposed for
manufacturing soft robots inspired by the living body [14,15]. In particular, owing to
the development of 3D printing technology, the production of complex 3D structures
by printing various polymer materials with high resolution has become possible [16].
Fused deposition modeling (FDM) technology, one of the most typical 3D printing meth-
ods, allows for the manufacture of a pneumatic actuator at a relatively low price using
a thermoplastic elastomer (TPE) and thermoplastic polyurethane (TPU) material with
a shore hardness of 70–80 A, which is more flexible than ordinary hard lactic acid (PLA)
and acrylonitrile butadiene styrene (ABS) materials [17,18]. However, FDM 3D printers
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have limited resolution depending on the nozzle diameter (minimum: 0.1 mm); there-
fore, the thickness of the thin film constituting the actuator must be at least three times
the size of the nozzle [19]. Direct ink writing (DIW) technology has been used to manu-
facture pneumatic actuators by extruding polymer materials such as silicone elastomers
rather than filament-type materials [20,21]. However, similar to the FDM, the resolution
is limited depending on the nozzle diameter and is inversely proportional to the build
speed [19]. Polyjet technology is a technique for selectively spraying and depositing
droplets of raw material onto the surface and has been used in the development of soft
actuators using multi-material 3D printers that can print mixtures of rubber-like, hard, and
soft materials [22,23]. However, as commercially manufactured inkjet materials are still
limited, and designing chemicals capable of droplet formation and deposition and replac-
ing printer heads is expensive, polyjet technology has drawbacks [19]. Stereolithography
apparatus (SLA) technology selectively photopolymerizes and stacks liquid resins using
a laser and can be used to develop micro-actuators because it can quickly and easily print
high-resolution materials [24,25]. However, to date, multiple materials cannot be printed
in a single printing sequence [26]. In addition, microsized soft actuators and fluid devices
have been manufactured using casting polymer materials and chemically removing molds
by printing molds with a 3D wax printer with a microsized resolution, rather than direct
printing of polymer materials. However, mold removal technology using a 3D wax printer
requires a relatively longer process time than a 3D printing method that directly prints
polymer materials owing to the additional manufacturing process required to remove
supporter materials and cure thermosetting polymers [27,28].

Soft pneumatic actuators can be divided into positive- and negative-pressure actuators.
Positive-pressure soft actuators are inflated by injecting air-like fluid during operation,
while negative-pressure soft actuators vacuum the interior and contract the volume of the
actuator. Such negative-pressure actuators are preferred over positive-pressure actuators
when performance limitations are required in terms of output force and deformation [29].
Compared to expanding positive-pressure actuators, negative-pressure actuators are re-
duced in volume during operation, making them unsuitable for use in narrow spaces and
safe for use in vulnerable places such as the interior of people [30]. In addition, it is safer
and less likely to fail than a positive-pressure soft actuator that expands during activation
and is prone to breakage at high pressures [31].

The convenience of 3D structure manufacturing through 3D printing makes it easy
to implement a modular strategy that disassembles one product into units that can be
configured, decomposed, replaced, and managed easily [32]. This makes it easy to rebuild
various forms to satisfy the requirements of a given environment and task. An assembly
module system was used to implement soft robots such as gripping robot arms [33] and
biomimicry moving robots [34] whose implementation is difficult with a single actuator.
The reconfigurable module system can quickly replace units of various functions compared
with single functions, enabling the implementation of a general-purpose soft robot. Using
a reconfigurable module system, Zhang developed a soft robot capable of configuring
worm-type, cross-legged quadrupedal walks, and hexapods [35]. Jiao developed robots
with various functions such as gripping, bottle opening, crawling, and pipe climbing [36].
These modular soft robots adopt a method of applying pneumatic pressure to each of
the connected modular actuator units, thus requiring several pneumatic pumps that are
independently activated to perform the task [37,38]. On the other hand, Tawk developed
a single pneumatic modular soft actuator to demonstrate the implementation of soft robots
capable of the movement and rapid replacement of units with various functions. However,
because parts made of other materials such as small rare-earth rings, rod magnets, and
small plastic tubes are required to connect modular actuators, the fabrication process is
complicated and limited to scale-down owing to manual assembly [39].

We have herein demonstrated a micro soft mobile robot that is as easy, simple, and free
from breakage as possible. The soft robot is printed to a flexible resin using a high-resolution
3D printer using the digital light processing (DLP) method, which is a commercially avail-
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able SLA method and is then completed after a typical postprocessing process. For simple
fabrication, the robot was designed to have a shape that does not have a supporting
structure, which is required for the implementation of complex structures in 3D printing
technology. Through such 3D printing technology, precise connection structure can be
produced, and a modularization strategy was applied to the robot. By repeatedly con-
necting basic modularized units of the same shape to form one robot that moves forward,
composing the body of commercially available flexible resins is easy and simple. This is
because even if a part of the body is defective during production, recreating the entire body
is not necessary, and only one modular unit needs to be produced. In addition, a modular
soft-moving robot capable of multiple connections can vary its length and mobility of the
soft robot depending on the number of units connected by the user due to its modular
structure. In particular, the modular soft actuator operates using a single pump connected
to a single tube. As negative pressure is used, the actuator is free from the risk of bursting
or leaking pressure compared with the method of operating by expansion due to positive
pressure. To this end, it is designed to move only with linear contraction and restoration
using a snakeskin structure application that generates an anisotropic friction force on
the soft robot. The moving characteristics of a modularized snakeskin soft robot (MSSR)
using a single pneumatic method have been experimentally confirmed according to design
parameters, and its operation in practical operating environments, such as bent tubes and
inclined paths, has been proven.

2. Concept and Design

2.1. Bioinspiration from the Snakeskin

The shape and size of scales on the skin of snakes vary depending on their type,
habitat, and ecology. We designed MSSR scales inspired by the distinct keeled scales of
Atheris hispida, also known as the Bush viper, which lives in rainforests, as shown in
Figure 1a. Bush vipers, which can move in various environments (including trees, plant
leaves, rocks, and soil) with anisotropic friction on surfaces of various roughness, have
evolved efficiently; as a result, they have a distinct keeled appearance compared to other
snake scales [40,41]. To realize such keeled scales, the 3D design of each scale was designed
to ensure that the front surface in the moving direction would be slippery and the back
surface in the opposite direction would be fixed. To make each of the designed scales
converge at the center point of one of the pentagonal corners and form an anchor structure
in the opposite direction of movement, we trimmed the back face into a triangular column.
In such a design, a slippery smooth surface is formed on the front surface, a fixed anchor
surface is formed on the rear surface, and the shape is similar to that of a snake scale,
generating an anisotropic friction force on the floor.

Figure 1. Schematic of MSSR. (a) MSSR’s structure inspired by Bush viper’s distinct keeled scales.
(Photo courtesy of Mark Kostich, Adobe Stock images). (b) Cross-section (axial symmetry) and
parameter values of soft actuator design for DLP 3D printing without supporting structures.
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2.2. Structure Design and Fabrication of the MSSR

A flexible resin (F80, Dongguan Godsaid Technology, Dongguan, Guangdong Provi-
dence, China) was used to print the pneumatic soft actuator using a 3D printing method.
The flexible resin has a shore hardness range of 50–60 A; thus, it exhibits high flexibility and
resilience, and is suitable for making soft actuators. We empirically verified the printing
performance of a recently commercialized DLP 3D printer (Sonic Mini 8 K, Phrozen Tech-
nology, Hsinchu City, Taiwan) with a 22-μm resolution and the properties of the tearable
resin by creating a modular unit with as thin a wall as possible using 3D CAD (Fusion 360,
Autodesk, Mill Valley, CA, USA). The thickness and dimensions of the unit are shown in
Figure 1b. As support material different from the structural material cannot be used in
a DLP printer for printing only a single material, a modular soft actuator unit was designed
in a shape where the volume gradually decreased as the modular soft actuator unit goes
upward and thus requires no internal supporting structure. A male connector and a female
connector for assembling units were arranged on the top and bottom surfaces of the basic
units so that multiple units can be easily connected. When we designed the connectors
of the two parts, we empirically checked the diameters that can be connected without air
leaking. Values of 0.125 inches for the male and 0.1325 inches for the female screw diameter
were selected, and vacuum pressure was applied up to 15 kPa after sealing, but no problem
was observed. An empty channel existed at the center of the male connector to apply air
pressure to the actuator. Considering such conditions, we set the resin printing parameters:
layer height (50 μm), exposure time (3 s), and rest time after retraction (4 s). After the
completion of printing of each unit, each unit was removed from the platform of the 3D
printer, and the stuck resin that was not hardened was removed by placing it in ethanol
and stirring for 20 min. The unit was then placed in a UV curing device under a vacuum
for 300 s for final curing. By connecting the circular symmetric modular actuator unit
manufactured by 3D printing, the two design connectors of the integrated body engage
through the thread so that air does not leak from the connection when air pressure is
applied. Only the actuator unit placed at the front of the moving direction was designed
without a female connector; thus, the free space of the MSSR was sealed. The back surface
of the unit, arranged at the rear of the moving direction, was connected to a pressure pump
to drive through a silicone tube.

2.3. Mechanism for Operation

The MSSR has a collapsible funnel design that folds vertically in the direction of
travel, as shown in Figure 2a, to employ the negative-pressure system. A pneumatic soft
actuator of the positive pressure type may be damaged by excessive expansion and may
also damage the surrounding environment. To prevent such problems, a negative-pressure
system that does not excessively expand was selected. The folding funnel structure used in
the MSSR was designed to fold the wall without expanding or contracting; it was composed
of flexible resin, so it could expand and contract in when operated under positive pressure.
However, owing to the thin wall, the wall of MSSR may be torn or damaged if it expands
under excessive pressure.

To effectively contract the actuator by folding the wall with vacuum pressure, a structure
with an arc-shaped cross-section for each part where the wall surface was folded, as shown
in Figure 2b, was added to the folding funnel structure. We compared the structure of
the actuator with and without an arc joint through a finite element analysis using the
solid mechanics modules of the multiphysics analysis program (COMSOL/Multiphysics,
COMSOL, Burlington, MA, USA). First, a 3D actuator with a structure similar to that of
an existing folding funnel was designed, and a structure containing an arc joint was added.
The material properties were set at Young’s Modulus 2.159 MPa in consideration of Shore-A
hardness of F80 resin [42]. In addition, tensile strength (3.5 MPa), tear strength (9.7 kN/m),
elongation at break (159%), and viscosity (2300 mPa·s) were used from the datasheet of
F80. A Poisson ratio of material was set by referring to a general flexible resin physical
property of 0.49 [43]. The density was measured from the volume and mass of the printed
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resin structure. By applying the same negative pressure inside each actuator, the changes in
the two 3D structures and the displacement of one point on the top surface were analyzed;
subsequently, the 3D printed actuator was air pressure tested and measured. By comparing
the results of the pneumatic test of actuators manufactured in the two designs in Figure 2c
with pressure-induced displacement change, we observed that actuators with arc joints
showed 1041.6% higher displacement than actuators without arc joints and had a 9.3% fine
error with simulation analysis. This is because the arc joints facilitate the folding of the
actuator wall and reduce the elastic force generated by the folding.

Figure 2. FEM analysis results and the actuator with vacuum applied for characterization of the soft
actuator: (a) Collapsible funnel-shaped design. (b) Arc joint design. (c) Displacement of actuators
depending on applied pressure.

Figure 3a illustrates the progression mechanism of MSSR. In the process of contracting
or returning to the initial state, when five soft actuator units were connected, the snake
scales of each unit generated different frictional forces from the floor. When contracting
initially, negative pressure was applied to the MSSR, and the scales of the rear unit of the
moving direction based on the center of gravity demonstrated a phenomenon wherein
a smooth surface with low friction force brushed the floor and slipped. In the front unit, on
the contrary, the anchor part of the scales was fixed by generating high friction force with
the floor. Accordingly, the front unit showed fixed or low movement, and the rear unit slid
and exhibited high mobility. If the contracted amount of air was placed inside again, it
returned to its original state; however, in contrast to the contraction, the rear unit was fixed,
and the front unit slid, indicating a phenomenon wherein the whole body moved forward.
By repeating one series of cycles, the MSSR to which multiple units were connected could
proceed as intended. After connecting a micro silicone hose (inside diameter: 0.4 mm;
outside diameter: 1.2 mm) to the manufactured unit, such as Figure 3b, an air pressure test
with a syringe confirmed that it moved in the same manner (Video S1).

Figure 3. Locomotion model of MSSR. (a) Movement mechanism of MSSR with five modular soft
actuator units connected. (b) Images of the moving MSSR during one cycle.
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3. Discussion

We considered the effect of the angle formed between the rear anchor part of the snake
scales and horizontal axis, as shown in Figure 4. As shown in Figure 4a, actuator units
with scales between the horizontal axes and anchor parts ranging from 30◦ to 60◦ were
manufactured, and their moving capabilities on wood and paper substrates were compared
with MSSRs with five connected units. The term “iteration” denotes the number of cycles
that completely contract and return to the original state. As seen in Figure 4b, the MSSR
on the paper substrate MSSRs with 30◦ scales demonstrated the highest displacement of
the four designs. On the wood substrate, the MSSR at the 50◦ scale demonstrated the
highest displacement, as shown in Figure 4c. Paper substrates with lower roughness
than wooden plates enabled us to confirm the characteristics of the MSSR movement on
a smooth surface. The changes in movement characteristics of MSSR on 400 grit and 100 grit
sandpaper with 13.21 μm and 24.93 μm roughness are shown in Figure 4d,e, respectively.
In addition, to confirm the anisotropic friction force of each scale generated on the surface
of the paper, wooden, and sandpaper boards, the static friction coefficient was determined,
as shown in Table 1. It shows the difference between the forward friction coefficient
(μS.forward) and the backward friction coefficient (μS.backward) according to the scale angle
and the substrate material. The differences in the friction coefficient and displacement of
the MSSR for each substrate showed the same tendency. Therefore, the characteristics of
the displacement varied depending on the roughness of the floor surface when the MSSR
moved. As the anchor surface is hardly fixed on the smooth surface, the unit needs to have
fixed slips. Owing to these characteristics, replacing actuator units with appropriate snake-
scale angles considering the roughness of the environment in which the MSSR operates is
appropriate. Module replacement depending on the situation is simple and easy owing to
the module strategy.

Figure 4. Characteristics depending on the angle between the horizontal axis and the anchor plane
of the snake scale structure. (a) Close-up image of snake scale structure designed from 30◦ to 60◦

(red dotted line representing the angle of the anchor face of the calculated 3D design). Displacement
according to the operating cycle of MSSR, which is made of five modular soft actuator units, on
(b) paper, (c) wood surfaces and sandpapers with two different surface roughness ((d) 13.21 μm,
(e) 24.93 μm).
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Table 1. Differences between backward and forward friction coefficients (μS.forward − μS.backward)
according to snake scale structure angle.

Angle 30◦ 40◦ 50◦ 60◦

Wood (Ra = 12.82) 0.14 0.28 0.30 0.20
Paper (Ra = 9.82) 0.23 0.06 0.17 0.03

Sandpaper (Ra = 13.21) 0.25 0.59 0.48 0.38
Sandpaper (Ra = 24.93) 0.18 0.15 1.02 0.67

As the number of modular actuator units increased, the displacement per iteration
generated in the process of contraction or returning to the initial state increased, as shown
in Figure 5. This is because the total displacement increases in proportion to the number
of units that are resistant when pushed backward but easily slip forward. However, in
a slippery material such as glass, where an anisotropic frictional force due to the scale
structure is not generated, the change in displacement does not increase, even when the
number of units increases. The experiment was conducted on a paper towel with a rough
surface prone to anisotropic frictional forces.

Figure 5. Characteristics according to the number of modular soft actuator units. (a) Displacement
changes according to the operation cycle of MSSR with different number of units on the rough surface
paper towel that easily has anisotropic frictional force. (b) Initial and final positions of the captured
MSSR after one cycle.

The advantage of modular robots is that they can replace units with various functions.
In particular, to put mobile soft robots into practical use, heavy parts and cargo can be
transported compared with the main body. Therefore, we added units in the shape of tongs
at the front of the MSSR that are designed to fix a payload that moves with the unit, as
shown in Figure 6 and Video S2. As the number of connected units increased, the weight of
the payload that could be moved without MSSR bending also increased. We demonstrated
that if there are 11 units, up to 2.5 times the weight of the MSSR can be moved as a payload.
This is because as each unit increases, the total friction force generated between the anchor
surface of the scale and the bottom increases compared with the gravity caused by the
weight and the actuator itself. If the MSSR exceeds the weight of the payload it can push, it
will not move forward as it will bend its entire body, or all units will slip.

Figure 6. MSSR capable of delivering payload. (a) Change in payload weight that can be moved
according to the number of units by adding a tong-type unit. (b) Images captured according to the
cycle of delivering a weight 2.5 times the weight of the entire MSSR.
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Soft robots that can move without arms and legs are suitable for operation in narrow
environments such as pipelines. Therefore, the MSSR has a cylindrical design that can be
moved even in a tubular space. We demonstrated MSSR movement with soft transparent
PVC tubes, as shown in Figure 7 and Video S3. In addition, Figure 7a shows that it could
successfully pass through a bent tube. This demonstrates the strength of the soft actuator,
allowing the MSSR unit to operate in a bent state by being made of flexible resin. Figure 7b
shows that the MSSR can not only move smoothly in curved tubes but also in S-shaped
tubes. The technology of soft robots in structures inspired by snake skins shows the
practicality of advanced-level operations in living bodies through 3D printer technology,
and supports high-resolution biocompatible material printing in the future.

Figure 7. Demonstration of MSSR in a transparent PVC tube. Images captured according to the
period of images captured in the (a) bent tube and (b) S-curved tube.

Soft robots should not only be able to operate in planes or tubes but also in a variety
of environments. In particular, the natural environment has hill-like terrain with slopes,
which can limit movement. Accordingly, the movement of the soft robot on a substrate
with different slopes, as shown in Figure 8a, was demonstrated. However, on a substrate
where sufficient friction force is not generated, the entire soft robot slips according to the
inclination, and the soft robot cannot move forward. In the slope of the paper towel surface,
MSSR showed a maximum angle of 30◦. At the slope angle of 30◦, the moving distance
of one cycle of the MSSR was reduced by 33.33% compared to the untilted plane because
sliding due to gravity in the slope tends to reduce the moving distance. In addition, in
the natural environment, pools of water may occur on flatlands depending on weather or
ecology. Such humid environments can cause fatal failures in electrically operated robots.
The MSSR is suitable for underwater operation because leakage of internal and external
fluid does not occur through the engagement of the thread of the 3D printed connection.
Figure 8b demonstrate the mobility of the MSSR underwater. An MSSR, whose interior
is filled with air, floats on the surface by buoyancy, but by pressing water pressure with
a syringe when the interior is filled with water, anisotropic movement is shown in the
same manner as in a flat surface. The speed of movement in the water decreased by 55.88%
compared to that of paper towels because there is a drag force of water. Mobility in such
environments widens the scope of the environment in which modular units with various
functions can perform tasks.
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Figure 8. Locomotion of MSSR under different conditions. (a) Demonstration of movement along the
slope of the paper tower surface. (b) Captured pictures according to the operating cycle of the MSSR
under water.

4. Conclusions

In this study, a modular soft robot was designed and manufactured based on snake
scales to enable movement using a single pneumatic actuator. The transfer characteristics
of the MSSR by the structure imitating the keeled scales that generate anisotropic friction in
various environments were confirmed through changes in the angle with horizontal lines
and the number of units of scales. In addition, a tong-type unit was added to confirm the
advantage of the modular robot operating by adding modular units with various functions.
In the case of adding the tong structure, when the number of units is 11, it can deliver
more than 2.5 times the weight of the main body of the MSSR. The MSSR, which is made of
flexible resin, demonstrated the advantages of flexible robots by demonstrating bending
and moving in cylindrical, curved, and S-shaped tubes. In addition, demonstrating the
movement of the robot on slopes and in water showed the possibility of mobility in various
environments. In future research, pneumatic actuators will be added to both sides of
the module in the head of the robot to allow a smooth change of direction of the MSSR.
This diversity of operating environments demonstrates the possibility of developing a soft
robot that not only allows robots to move in difficult environments where robots with
arms and legs are restricted but also allows for search, rescue, exploration, and inspection
work through simple unit replacement. The module was repeatedly tested 10,000 times
at constant pressure to confirm that there was no reliability issue. In addition, it was
confirmed that the displacement decreased by 3.34% on average at the same pressure using
MSSR samples that were left at room temperature for 7 days and 80 days, respectively.
This shows that there is no drawback due to material properties. Subsequently, with
the development of 3D printing, we believe that microsize implementation and chemi-
cally and biologically stable materials can be utilized within the scope of medical and
biological fields.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/act12020062/s1; Video S1: Operation of the MSSR with
five modular soft actuator units connected; Video S2: Demonstrated delivery of a payload 2.5 times
heavier than the full MSSR weight; Video S3: Repeated operation of MSSR in the curved tube and
S-curved tube.
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Abstract: In this paper, we propose and demonstrate a haptic device with liquid-pouch motors that
can simulate a handshake. Because handshakes involve contact of the palms or soft skin, handshake
simulation requires the haptic device to provide pressure onto specific areas of the palm with soft
contact. This can be achieved with thermally driven liquid-pouch motors, which inflate and deflate
when a low-boiling-point liquid, here Novec™ 7000, evaporates and condenses, respectively. Due to
the simplicity of the soft actuator system, this haptic glove is lightweight and conformable. To design
the haptic glove, we experimentally investigated the contact region and strength in handshakes,
which led to an optimal number, size and position for the liquid-pouch motors. Sensory experiments
with human subjects verified that the designed haptic glove successfully simulated handshakes.

Keywords: soft actuator; handshake; haptic glove; pouch actuator; social touch

1. Introduction

The skin is our largest organ and covers our whole body, and we particularly rely on
tactile information obtained from the hands [1]. As shown in the cortical homunculus, a
large area of the brain is used to process information from the hands [2]. Such information
is used in the characterization and manipulation of touched objects and to interact and
communicate with others.

Social touching, such as handshakes, stroking and hugs, is known to have positive
effects on us in many aspects, such as physical and emotional, attachment, attitude and
behavior and emotional transference [3]. In addition, social touch increases intimacy in in-
terpersonal relationships because it can leave the impression that the other person is “more
familiar” or “happy to see you” [4]. Devices that reproduce stroking or hugging motions
have been demonstrated [5,6]. In this study, we focused on handshakes. Because tactile
communication takes place only at the hands in a handshake, we considered replication of
handshakes with a rather simple system, specifically, haptic gloves.

Haptic gloves have been developed as wearable devices to present tactile sensations
to users’ hands [7], which can enrich the user experience in extended-reality technology
and human–computer interactions [8,9]. Haptic gloves stimulate skin or tactile receptors
inside the skin either physically or electrically. For physical-type haptic gloves, they need
to be compact and light enough to be worn by the users, while generating a sufficiently
large force and displacement with the actuators of the gloves. Soft actuators are considered
to contribute to such glove applications. A haptic glove using soft doughnut-shaped
actuators was proposed to provide tactile feedback to the fingers [10]. A soft actuator
that is composed of an anisotropically fiber-reinforced material and an elastomer matrix
is attached to the back of the finger to provide force sensation to the user [11]. The haptic
glove with this actuator can generate large feedback without interfering with the user’s
motion on the palm side. Pulse width modulation (PWM) of a small soft actuator embedded
inside the glove was reported to efficiently provide tactile feedback [12]. Soft actuators can
easily work with other actuators due to their lightweight. A pneumatic balloon actuator is
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used for force sensation in addition to an electromagnetic actuator that generates vibration
to provide a greater sense of touch [13]. Thus, glove-type devices that present tactile
sensations are expected. However, because the actuators are close to human skin, high
voltage and temperature must be avoided and, in addition, soft or compliant actuators are
preferable.

As soft and compliant actuators, pneumatic actuators have been studied. Pneu-
matic actuators are promising soft actuators [14,15]. Air is the working fluid, and it has
lightweight and large compliance. The drawbacks of pneumatic actuators are that the air
needs to be supplied externally using tubes and valves, which are typically bulky, from a
control system.

Gas–liquid phase change actuators have been studied as compact soft actuators [16–22].
A low-boiling-point liquid, such as Novec ™ 7000 with a boiling point of 34 ◦C, is encap-
sulated inside a deformable pouch. When the pouch is heated, the encapsulated liquid
vaporizes, and the pouch volume drastically increases. Centimeter-sized pouch motors
were reported to produce a force of 50 N [21]. The pouch can be miniaturized down to the
millimeter scale [23]. These liquid-pouch motors require only a heat source in order to be
actuated. An external heat source, such as a hair dryer, does not require any additional
components to control the pouch. Direct heating of the pouch by designing a resistive
heater on or in the vicinity of the pouch is favored due to its high efficiency and ease of
control [24]. When metal particles are included in the encapsulated liquid, it can be heated
by irradiation using an infrared laser, which can control the pouch motor externally with
high efficiency [25–27].

In this paper, we propose and demonstrate a haptic device with liquid-pouch motors
containing Novec ™ 7000 to simulate a handshake. Figure 1 shows the concept figure of
the haptic glove that simulates a handshake. Because handshakes involve contact of the
palms or soft skin, the simulation of a handshake requires the haptic device to provide
pressure onto specific areas of the palm with soft contact. This can be achieved with liquid-
pouch motors. In addition, warm liquid-pouch motors, which are slightly warmer than
the boiling point of Novec ™ 7000, may contribute by simulating the warmness of another
person’s hand. External heating with a hair dryer was used to actuate the liquid-pouch
motors. We experimentally investigated the contact region and strength during handshakes,
which were used to determine the number, size and position of the liquid-pouch motors.
A questionnaire-based survey was conducted to validate the concept. This work was
approved by the Research Ethics Committee of the Faculty of Science and Technology, Keio
University (2021-89).

Figure 1. The haptic glove that simulates a handshake. The pouch actuators provide pressure onto
the palm and the back of the hand to replicate the tactile perception in a handshake.
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2. Design of Pouch Gloves

2.1. Pouch Actuator

The pouch actuator consists of a hydrofluoroether fluid (Novec ™ 7000, 3M Company,
St. Paul, MN, USA) with a boiling point of 34 ◦C enclosed in a 75 μm-thick nylon polyethy-
lene sheet (Nylon Poly New L Type, Fukusuke Kogyo, Niihama, Japan). To fabricate the
product, we first cut two polyethylene sheets with scissors and heat-sealed three sides using
a heat sealer (Ishizaki Electric Works, Tokyo, Japan). The width of the seal was 2.5 mm.
We then injected a fixed amount of Novec ™ 7000 with a micro syringe and heat-sealed
the remaining side to form a pouch. Because polyethylene does not expand or contract,
the area to which force is applied can be controlled by the area of the pouch when enough
Novec ™ 7000 is sealed within it.

The pouch actuator is used as a bistable thermal actuator; when heated to a tempera-
ture above the boiling point of Novec ™ 7000, the actuator expands due to the gas–liquid
phase change of Novec ™ 7000. The pouch actuator is positioned on the palm of the user’s
hand with a haptic glove and when the actuator is heated, it expands and provides pressure
on the palm. The temperature of the pouch actuator during expansion is slightly higher
than 34 ◦C. Because the average surface temperature of the human body is about 33 ◦C, the
inflated pouch roughly replicates the warmth of another person’s hand. The response time
of the pouch is 3~5 s after heating, and there is no problem with handshake feedback.

The size of the pouch actuator needs to be determined. To avoid disturbing the
opening and closing of the wearer’s hand, the length of the horizontal side of the pouch
was set to be 20.0 mm. The length of the vertical side was from 20.0 to 50.0 mm. Based
on the results of our preliminary experiments, when the amount of Novec ™ 7000 sealed
in the pouch was 0.30 mL, the liquid phase of Novec ™ 7000 remained in the pouch even
when the pouch was maximally inflated.

2.2. Overall Design of Haptic Glove

Figure 2 shows a photograph of the proposed device. As shown in Figure 3, the device
is composed of a pouch actuator, a support base, and an adjustment screw. The pouch
expands upon heating to provide a tactile pressure sensation to the palm.

  
(a) (b) 

Figure 2. Photograph of proposed haptic glove: (a) palm side and (b) back side of the hand.
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(a) (b) 

Figure 3. Mechanism of applying pressure onto palm with pouch actuators: (a) before heating and
(b) after heating.

The support base has two plates with pockets inside for placing the pouch actuators, as
shown in Figure 4. We designed the gap between the plates to be controlled with screws. We
fabricated the plates with gray resin (UV-curable acrylic resin) using a 3D printer (Form3,
Formlabs, Medford, OR, USA). The tensile strength and Young’s modulus of the gray resin
are 65 MPa and 2.8 GPa, respectively. The weight of this material is approximately 15 g,
which is sufficiently light to avoid interference with hand movement. The resin does not
deform when the pouch actuator expands and can hold the actuator in place. A video of
the haptic glove can be found in Supplementary Materials.

 

Figure 4. Support base manufactured using 3D printing.

2.3. Detailed Design of Haptic Glove: Areas That Apply Pressure

To replicate a handshake, a suitable pressure needs to be applied to appropriate areas
with the right timing. These design parameters were deduced from experiments. First,
we examined the contact points and strength distribution in a handshake and selected the
position and shape of the pouch on the palm and the back of the hand, as described in
Section 2.2. In this experiment, we visualized the contact points between the palm and the
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back of the hand during a handshake to determine the positions of the pouch actuators.
We applied green ink to the palm and fingers of the participants’ right hand (Figure 5a).
Each participant was asked to shake hands with the other participants. As shown in
Figure 5b, after the ink dried, we scanned the palm with a scanner (MFC-L9570CDW,
Brother Industries, Nagoya, Japan). We drew the silhouette of the hand on a transparent
plastic sheet and placed the hand on it for consistency in the analyses. Five participants,
including three males and two females aged 20–25 years, performed two trials each with
different partners, which resulted in a total of twenty trials. The images were processed to
quantify the contact area.

   
(a) (b) (c) 

Figure 5. Contact areas during the handshake, as deduced experimentally: (a) green ink that was
applied to the palm and fingers of each participant’s right hand; (b,c) green ink was transferred to
another participant’s hand during a handshake.

In the analysis, the hands were normalized as follows (Figure 6). First, point P1 was
defined as the interdigital space between the little finger and ring finger, point P2 as the
interdigital space between the ring finger and middle finger, and point P3 as the interdigital
space between the middle finger and index finger. A straight-line connecting point P1 and
point P3 was defined as line m. The hand angle was adjusted so that line m was horizontal.
A line perpendicular to line m was drawn from point P2 and this line was defined as line n.
The intersection of line n and the contour of the lower bottom of the hand was defined as
point P4. To match the aspect ratio to the reference hand, we affine-transformed the entire
hand so that line m was 500 mm and line n was 1150 mm in length.

Next, we converted the image from 24-bit RGB to 8-bit grayscale using the NTSC-
weighted average method and applied the green filter in Adobe Photoshop CC 2020.
Black-and-white binarization was performed using a gray value of 120 as the threshold. A
mesh (approximately 6.25 mm × 6.25 mm, 300 dpi) was set up for each hand, and if more
than 50% of each mesh was black, the area corresponding to the mesh was considered to
be in contact during the handshake and was labeled as 1. The results of all 20 trials were
averaged. This trial was performed for the back of the hand as well.
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(a) (b) 

Figure 6. Normalization of palm: (a) Points P1–P4 and lines m and n defined on palm of hand. The
angle was adjusted so that line m was horizontal. (b) Normalization was conducted such that the
lengths of lines m and n were 500 mm and 1500 mm, respectively.

Figure 7 shows the regions where the computed average value was greater than
0.5 among the 20 trials. On the palm of the hand, the three areas of contact during the
handshake were referred to as positions I, II and III. On the back of the hand, we found
two contact areas, positions IV and V. The liquid-pouch motors, which are positioned in
the pocket of the support base, need to cover these areas. The pockets were designed to
have a size of 5.0 × 2.0 cm for position I, 4.0 × 2.0 cm for position II and 4.0 × 2.0 cm for
position III. On the back of the hand, position IV was 6.0 cm × 2.0 cm and position V was
4.0 cm × 2.0 cm.

 
(a) (b) 

Figure 7. Deduced contact areas during handshake: (a) Palm of the hand. (b) Back of the hand.
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2.4. Detailed Design of Haptic Glove: Distribution of Contact Strength

Next, we experimentally obtained the distribution of the pressure applied to the
palm during a handshake, which was needed to determine the requirements of the pouch
actuator.

A pressure-sensitive sheet (Prescale, Fujifilm, Tokyo, Japan) was used to obtain the
pressure distribution during handshakes. The pressure-sensitive sheet consists of two
sheets with a chromophore layer and a developer layer. When sufficient pressure is applied,
the microcapsules containing dye in the chromophore layer disintegrate and the dye that
leaks from the microcapsules is absorbed by the developer layer and turns red. The range of
measurable pressure depends on the size and strength of the microcapsules. The intensity
of the color in a particular region represents the pressure.

The following experiment was performed twice on 5 participants (3 males and 2
females between the ages of 20 and 25) for a total of 20 trials. The pressure-sensitive sheets
were set in positions I, II and III of each participant’s hand and he/she shook hands with
another participant. After the handshake, the sheets were collected and scanned (MFC-
L9570CDW scanner, Brother Industries, Nagoya, Japan). The color distribution of the sheets
was converted to a grayscale image using the green filter correction in Adobe Photoshop
CC 2020. Positions I, II and III were divided into grids of 3 × 8, 3 × 6 and 3 × 6 squares,
respectively (each measuring approximately 6.25 mm × 6.25 mm, 300 dpi). As shown in
Figure 8, the average gray value for each grid cell was obtained.

Figure 8. Pressure-sensitive sheets used to deduce the pressure distribution during a handshake. The
quantified color intensity represents the pressure distribution in the grid at position I.

Based on these results, the size and position of the pouch actuator were determined
to match the pressure distribution for the actuator as close as possible to that for the
handshake. The pouch actuators were set on the support base at positions I, II and III. The
pressure-sensitive sheets were attached on top of the pouch actuator or the pocket of the
haptic glove. The actuators were then heated with an air-dryer to expand and then apply
pressure onto the sheets. The pressure-sensitive sheets were scanned as before. Image
processing and evaluation were the same as those described above. This method was
performed five times for each actuator, and the average gray value for each grid cell was
obtained for each actuator.

The pressure applied by the participants and that by the pouch actuators were com-
pared with respect to the magnitude and distribution. The difference was evaluated based
on the least-squares error with respect to the position. Figure 9 shows the least-squares
error for each actuator at positions I, II and III. Based on the results, the pouch actuators
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were selected for each position as shown in Table 1. In positions IV and V on the back of
the hand, the actuator was often in contact with the tips of the fingers of the other person’s
hand and the amount of force applied to that position could not be uniquely determined
due to individual differences in grip force. Therefore, we decided to install an actuator
equivalent to position I for position IV and position III for position V.

 
(a) 

(b) 

 
(c) 

Figure 9. Differences in the pressure distribution between handshakes and pouch actuators at (a)
position I, (b) position II and (c) position III.

Table 1. Pouches selected for each position.

Position Novec ™ 7000 [mL] Width [cm]

I 0.10 5.0
II 0.15 4.0
III 0.10 2.0
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2.5. Detailed Design of the Haptic Glove: Number of Pouch Actuators

The experimental results suggested that three positions (I, II and III) need to be pressed
by the appropriately designed pouch actuators to replicate a handshake. However, we
surmised that applying pressure to either one or two of these three areas may be sufficient
to replicate a handshake. For this preliminary study, a support base measuring 7 cm × 7
cm and covering the entire palm was fabricated. Using this support base, the arrangement
of the pouch actuators was experimentally evaluated.

The experiments with one pouch, two pouches and three pouches are referred to here
as experiments A, B and C, respectively. The arrangement of pouches for each experiment
is shown in Figure 10. In experiment A, a 7 cm × 7 cm pouch with 0.30 mL of Novec ™
7000 was used (see Figure 10a). Two pouches measuring 5 cm × 2 cm with 0.30 mL of
Novec ™ 7000 and measuring 4 cm × 2 cm with 0.30 mL of Novec ™ 7000 were arranged
as shown in Figure 10b for experiment B. A maximum of 0.30 mL was encapsulated inside
each pouch. We chose the arrangement to cause the largest areas to be covered by the two
pouches. For experiment C, three pouches were set to cover positions I, II and III.

   
(a) (b) (c) 

Figure 10. Three types of tested haptic gloves: (a) 1 liquid-pouch motor, (b) 2 motors and (c) 3 motors.

First, the pouch actuators were set onto the support base with a pressure-sensitive
sheet measuring 7 cm × 7 cm attached to the top. The haptic glove was then set on
the hand of a participant and was subsequently heated with a hair dryer. We scanned
the pressure-sensitive sheet, normalized the image, binarized it to black and white and
rendered it as described in Section 2.4. We conducted this procedure five times for each
experiment and deduced the average values for each grid cell. Grid cells with values above
0.5 were considered as the contact points. The results were compared to the results of the
handshakes obtained as described in Section 2.4. When a grid cell had the same results,
its value was given as 1, otherwise as 0. The sum of these numbers divided by the total
number of grid cells was used as the coverage rate to assess the replicability.

Figure 11 shows the results. It was found that experiment C with three actuators
exhibited the highest coverage with the lowest standard deviation, though no significant
differences were found. We decided to use the haptic glove with three actuators for
subsequent experiments to investigate the number of actuators driven out of the three
results in the perception of a handshake. Figure 2 shows a photograph of a haptic glove
with three liquid-pouch motors.
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Figure 11. Comparison of coverage for each experiment.

3. Experiments with Proposed Haptic Glove

3.1. Experimental Protocol

The developed haptic glove (see Figure 2) can vary the positions of the three sets of
pouch actuator supports independently. This design allowed the device to apply pressure
at contact points almost identical to those in a handshake. Seven types of devices were
prepared, as shown in Table 2 and Figure 12. The areas where no actuators were present
had only a support base, and the pocket was empty. The positions of the actuators on the
back of the hand were the same for the seven devices.

Table 2. The seven experimental patterns.

Pattern Actuators Number of Actuators

A Position I 1
B Position II 1
C Position III 1
D Positions I and II 2
E Positions I and III 2
F Positions II and III 2
G All positions 3

A total of 8 participants, 5 males and 3 females aged 20–25 years, participated in the
experiment. Figure 13 shows the experiment. The experimental procedure was as follows:

(1) The gloves were heated with a hair dryer (1200 W, Panasonic, Osaka, Japan) for 30 s
to ensure that the bag actuators would properly inflate. The temperature of the pouch
at that time was appropriate at a translation of 33 ◦C.

(2) The participant sat on a chair and wore the haptic glove on their right hand.
(3) The participant placed their hand with the device at a predetermined position. A

fence prevented participants from seeing their hand.
(4) The gloved hand was heated with a hair dryer from a position about 20 cm away. The

actuators were heated over the haptic glove; each actuator was heated for 3 s, and
they were actuated sequentially in a clockwise direction for a total of 30 s. Under this
condition, none of the 10 participants perceived excessive heat from the dryer. The
participants were asked to keep their eyes closed.

(5) The participants were asked to move their hands for 5 s to simulate a handshake.
Subsequently, the participants answered survey questions for 30 s. The questions are
summarized in Table 3. In addition to the question concerning whether they felt the
sensation of a handshake, three additional questions were prepared in this study. The
first was whether they felt the force from the actuator. The second was whether they
felt warmth from the heated actuator. The third was whether they felt the sensation of
being grasped. The participants were asked to respond using a 7-point scale (from 1:
Could not feel at all to 7: Feeling was strong). Because the surface temperature of the
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palm of the hand was about 33 ◦C, the pouch actuator did not shrink for about 30 s
after the heating stopped.

(6) Steps (1)–(5) were repeated for all glove patterns. Before the next pattern, the tactile
glove was removed from the hand and the actuator was allowed to cool down for 1
min. The pouch actuators returned to their original state before the next experiment.

  
Pattern A Pattern B Pattern C 

Pattern D Pattern E Pattern F 

 

 

 

 Pattern G  

Figure 12. The seven experimental glove patterns.

Table 3. Questions for the sensory evaluation.

No. Question

1 Did you feel the force?
2 Did you feel warmth like a human body?
3 Did you feel as if you were being grasped?
4 Did you feel as if you were shaking hands?
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Figure 13. A photograph of the experiment.

3.2. Experimental Results

Figure 14 reports the means and standard errors of all the evaluated values for each
experiment, as well as the significant differences (* 0.01 < p < 0.05, ** p < 0.01).

  
(a) (b) 

  
(c) (d) 

Figure 14. Answers of the participants for questionnaires: (a) question 1, (b) 2, (c) 3 and (d) 4.
* 0.01 < p < 0.05, ** p < 0.01.

As shown in Figure 14a, glove patterns D, E, F and G with multiple pouch actuators
were evaluated higher than patterns A, B and C with a single pouch actuator. Therefore,
multiple pouch actuators produced more force than one actuator. Pattern G with three
actuators showed a significant difference from A, B, C and F. No significant difference was
found among patterns D, E and G. This implies that the actuator in position I plays a crucial
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role in transferring the force onto the palm. It has been reported that there are many Merkel
plates in this position and that they sense delicate skin deformation and are involved in the
perception of edges and textures [28]. The other positions, II and III, are known to be less
sensitive to force and skin deformation because they have thicker skin and superior deep
sensation compared to position I.

Figure 14b shows how the participants perceived the warmth from the actuators. The
evaluation value was about 3 for patterns A, B and C with one actuator; 4 for D, E and F
with two actuators; and 5 for G with three actuators. We consider that this may originate
from the contact areas of the actuators and the palm, which increases with the number of
actuators. It is known that there are about 15 cold points and 4 warm points/cm2 on the
palm of the hand, and both cold and warm points are sensitive to temperatures in the range
of 15 to 40 ◦C. The temperature of the actuators is slightly higher than that of the human
body and the warm points perceive the warmth.

Figure 14c,d show whether the participants perceived hand holding and handshaking,
respectively. The trend was found to be similar: the pattern with a low evaluation for
Q3 also had a low evaluation score for Q4. In particular, patterns A, B and C with one
actuator had low ratings, and a significant difference from pattern G was obtained. This
indicates that sensation from multiple areas is necessary for the participants to perceive
the “holding” feeling. The similarity between the results for Q3 and Q4 suggests that the
feeling of holding a hand is necessary to feel a handshake. A significant difference was
found between patterns D and G in both Q3 and Q4, while patterns E and F did not exhibit
a significant difference from G, which implies that the pressure in position III is crucial
for perceiving the holding feeling. Position III, the base of the thumb, is in contact with
the base of the index finger of the other hand in a handshake. In the experiments with the
pressure-sensitive test (see Figure 8), a relatively large force was applied to position III
during the handshake.

Based on these results, we consider that the haptic glove with three actuators in
positions I, II and III is the best. Handshakes were successfully replicated with a score
greater than 5.

3.3. Discussion

Although the proposed haptic glove successfully simulated handshakes with a rating
greater than 5, the slow response time of the pouch actuators may make the glove unusable
for some applications. For example, in the reproduction of the sense of reality using a
combination of vision and touch in a virtual reality environment, tactile reproduction must
be timed to the timing of the image and the time delay between tactile and visual stimuli
should be less than 1 s [29,30]. The proposed tactile glove uses the heat from a hair dryer to
drive the liquid-pouch motors, which takes about 3 s. Some solutions have been already
reported, such as direct heating of the pouch with a resistive heater on or in the vicinity of
the pouch [24] and infrared-laser irradiation of the pouch actuators with metal particles in
the encapsulated liquid [25–27].

In this work, we did not investigate the design of the rigid parts, which are used to
efficiently transfer the force from the pouch actuators to the hand. The rigid parts with
bone shapes may lead to better replication of a handshake. The rigid parts that are made
from soft but harder than the soft actuators can make the whole glove soft and compliant.

4. Conclusions

In this study, we fabricated a prototype haptic glove with gas–liquid phase-change
actuators or liquid-pouch motors and successfully demonstrated simulated handshakes.
The liquid-pouch motors are light and soft and do not require external devices, such
as pneumatic valves or batteries, which improves the convenience of their use. The
design requirements for the glove, namely, the position, number and force output of
the pouch actuators, were experimentally determined. Perception experiments validated
the effectiveness of the proposed haptic glove in simulating a handshake, which was scored
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by the participants as more than five out of seven points. This prototype has revealed that
it provides the feedback of a handshake sensation. It is expected that further effects can be
expected in the future by improving the heating method and the material of the support.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/act12020051/s1, Video S1: Simulated handshake.
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Abstract: Soft actuators have a high potential for the creative design of flexible robots and safe
human–robot interaction. So far, significant progress has been made in soft actuators’ flexibility,
deformation amplitude, and variable stiffness. However, there are still deficiencies in output force
and force retention. This paper presents a new negative pressure-driven folding flexible actuator
inspired by origami. First, we establish a theoretical model to predict such an actuator’s output force
and displacement under given pressures. Next, five actuators are fabricated using three different
materials and evaluated on a test platform. The test results reveal that one actuator generates a
maximum pull force of 1125.9 N and the maximum push force of 818.2 N, and another outputs a full
force reaching 600 times its weight. Finally, demonstrative experiments are conducted extensively,
including stretching, contracting, clamping, single-arm power assistance, and underwater movement.
They show our actuators’ performance and feature coupling hardness with softness, e.g., large force
output, strong force retention, two-way working, and even muscle-like explosive strength gaining.
The existing soft actuators desire these valuable properties.

Keywords: flexible actuator; origami; folding structure; output force; force retention; two-way
locomotion; explosive force

1. Introduction

Rigid robots are difficult to meet the increasing requirements for flexible operation
due to their inherent deficiencies in flexibility and adaptability. In the past decade, people
continuously studied a variety of soft robots composed of flexible materials. They have
natural flexibility and adaptability for flexible operations. Therefore, soft actuators have
attracted more attention as power components for developing soft robots.

A wide variety of soft actuation systems have been reported in the literature, e.g.,
cable-driven, fluid-driven, shape memory materials (SMMs), electroactive polymers (EAPs),
and magneto- and electro-rheological materials (M/E-RMs) [1–3]. A cable-driven actuation
system powers a soft robot by pulling a cable fixed on the robot’s main body with the help
of a motor [4–7]. This method can offer low inertia, fast response, and high output force
according to the selected motor. SMMs can plastically deform into temporary shapes
and recover the original shapes using thermal stimulation. The cycle can always be
repeated. SMMs can be divided into two categories: shape memory alloys (SMAs) [8–11]
and shape memory polymers (SMPs) [12]. The materials switch back and forth between
two temperatures, so the operating frequency of such an actuation manner is low. When an
electric field is applied, the EAP shows a change in size or shape, resulting in actuation. Two
EAPs are used in the field of soft robots, i.e., dielectric elastomer actuators (DEAs) [13–16]
and ionic polymer metal composites (IPMCs) [17–22]. DEA has a high response frequency
but requires a high voltage, generally greater than 1kV. IPMC works under low voltage, but
the output force is small. A M/E-RM actuation system embedded with electric or magnetic
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particles requires an external electric or magnetic field to work. M/E-RM, including
magnetorheological materials (MRM) [23–26] and electrorheological materials (ERM) [27],
is suitable for making soft microactuators.

Compared with the above soft actuators, fluid-driven ones have prominent supe-
riorities in deformation amplitude and output force [28,29]. Therefore, they have been
the research focus in recent years. Some researchers use hyperelastic materials, such as
silica gel or foam, to make soft actuators [30–37]. These actuators work via the cumulative
deformation caused by the expansion of silica gel material under positive pressure. The
maximum output force they can produce is about 1.2~15.2N and primarily be used to
produce large deformation.

On the other hand, some studies reinforce soft actuators by adding fibers to silica gel
materials [38–40]. The maximum output force of these actuators can be up to 25~40 N.
However, it limits, to a great extent, the actuator’s deformation range. In addition, some
soft actuators are made of fiber materials [41–47]. Their maximum output force is about
45~320 N. Compared with actuators based on hyperelastic materials, such actuators can
bear more significant pressure and produce greater output force, but their deformation
amplitude is much smaller. Further, to achieve a greater output force, some work uses rigid
folding skeletons sealed with a tough impermeable film to form soft actuators [48–52]. As a
result, the output force generated can reach 90~630 N, but the skeletons severely limit their
deformation range.

The fluid-driven soft actuators mentioned above, regardless of material and structure,
almost have a common feature, i.e., the output force decreases significantly with the increase
of displacement. Therefore, it leads to poor force retention during work. Specifically,
their output force is maximal at the initial position and decays rapidly with increasing
displacement under constant pressure. Therefore, it may result in accidental situations,
such as state instability and damage.

Some studies improve the retention ability of soft actuators with variable stiffness
during work [53–59]. However, variable stiffness can only maintain some specific positions
statically. At the same time, variable stiffness may restrict the actuator’s motion capability
and output force.

In summary, substantial progress has been made in promoting the output force of soft
actuators, but their force retention is still far from enough. However, soft actuators must
have either a large output force or strong force retention for some flexible operations.

In this paper, we propose a new soft actuator paradigm with a folding skeleton and a
sealed skin. Sealed by a soft film, it can be driven by negative pressure air or liquid and
work in two ways. Furthermore, its output force increases significantly with the increase of
displacement and can reach infinity in theory.

The main contributions of this work are as follows.
(1) Inspired by origami, we propose a novel two-way stretching flexible actuator

structure coupling hardness with softness. The negative-pressure fluid-driven actuator
has strong force retention and large output force simultaneously. Additionally, it can
produce explosive force as human muscles do. We fabricate five actuators with a patched,
3D-printed, or machined skeleton. The test results reveal that one generates a maximum
pull force of 1125.9 N and the maximum push force of 818.2 N, and another’s full output
force reaches 600 times its weight.

(2) We conduct several innovative demonstrations of the actuators, including stretch-
ing, contracting, clamping, single-arm power assistance, and underwater movement. They
show our actuators’ characteristics of a large output force, strong force retention, two-way
working, and even generating explosive force as human muscles do. The existing soft
actuators desire these valuable properties. In addition, the demonstrations indicate the
excellent application potential of our flexible actuators.

The rest of this paper is organized as follows. In Section 2, materials and methods are
introduced, including the working principle, structural design and mechanical analysis,
and fabrication of our actuators. In Section 3, extensive experiments are conducted, and the
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results are analyzed and discussed. Finally, the main conclusions are drawn, and future
work is planned in Section 4.

2. Materials and Methods

2.1. Working Principle

We propose a folding structure, as shown in Figure 1a. It comprises many vertical and
horizontal plates connected by a hard or soft hinge. The rotation of a vertical plate can
drive the sliding of the horizontal plate. We lay out multiple vertical plates symmetrically
and enhance the movement effect through the synergy of the plates.

Figure 1. The folding structure’s state evolvement: (a) A flexible actuator in the initial state; (b) The
flexible actuator is shrinking; (c) The flexible actuator in stretching.

To form an airtight flexible actuator, we seal this structure with a soft film and drive it
through negative pressure. The state evolvement of this actuator under negative pressure
fluid is illustrated in Figure 1. Under negative pressure, the actuator can work in two ways,
i.e., shrinking and stretching. They depend on the actuator’s initial state, which is decided
by the angle between the vertical and horizontal plates. The actuator’s stretching generates
a push force, and shrinking produces a pull force, as shown in Figure 1b,c.

Note that because the actuator’s deformation mode depends on its initial state deter-
mined by external forces, it cannot work simultaneously as an extendable and
retractable actuator.

2.2. Structural Design and Mechanical Analysis

The initial 3D folding structure is rendered as illustrated in Figure 2a. When an
actuator of this structure works under negative pressure, the soft film greatly concaves to
the inside. As a result, it significantly reduces the output force of the actuator. To minimize
such a negative impact, we add side supports to the structure, as shown in Figure 2b.

125



Actuators 2023, 12, 35

Figure 2. Origami-inspired 3D folding structures: (a) Initial configuration; (b) Improved configuration
with side support.

The forces on an actuator with the improved skeleton driven by negative pressure
are shown in Figure 3a–d, including FN2 on the side support, FN1, FN2r, FN3, FN4, and FA
on the mainframe when shrinking or stretching. L1 and L4 represent the length of each
vertical and horizontal plate, respectively. L2 represents the distance between the rotating
shafts at both ends of the beam, and Lb represents the length of the beam itself. Symbol h
represents the width of each vertical plate and horizontal plate of the skeleton, and L3 is
the width of the side supporting structure. Additionally, d0 denotes the center distance of
two adjacent hinges on both sides of plate Z, and L0 is the distance between the outer edge
of the upper plate and the axis of the adjacent hinge.

We assume that the flexible film is well-sealed, and its deformation has a negligible
effect on the skeleton. The beam’s position in the actuator is shown in Figure 3b,c. In
the skeleton, the stiffness of the beam is relatively insufficient, and elastic deformation is
more likely to occur. Therefore, we first analyze the deformation of the beam, as shown in
Figure 3d.

We assume that (1) we only consider the elastic deformation of the beam and treat other
parts in the skeleton as rigid bodies, (2) the beam bends without changing its length, and
(3) the beam is in a static equilibrium state after deformation and regarded as a rigid body.

As shown in Figure 3d, the beam deforms and maintains balance under the com-
bined action of load concentration q and the connecting structures at both ends. The load
concentration q is determined by the pressure p and the beam’s width h, that is,

q = ph (1)

Since the beam’s deformation in length is not considered, the load at both ends is
equivalent to a fixed support and movable support, as shown in Figure 3d.

The bending moment equation of the beam’s section at position x is,

Mz(x) =
1
2

qLbx − 1
2

qx2 (2)

The approximate differential equation of the deflection curve of the beam is,

d2v
dx2 =

Mz(x)
EIz

(3)
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where E is the material’s elastic modulus, Iz is the inertia moment of the beam, and EIz is
the bending stiffness of the beam. v is the deflection of the beam at position x, and α is the
corner of the section at position x.

In the case of small deformation, the relation between the angle α of the beam and the
deflection v is,

α ≈ tanα =
dv
dx

(4)

According to Equations (2) and (3), we can have the following equation.

EIz
d2v
dx2 = Mz(x) = −1

2
qx2 +

1
2

qLbx (5)

We integrate the two sides of Equation (5) two times into:

EIzα =
∫

Mz(x)dx = −1
6

qx3 +
1
4

qLbx2 + C (6)

EIzv =
∫

[
∫

Mz(x)dx]dx = − 1
24

qx4 +
1
12

qLbx3 + Cx + D (7)

where C and D are constants.
The boundary conditions of the left endpoint A and the middle point of the beam are,

respectively,
α|

x= Lb
2
= 0 (8)

v|x=0 = 0 (9)

We substitute Equations (8) and (9) into Equations (6) and (7), respectively, and obtain
the following results,

C =
1
24

qL3
b (10)

D = 0 (11)

Therefore,

α =
1

EIz

(
−1

6
qx3 +

1
4

qLbx2 +
1

24
qL3

b

)
(12)

v =
1

EIz

(
− 1

24
qx4 +

1
12

qLbx3 +
1
24

qL3
bx
)

(13)

According to Equation (12), we can obtain the following maximum bending angle of
the beam,

αmax = α|x=0 = α|x=Lb
=

1
24

qL3
b (14)

From Equation (14), we can find that the beam’s bending deformation is mainly related
to the pressure p. The greater the pressure p, the greater the bending amplitude.

The beam after deformation is an approximately circular arc. Therefore, the linear
distance between A and B at both ends of the beam after deformation is,

L′
b =

sin αmax

αmax
Lb (15)

There is a similar beam in the side support structure, its deformation is also consistent
with those of the upper beam.
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Figure 3. Force analysis of the actuator: (a) Force on the side support; (b) Force on the mainframe
when shrinking; (c) Force on the mainframe when stretching; (d) Beam deformation analysis.

Then, we calculate the equivalent concentrated forces on every plate on the skeleton.
Pressure differences between the actuator’s inside and outside cause them. The equivalent
concentrated force of the uniformly distributed load on different plates on the skeleton is
given by,

FN1 = pSN1 − ph
(

Lb − L′
b
)

(16)

FN2 = pSN2 − pL3
(

Lb − L′
b
)

(17)

FNi = pSNi, i = 3, 4 (18)

where SN1 is the area of an upper plate or lower plate, SN2 is the area of a single plate on
the side support, SN3 is the area of a vertical plate, and SN4 is the equivalent area of the
uniformly distributed load on the single Z plate. FN1, FN2, FN3, and FN4 are the equivalent
concentrated forces of the uniformly distributed loads on the above plates, as shown in
Figure 3.

According to Figure 3a, we convert FN2 on the side into its equivalent concentrated
force FN2r on the mainframe as follows,

FN2r = FN2
μ − sin2 β

cos β
(19)

In Equation (18), μ is the coefficient of the arm of force FN2r in the above conversion,
and its value is determined by the size of the side supporting structure, as shown in Table 1.
β is half of the angle between two adjacent side supporting plates, as shown in Figure 3a.
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θ is the angle between the vertical plate and the Z plate, as shown in Figure 3b,c. The
relationship between angles θ and β can be denoted by,

β = arcsin
d0 + 2L0 + 2L1 sin θ

2L3
(20)

Table 1. Basic parameters of different actuators.

Actuators
L1

(mm)
L2

(mm)
Lb

(mm)
L3

(mm)
L4

(mm)
d0

(mm)
L0

(mm)
h

(mm)
μ SN1

(mm)
SN2

(mm)
SN3

(mm)
SN4

(mm)

Patched skeleton 22 52 52 27 22 3 0 42 0.55 4032 2025 924 0
Machined skeleton 22 54 49 40 32 14 6 42 0.54 5875 3844 630 882
3D-printed skeleton 22 54 49 40 32 14 6 42 0.54 5875 3844 630 882

Therefore, the total equivalent force on either the upper or lower plate on the skeleton is,

FN = FN1 + FN2r (21)

Assume that the direction of the output force is positive when the actuator folds. Then,
according to the force analysis shown in Figure 3b,c, force Ft generated by the unilateral
skeleton can be calculated by,

Ft =
1
2 (FN1 + FN2r) cos θ − 1

2 FN3

sin θ
+ FN3 sin θ (22)

Thus, we have the total force FA generated by the pressure difference between the
inner and outer sides of the skeleton,

FA = 2Ft + FN4 (23)

Further, by substituting Equations (1) and (14)–(22) into Equation (23), we can obtain
the following result,

FA = (FN1+FN2r) cos θ−FN3
sin θ + 2FN3 sin θ + FN4

= p

⎡
⎣

(
SN1−h(Lb−L′

b)+[SN2−L3(Lb−L′
b)]

μ−sin2 β
cos β

)
cos θ−SN3

sin θ + 2SN3 sin θ + SN4

⎤
⎦ (24)

By Equation (24), the output force of the actuator has a nearly linear relationship with
the pressure difference p between its inner and outer sides. In contrast, it has a nonlinear
relationship with angle θ. As the actuator shrinks, the angle θ gradually decreases while
the output force gradually increases. When the actuator shrinks to the limit position, θ
approaches zero and the output force of the actuator tends to infinity. Similarly, when the
actuator is in the extended state, the angle θ gradually increases while the output force
gradually increases, and its maximum output force tends to infinity.

We consider the initial state of the actuator is when the vertical plate is perpendicular
to the horizontal plate, or θ = 90o. Assume that the direction of the displacement S is
positive when the actuator folds, as shown in Figure 3b.

The initial distance between endpoints O1 and O4 on Z plates at the left and right sides
of the skeleton is,

Do = L2 + 2L4 (25)

During the action of the actuator, the beam bends, and the linear distance Lb between
its two endpoints, A and B, becomes L′

b. Correspondingly, the linear distance L2 between
the rotating shafts at both ends of the beam turns into L′

2. Then, we have,

L2 − L′
2 = Lb − L′

b (26)
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Therefore, the distance between endpoints O1 and O4 is,

D = L′
2 + 2L4 − 2L1 cos θ (27)

The displacement S of the actuator can be expressed as,

S = Do − D =
αmax − sin αmax

αmax
Lb + 2L1 cos θ (28)

By substituting Equations (1) and (14) into Equation (28), we obtain the displacement S.

S =

1
24 phL3

b − sin
(

1
24 phL3

b

)
1

24 phL3
b

Lb + 2L1 cos θ (29)

By Equation (29), the actuator’s displacement is mainly related to θ. Specifically,
0o < θ < 90o if the actuator contracts and S increases as θ decreases. If the actuator
elongates, 90o < θ < 180o and S increases as θ increases.

The limit displacement of the actuator is two times of L1, no matter whether it is
retracted or extended, namely,

Smax = 2L1 (30)

2.3. Fabrication of Actuator Prototypes

An actuator’s performance and features are determined mainly by its material and
fabrication process. Different actuators can be used for different purposes. We fabricate five
actuators using several common manufacturing processes and materials. Each has a rigid
skeleton supporting the actuator and conducting force output. The patched, machined,
or 3D-printed skeleton is sealed by an airtight soft film with good toughness to form a
sealed cavity.

2.3.1. Patched Actuator

The fabrication process of the actuator with a patched skeleton is shown in Figure 4.
We use a 0.5 mm thick white canvas as the soft substrate.

First, we paste several 0.5 mm thick polyethylene terephthalate (PET) patches and
0.6 mm thick carbon fiber plate (CFP) patches onto the canvas’ two sides’ specific positions
using glue. Then, we get a combination through cutting, folding, pasting, etc., as shown in
Figure 4a.

Next, we obtain the skeleton through subsequent operations, as shown in Figure 4b.
Finally, the skeleton is sealed with a 0.1 mm thick thermoplastic polyurethane (TPU)

film to form an actuator, shown in Figure 4c.
The actuator we made with the above method is shown in Figure 5a. The weight of

this actuator is 76.5 g, and the overall size is 220 × 68 × 52 mm, and its basic dimension
parameters are in Table 1.

2.3.2. Machined Actuator

Considering that the patched actuator’s fabrication process is too cumbersome and
overall rigidity is insufficient, we use aluminum alloy to make the skeleton. Specifically, we
machine the individual aluminum alloy plates and assemble them into a skeleton. Then, we
seal the skeleton with a 0.1 mm thick TPU film and obtain an actuator, shown in Figure 5b.
Its weight is 462 g, its total size is 240 × 78 × 78 mm, and its dimensional parameters are
listed in Table 1 as well.
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Figure 4. The fabrication process of the actuator with a patched skeleton: (a) Paste the hard patch on
the flexible substrate; (b) Combine the rigid patch and the soft substrate into a skeleton; (c) Seal the
skeleton with a flexible film to obtain an actuator.

  

Figure 5. Actuators: (a) Actuator with a patched skeleton; (b) Actuator with a machined skeleton;
(c) CFP-beamed actuator; (d) PET-beamed actuator; (e) Actuator without side support.

2.3.3. 3D Printed Actuator

3D printing technology can significantly promote the development of soft actuators [1].
We adopt 3D printing to make the skeleton to reduce the fabrication cost. This skeleton is
assembled from 3D-printed parts with elastic beams. The size and stiffness of the skeleton
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are adjustable by altering the size and material of the elastic beam. It results in actuators of
different performances.

First, we use a 3D printer to print the skeleton plates and a laser cutting machine to
cut carbon fiber plates and PET sheets to obtain elastic beams. Second, we assemble the
resultant parts to make up three skeletons and seal each with a 0.1 mm thick TPU film to
form three actuators, as shown in Figure 5. The weight of the actuators with a CFP beam
and a PET beam is 242 g and 240 g, respectively. The sizes of the actuators with a 3D-printed
skeleton are the same as those with a machined skeleton. Finally, to reflect the influence
of the side support on the actuator’s performance, we fabricate an actuator without side
supporting structures, as shown in Figure 5e. Its size is the same as the actuator with
side support.

The working principle diagram in Figure 1 only shows the actuator’s main motion
structure. However, it is not enough for an actuator. To fabricate an effective actuator, we
must add a side support structure to back the main structure, as shown in Figure 5.

3. Results and Discussion

3.1. Experimental Setup

We designed a test platform to test the flexible actuators and evaluate their perfor-
mance, as shown in Figure 6. One end of an actuator is connected to a tension-compression
sensor to measure an actuator’s output force. Another end links to an electric push rod to
control the actuator’s stretching. Moreover, a displacement sensor is mounted to measure
the actuator’s displacement. The pressure of an actuator is derived from a vacuum pump
with an air-vacuum proportional valve and a solenoid valve.

Figure 6. Test platform.
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The main components of the test platform include a pull rope displacement sensor
MPS-S-1000 mm from Shenzhen Milont Technology Co., LTD, Shenzhen, China, a tension-
compression sensor LLBLS-I from Shanghai Longlvdianzi Technology Co., Ltd., Shanghai,
China, a vacuum manometer ZSE30AF-01-E, an air-vacuum proportional valve ITV0090-
3BL, solenoid valve VEX3121-025DZ-FN, and pressure reducing valve AW20-01BG-A
from SMC, Tokyo, Japan, a vacuum pump 550D, from Taizhou Fujiwara Tools Co., Ltd,
Taizhou, China.

3.2. Performance Test
3.2.1. Test Results and Analysis

The test results of the actuators are shown in Figures 7–11, and the test statistics are
listed in Tables 2–5, respectively. To evaluate the performance of the models, Mean Absolute
Error (MAE) and Mean Absolute Percentage Error (MAPE) are used as statistical means.

Figure 7. Test results of the actuator with a patched skeleton: (a) Force-displacement data; (b) Force-
pressure data.

Figure 8. Test results of the actuator with a machined skeleton: (a) Force-displacement data; (b) Force-
pressure data.
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Figure 9. Test results of the PET-beamed actuator with a 3D-printed skeleton: (a) Force-displacement
data; (b) Force-pressure data.

 

Figure 10. Test results of the CFP-beamed actuator with a 3D-printed skeleton: (a) Force-displacement
data; (b) Force-pressure data.
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Figure 11. Test results of the actuators: (a) Comparison between the actuator without side supporting
structure and the CFP-beamed actuator with a 3D-printed skeleton; (b) Comparison between PET-
beamed actuator and CFP-beamed actuator; and (c) Comparison of the maximum output force of
different actuators.

Table 2. Summary of the test data of the actuator with a patched skeleton.

Test#
Pressure

(kPa)
Peak Force

(N)
MAE MAPE

Maximum
Absolute Error

1 5.6 72.9 32.84 79.33 309.96
2 9.4 137.9 14.55 35.77 154.84
3 17.4 229.8 2.60 3.19 7.69

Table 3. Summary of the test data of the actuator with a machined skeleton.

Test#
Pressure

(kPa)
Maximum

Tension Force (N)
Maximum

Thrust Force (N)
MAE MAPE

Maximum
Absolute Error

1 6.6 243.3 −125.2 11.82 13.82 42.86
2 18.6 468.1 −410.1 30.58 37.97 168.86
3 28.5 722.5 −409.5 46.50 52.37 144.47
4 38.5 889.3 −628.9 67.85 77.14 199.03
5 48.5 1125.9 −818.2 86.96 100.01 244.58
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Table 4. Summary of the test data of the PET-beamed actuator.

Test#
Pressure

(kPa)
Peak Force

(N)
MAE MAPE

Maximum
Absolute Error

1 6.6 177 6.81 6.91 8.41
2 18.6 324.4 29.89 36.14 104.76
3 28.5 441 47.40 52.93 128.42
4 38.5 390.7 73.34 73.59 86.26
5 48.5 352.5 117.67 117.95 130.56

Table 5. Summary of the test data of the CFP-beamed actuator.

Test#
Pressure

(kPa)
Peak Force

(N)
MAE MAPE

Maximum
Absolute Error

1 6.6 177 6.81 6.91 8.41
2 18.6 324.4 29.89 36.14 104.76
3 28.5 441 47.40 52.93 128.42
4 38.5 390.7 73.34 73.59 86.26
5 48.5 352.5 117.67 117.95 130.56

As shown in Figures 7a, 8a and 9a, the output force of the actuator with a patched
skeleton, the actuator with a machined skeleton, and the PET-beamed actuator with a
3D-printed skeleton is slightly less than the force predicted by their theoretical model. The
reason may be that the soft films are trapped into the skeleton due to pressure difference
and offsets that are part of the output force of the skeletons. As shown in Figure 10a, the
output force of the CFP-beamed actuator with a 3D-printed skeleton is slightly less than
the predicted value obtained by the theoretical model in the first half of the moving process.
It is mainly affected by the soft film. The output force of the second half of the moving
process is slightly greater than the theoretical model’s predicted value due to the slight
bending of the elastic beam to the inside.

As shown in Figures 7a, 8a, 9a and 10a, the overall shapes of the output force curves of
each actuator are almost consistent with their theoretical curves. Under constant pressure,
the output force of the actuators increases gradually with the arising displacement, and
the growth is faster and faster. By the experimental results, as the pressure difference
increases, the deviation between the output force and the model-predicted value gradually
increases with the film shrinking towards the skeleton inside. In addition, we observed an
approximately linear relationship between the output force of the actuator and the pressure
at a given displacement, as shown in Figures 7b, 8b, 9b and 10b. Again, it is consistent with
the prediction of the theoretical model established in Section 2.2.

The flexible substrate between two adjacent hard patches acts as a rotating shaft in the
patched skeleton. Nevertheless, the rotating shaft can remain stable only when the flexible
substrate is under tension. Therefore, the actuator with a patched skeleton can only work
effectively in contraction. In the experiment, the actuator can produce a pull force of 450
N under pressure 45 kPa, equivalent to 600 times the actuator’s gravity. Meanwhile, the
skeleton has undergone a large deformation, and continuing to increase the pressure leads
to damage to the actuator.

The actuator with a machined skeleton can bear the force in all directions and work
during elongation and contraction. When the pressure is 48.5 kPa, the actuator can
generate a pull force of 1125.9 N, 248.5 times its gravity, and a thrust force of 818.2 N,
180.6 times its gravity, as given in Table 3. Considering the experimental safety, we do not
further test whether its mechanical properties provided higher pressure. Equation (24) and
Figures 7b, 8b, 9b and 10b show an approximately linear relationship between the actua-
tor’s output force and the given pressure. The maximum vacuum pressure in the air can
reach about -101kPa. Therefore, the tests can only examine about half of the potential of
the actuator.
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The actuators with a 3D-printed skeleton can transmit the force through the elastic
beam. Therefore, its mechanical performances depend on the stiffness of the elastic beam to
a certain extent. The stiffness of the PET beam is relatively minor, making it challenging to
bear push force in the length direction. Thus, the actuator with a PET-beamed 3D-printed
skeleton can produce a greater pull force but a relatively smaller push force. By testing, the
PET-beamed actuator can reach a maximum pull force of 595.6 N, 253.4 times its gravity,
but the full thrust generated is only 79N. In contrast, although the stiffness of the CFP
beam is relatively higher, the tension generated by the actuator with a CFP-beamed 3D-
printed skeleton is far greater than the thrust. Experimental tests show that it can achieve a
maximum pull force of 759.4 N, 320.4 times its gravity, but the full thrust generated is only
60 N.

There is a particular gap at each joint of the skeleton in all the actuators mentioned
above. It leads to a certain motion redundancy. Under the pressure difference between the
inner and outer sides, the actuators can stabilize the state by mutual restriction between
the skeleton components. The experimental results show that increasing the skeleton’s
overall stiffness or the actuator’s motion amplitude can improve the actuator’s structural
stability. In addition, as the pressure difference between the inner and outer sides increases,
the structural stability of the actuator is depressed.

3.2.2. Performance Comparison among Different Actuators

To explore the effect of side support on the performance of an actuator, we compare
the CFP-beamed actuator with a 3D-printed skeleton and the actuator without side support.
As shown in Figure 11a, the output force of the former is significantly greater than that
of the latter concerning the same displacement under a certain pressure. Thus, the side
support dramatically improves the output force of an actuator. On the other hand, the
side support increases the internal restriction in a skeleton and significantly enhances the
morphological stability of an actuator.

Similarly, we compared the PET-beamed actuator and the CFP-beamed actuator to
examine the influence of the skeleton’s stiffness on the actuator’s performance. Both
have a 3D-printed skeleton. As shown in Figure 11b, the output force of the former
actuator is significantly greater than that of the latter regarding the same displacement
under a given pressure. Note that the PET beam is more apt to dent into the inner of
the skeleton than the CFP beam. It significantly reduces the effective stroke of the PET-
beamed actuator. Therefore, with the same displacement and given pressure, the greater
the skeleton’s stiffness, the greater the actuator’s output force, and the higher the actuator’s
effective stroke.

On the other hand, actuators made of different materials have different mechanical
properties. For example, as shown in Figure 11c, the greater the skeleton’s stiffness, the
greater the full output force of an actuator under specific pressure.

Note that the stiffness of the PET beam is small, and excessive elastic deformation
occurs when the pressure is too large, which significantly reduces the effective area of
external pressure and the output force. Therefore, in Figure 11c, once the pressure exceeds
30 kPa, the maximum output force of the actuator with a PET beam decreases.

3.3. Demonstration of Actuators

Our flexible actuators have some characteristics unexplored before in the current work.
These characteristics include dual-mode work, high force retention, large output force, and
some explosiveness. To illustrate them, we design four demonstrations, i.e., push and pull,
clamping, single-arm-assisted motion, and motion in water.

Figure 12a–d illustrates two work modes of our actuators, i.e., push and pull in
horizontal and vertical directions.
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Figure 12. Demonstration of the use of our actuators: (a) The CFP-beamed actuator pushes and
(b) pulls a concrete block (8.1 kg); (c) The actuator with a machined skeleton pulls a spring, and
(d) punches a pencil to break; (e) The actuator with a machined skeleton lifts rebars at a total weight
of 60.5 kg; (f) A clamping gripper clamps a concrete block; (g) The CFP-beamed actuator assists the
movement of the model’s arm; (h) The PET-beamed actuator moves in the water.
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First, the CFP-beamed actuator with a 3D-printed skeleton can push and pull an 8.1 kg
concrete block horizontally. In the beginning, the actuator in the push mode cannot move
the concrete block away. However, once the pressure increases to 45 kPa, the actuator
shoves the concrete block 4 cm away instantaneously while it stretches only 2 cm on its own,
as shown in Figure 12a and Movie S1. Then, when the actuator works in the pull mode, it
can pull the concrete block back 2 cm under the same pressure, as shown in Figure 12b and
Movie S2.

Next, the actuator with a machined skeleton working in the pull mode can stretch a
spring with an elastic coefficient of 3 N/mm for 15 mm under the pressure of 12 kPa, as
shown in Figure 12c and Movie S3. Besides, the actuator in push mode can break a pencil
under the pressure of 25 kPa, as shown in Figure 12d and Movie S4.

Our actuator with a machined skeleton can produce a vast output force. As demon-
strated in Figure 12e and Movie S5, the actuator lifts the rebars of 60.5 kg instantly for about
7 mm without assistance when the driving pressure is 60 kPa. The characteristics of the
actuator, which can quickly generate a considerable output force in a short time, are similar
to the explosive force of biological muscles. It confirms again that our actuators have some
explosive force like human muscles [60,61]. The actuator’s lifting status remains unchanged
by keeping the same pressure. It shows that the actuator has excellent force retention.

We designed a 3D-printed clamping jaw driven by the actuator with a machined
skeleton. This clamping jaw can clamp the concrete block and keep the clamping when an
electric push rod lifts it and the block for 22 s, as shown in Figure 12f and Movie S6. In the
above process, the clamping still holds with no signs of loosening. It shows our actuators’
high force retention again.

Additionally, we designed a power-assisted structure for a single arm using the CFP-
beamed actuator with a 3D-printed skeleton, as shown in Figure 12g and Movie S7. The
actuator tows a wood model’s forearm with a Bowden cable. First, the structure bends
the forearm 30◦ from the original position. Next, we hang a 500 mL bottle of water on the
wrist when the forearm turns nearly to the horizontal position. Due to the actuator’s force
retention, the forearm always keeps the status as long as the actuator works.

Our actuators can be driven by liquid under negative pressure as well. For example,
we use a large syringe with water to drive the PET-beamed actuator with a 3D-printed
skeleton. The hydraulic actuator can pull the concrete block to slide 3 cm in water, as shown
in Figure 12h and Movie S8.

4. Conclusions

We propose a novel flexible actuator structure coupling hardness with softness and
fabricate five prototypes with different materials. The performance test shows that our
actuators driven by negative pressure fluid can simultaneously output large force and
achieve high force retention. Additionally, it can either stretch or shrink and produce
human-muscle-like explosive force. The five actuators’ performances vary. The actuator
with a machined skeleton can reach a full pull force of 1125.9 N and a maximum thrust force
of 818.2 N. The actuator with a patched skeleton can output the maximal force 600 times its
weight. We demonstrated a series of applications of our actuators, including stretching,
shrinking, clamping, power assistance, and underwater movement.

Further, our actuators can be used for multiple purposes due to their excellent proper-
ties and performances.

• They can work in air or water, driven by negative pressure fluid, air, or liquid. In
addition, they are portable thanks to their folding structures.

• They are suitable for pushing or pulling heavy loads, owing to their large output force
in a small range of strokes in two ways.

• In some scenes requiring highly reliable clamping, they can drive a robotic end effector
to clamp a heavy object with high force retention. On the other hand, they can
occasionally adapt well to the gradually increasing load.

• They can also apply to scenes where explosive force is required.

139



Actuators 2023, 12, 35

• Moreover, our actuators can also be combined in series or parallel to expand
their applications.

On the other hand, our actuator also has some limitations. First, the actuator’s work
mode is determined by its initial state; thus, it cannot switch the work mode automatically.
Second, the actuator’s motion range is limited by the size of its skeleton’s horizontal and
vertical plates. Our ongoing work is to improve our actuator and further design an actuator
for bending motion.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/act12010035/s1, Movie S1: The CFP-beamed actuator pushes a
concrete block; Movie S2: The CFP-beamed actuator pulls a concrete block; Movie S3: The actuator
with a machined skeleton pulls a spring; Movie S4: The actuator with a machined skeleton punches a
pencil; Movie S5: The actuator with a machined skeleton lifts rebars; Movie S6: A clamping gripper
clamps a concrete block; Movie S7: The CFP-beamed actuator assists the model’s arm; Movie S8: The
PET-beamed actuator moves in the water.
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Abstract: An active wrist can deliver both bending and twisting motions that are essential for
soft grippers to perform dexterous manipulations capable of producing a wide range movements.
Currently, the versions of gripper wrists are relatively heavy due to the bending and twisting motions
performed by the motors. Pneumatic soft actuators can generate multiple motions with lightweight
drives. This research evaluates a pneumatic soft wrist based on four parallel soft helical actuators. The
kinematics models for predicting bending and twisting motions of this soft wrist are developed. Finite
element method simulations are conducted to verify the functions of bending and twisting of this
wrist. In addition, the active motions of the soft pneumatic wrist are experimentally demonstrated.
Based on sensitivity studies of geometric parameters, a set of parameter values are identified for
obtaining maximum bending and twisting angles for a bionic human wrist. Through simulation and
experimental tests of the soft wrist for a soft gripper, the desired bending and twisting motions as
those of a real human hand wrist are established.

Keywords: soft actuator; helical structure; pneumatic control; robotic gripper; bionic design

1. Introduction

Soft robotic grippers can be used to grasp various objects and have been applied
in many industrial practices [1–6]. To increase the dexterity of grippers, an active soft
wrist is highly desired due to its ability to increase grasping ranges and perspectives [7,8].
Contemporarily, these movements of bending and twisting for the wrists of grippers are
achieved by the forces and torques generated by a series of motors [9,10]. Although different
motions are obtained, the multiple motors used in the wrist make it relatively heavy and
they cause a high energy consumption. In addition, it is difficult to achieve specific bending
or twisting angles via the adjustment of forces and torques by the motors [11].

Compared to the wrists of soft grippers whose motions are driven by motors, pneu-
matic soft actuators are convenient to generate bending motions [12–15] or twisting mo-
tions [16–19] using a lightweight driving system that is mostly composed of air pumps,
tubes and control components. Thus, pneumatic soft actuators have been investigated
for achieving multiple motions with lightweight drives [20,21]. For instances, Kurumaya
et al. [22] designed a soft wrist using two types of fiber-reinforced soft actuators whose
structural design is similar to the mechanism of a human wrist. The wrist consists of a
bending module and a rotary module of fiber-reinforced elastic cylinders that can perform
bending and rotation motions in correspondence to different segments. Fei et al. [23]
developed a biaxial bidirectional cylinder-shaped soft actuator. The wrist can perform
flexion/extension, ulnar/radii deviation, and bending in other directions by pressurizing
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different chambers. This wrist can increase the range orientations for grasping an object,
making the soft gripper versatile to grip objects via various poses. Shen et al. [24] designed
a soft wrist that consists of three fluidic actuators, a ball joint, and two 3D printed plates.
The three soft actuators are placed triangularly and the top and bottom plates are connected
by a ball joint. When one actuator is elongated, the other two will be contracted accordingly,
which will result in the bending motion along with contracted actuators. The dexterity of
the hand has been improved due to the advantage of increased motions.

Therefore, the available soft wrists can perform either bending or twisting motions at
varied segments. They are not yet able to achieve both bending and twisting movements
in one segment [25], which thus could not resemble twisting behaviors of a human wrist
when grasping from various perspectives. To enhance grasping ranges and perspectives
for robotic grippers, it is essential to develop a pneumatic active soft wrists that can present
bending and twisting motions in one segment.

Fiber-reinforced pneumatic soft actuators have the advantage of performing multiple
motions by a varying chamber structure, orientation of winding fibers and pressure [21,26].
The winding fibers on soft actuators also reinforce their strength with respect to high
air pressure [17]. For pneumatic soft helical actuators, the characteristics of the helical
structures of the soft actuators are decisive to their twisting motions [18,19]. In addition,
antagonistic actions can be utilized to increase the overall stiffness of the whole struc-
ture [27]. Accordingly, with innovative structure design by using different helical actuators,
the motions of bending and twisting and sufficient stiffness for an active soft wrist can be
achieved for a single segment.

This paper contributes to the research field by presenting an active soft wrist that
can achieve bending and twisting motions for one segment. This segment consists of four
parallel soft helical actuators. This driving system is lightweight and energy-saving because
only one air pump is used. A kinetic analysis, finite element simulations, and experimental
tests were carried out to evaluate the wrist’s bending and twisting angles for different
air pressures. Moreover, the influences of geometric parameters on bending and twisting
angles are predicted by using finite element method simulations. Using a set of optimized
geometric parameters, a soft wrist was manufactured and the dexterity is demonstrated
based on the performances on a soft pneumatic hand.

2. Structure Design

This section illustrates the structural design of the pneumatic active soft wrist. First,
the structure and motions of two pneumatic actuators of opposite helical structures are
introduced. On this basis, the soft wrist design composed of four helical actuators is
provided, and the mechanisms for producing bending and twisting motions are explained.

2.1. Structure of Pneumatic Helical Actuators

Figure 1a presents two pneumatic soft helical actuators of the same geometric sizes
but opposite helical directions. Each actuator possesses a soft chamber whose outer surface
is winded by the fiber of a rectangular strip. The chamber has a universal outer and inner
helical structure. Under pressurization, the winding rectangular fiber restrains the radial
expansion, such that the soft actuators elongate and twist in accordance with the helical
directions [26]. Due to the different orientations of the winding fiber, the actuators twist
in different directions [17]. As denoted in Figure 1b, the chamber structural parameters
include the overall length L, the inner hole radius r1, the inner helix radius r2, the inner helix
width b, the helix pitch d, the outward layer thickness t1 and the inward layer thickness t2.
Note that the width of the fiber is equal to the inner helix width b for sufficient restraining
inflation of the chamber.
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Figure 1. Pneumatic soft helical actuators: (a) two opposite helical structures; (b) longitudinal sections
and the geometric parameters.

2.2. Structure Design of the Pneumatic Soft Wrist

Section 2.1 explained the elongation and twisting characteristics of a single pneumatic
helical soft actuator. By bonding two soft actuators of opposite helical directions that are
under pressurization (i.e., A&B of Figure 2a), the twisting effects of the two actuators are
offset. When adding another two such actuators (i.e., C&D of Figure 2a), the longitudinal ex-
tension of the pressured actuators (A&B) can be restrained. In that case, the whole structure
will produce a forward bending motion. Figure 2b illustrates a cross-sectional view and
the helical directions of the soft wrist. With this structure, twisting of the whole structure
can also be achieved by pressurization of diagonal actuators (i.e., A&C or B&D). When all
of the four helical chambers are pressurized, the twisting torques of the four actuators are
offset due to antagonistic actions, and the stiffness of the wrist can be improved [27].

Figure 2. Design of a pneumatic soft wrist: (a) a soft wrist module; (b) cross-section of the soft wrist.

Table 1 illustrates four bending motions and two twisting motions caused by the
pressurizations of different chambers. The green color of the chamber cores represent the
actuators that are inflated and the green arrow denotes the motion direction of the soft
wrist. For the bending motion shown in the first row of Table 1, the chambers A and B are
pressurized, and the bending occurs along the negative Y direction. Likewise, the bending
motions backward, left, and right can be achieved in accordance with the pressurization of
neighboring chambers. The left or right twisting motions around the Z axis can be achieved
similarly with the pressurization of the diagonal chambers. To increase the stiffness of
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the soft wrist while maintaining their motions, the same amount of air pressure can be
simultaneously applied to all four chambers.

Table 1. Soft wrist motions corresponding to pressurization of different chambers.

Motions Pressured Chambers Directions of Motions

Bending forward
(flexion)

Bending backward
(extension)

Bending left
(abduction)

Bending right
(adduction)

Twisting left
(supination)

Twisting right
(pronation)
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Summarizing, this subsection presented the design of a soft joint based on four pneu-
matic soft helical actuators. The six motions of direction of the soft joint can be obtained by
the pressurization of specific chambers. To assess the bending and twisting motions of the
soft wrist, a kinematic analysis will be presented in the next section.

3. Kinematic Analysis

The bending and twisting angles can be used to assess the performances of the soft
wrist under different applied air pressures [15,19]. To establish the relationships between
the input pressure and the angles of bending and twisting of the soft wrist, this section
presents approaches for theoretical predictions based on the kinematics analysis of a
single actuator.

3.1. Bending Model

Figure 3a presents the bending model of the soft wrist subjected to two upper pres-
sured adjacent actuators. The left side of the wrist is fixed and the bending motion of
the soft wrist is triggered when the two upper actuators equally compress the two lower
actuators. To deduce the bending equation for the soft wrist, the kinematic of bending for a
single pressured actuator is studied. Figure 3b shows the bending forces and torques of
the soft actuator of the longitudinal section. The transverse circular section of the actuator
chamber bottom is shown in Figure 3c. Based on the principle that the bending moment
caused by the input air pressure equates to that generated by material deformations during
pressurization [28], the bending angle in respect to the applied pressure can be derived as
is given below.

Figure 3. Bending model of the soft wrist: (a) bending of four actuators; (b) longitudinal section of a
pressured actuator; (c) actuator chamber transverse section.

The actuator length is denoted by L, the bending angle by θ, and the curvature radius
by R; MP is the external moment imposed by the air pressure about bottom edge O; Mθ

is the material moment generated by the actuators’ inner wall resistance. The force df,
generated by air pressure Pin on a micro-area of height dh, is:

d f = PinS = Pin · 2r1 sin α · dh (1)
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Using the geometric characteristic h = r1(1 − cos α), the bending moment MP of the
single actuator with respect to the bottom edge O can be expressed as:

Mp =
∫ 2r1

0
d f ·(h + t) = πr1

2Pin(r1 + t) (2)

where t is the average equivalent thickness of the actuator chamber, which can be
estimated by:

t = t1 + t2 + (r2 − r1) (3)

For the helical soft chamber, the axial principle stress is the main internal stress
responsible for the bending of the actuator [29]. For the circular section of the chamber, the
axial principal stretch ratio λ1 is given by:

λ1 =
t − c

L
·d
b

180◦·θ
π

+ 1 (4)

Then, the chamber material intrinsic resistance moment can be calculated as:

Mi = 2
∫ π

0
G0

(
λ1 − λ−3

1

)(∫ t

0

(
(r1 + t)(r1 + c)− (r1 + c)2 cos α

)
Ldα

)
dc (5)

Solving the equation of moment equilibrium Mp = Mi, the relationship between the
input pressure of the actuator and its bending angle can be obtained.

3.2. Twisting Model

Figure 4a presents the twisting model of the soft wrist where two diagonal actuators
are pressured whilst the bottom of the wrist is fixed. The two pressured actuators syn-
chronously twist and cause the wrist to twist. The kinematics for a single twisting actuator
are investigated to derive the twisting angle of the soft wrist. The twisting motion of the
actuator is generated by the torques approximately with respect to its central axis [19].
The longitudinal section of a twisting actuator is shown in Figure 4b. The torques of the
pressured actuator are given in Figure 4c. The equation of the moment balance equilibrium
for the torque generated by air pressure and the torque generated by the material is used to
derive the twist angle with respect to applied pressure.

Figure 4. Twisting model of the soft wrist: (a) twisting of four actuators; (b) longitudinal section of a
pressured actuator; (c) shear model of a pressured actuator.
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The twisting of the actuator is mainly caused by the pressure applied on the inner
helical structure surface of the chamber [18]. The parametric equation for the helix curvature
of the inner helical structure can be expressed as:

⎧⎨
⎩

x = R′ cos(ω)
y = R′ sin(ω)

z = kω
(6)

where ω is the helix angle; k = d/2π. Neglecting the mutual resistance of the actuators, the
torque TP generated by the pressure on inner helical structure surface with respect to the
fixed end can be expressed as:

TP =
∫

H
Pin·b·

√
(2πR′)2 + z2·zds (7)

where b is the width of the fiber cloth and H is the curve equation of the helix. The axial
principal stress is the main internal stress for the bending of the actuator. For circular
sections, the axial principal stretch ratio λ2 is given by [30]:

λ2 =
L + r2−r1

cos(β)(t1+t2)
· bL

d

L
= 1 +

(r2 − r1)·b
cos(β)·(t1 + t2)·d (8)

The tangential stress τ for twisting angle φ of a single actuator can be expressed by:

τ = C1λ2
rφ

L
+ 2rC2λ2 cos(ω0)(I − 1)

(
φ cos(ω0)

L
+

sin(ω0)

R′

)
(9)

in which:

I = λ2
2 cos2(ω0) +

r1
2φ2 cos2(ω0)

L2 + 2
r1

2φ cos(ω0) sin(ω0)

LR′ +
r1

2 sin2(ω0)

R′2 (10)

where C1 and C2 are the material coefficients of the soft chamber and winding fiber, respec-
tively [30]; ω0 is the fiber cloth winding angle. Then, the torsional moment generated by
the material can be calculated as:

Ti =
∫ ∫

A
τr1dA = 2

∫ π

0
dα

∫ R

r1

[C1λ2
r1φ

L
+ 2r1C2λ2 cos(ω0)(I4 − 1)

(
φ cos(ω0)

L
+

sin(ω0)

R′

)
]r1dl (11)

Using TP = Tφ, the correlations between the torsional angle φ and the chamber
pressure Pin can be solved for the single actuator. The twisting angle for the wrist can be
considered equal to φ by neglecting the mutual resistance between the four chambers.

Summarizing, this section illustrated the approaches for estimating the relationships
between input pressure and the bending and twisting angles. When the material and
structure parameters of the soft wrist are determined, the bending and twisting angles
can be calculated to assess the performance of the soft wrist under different applied
air pressures.

4. Numerical Modeling

The previous section illustrated theoretical approaches for deriving bending and
twisting angles of the soft wrist. To assess the accuracy of the theoretical analysis, finite
element method simulations were carried out to predict the bending and twisting motions
of a soft wrist whose size is comparable to a human wrist.

4.1. Simulation Parameters

The helical actuators are made of a soft silicone chamber and Kevlar fiber. The silicone
rubbers are modeled as nonlinear elastic, isotropic, and incompressible under quasi-static
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loading. Finite element analyses (FEAs) are often conducted for modeling mechanical
responses of the soft wrist. The simulations of the bending and twisting motion can be
studied by modeling the soft wrist in the static structure module of ANSYS Workbench
(2021R1) [31,32]. Using the hyperelastic incompressible Yeoh material model, the silicone
chamber is modeled based on the theoretical Equation (12) [33,34]:

W = ∑3
i=1 ci0

(
I − 3

)i (12)

where W is the strain energy; ci0 is a material constant (i = 1, 2, 3) and I is the first invariant.
For the experimental materials of Ecoflex 20 [34], the material parameter values are available
in the literature [31]. The simulation parameters and their values for modelling materials
are listed in Table 2. In the simulations, the quality of the silicone cavity is defined by the
hyperelastic incompressible Yeoh material model. The silicone chamber is meshed using
Solid187, which is a 10-node tetrahedral element that is adaptable to the model to generate
high-quality meshes [31]. The fiber is modeled with cable elements. Bonded constraints are
applied for the contacts of the chambers and the contacts between chamber and fiber. The
fixed constraint is applied to the bottom of the soft wrist.

Table 2. Simulation parameters for modeling materials.

Materials Parameters Values

Silicone chamber
Material constant C1 0.1 MPa [30]
Material constant C2 0.013 MPa [30]
Material constant C3 0.00002 MPa [30]

Kevlar fiber
Young’s modulus 28 GPa

Poisson’s ratio 0.37

4.2. Simulation Results

For simulating the behaviors of a soft wrist under pressurization, a reference case was
selected based on the sizes of a human wrist. It was assumed that a human wrist has a
circular cross section, and its radius is approximately 50 mm. The radius of each actuator R′
can then be determined at 12 mm. Based on this radius, the actuator length L was set to be
58 mm because on the one hand, a shorter length will not produce sufficiently large bending
or twisting angles for a test pressure of 50 kPa, and on the other hand, longer actuators for
the wrist are not necessary. The determination of the chamber thickness and diameter also
affected the fabrication conditions of the soft actuators. The finally determined sizes were:
cylinder core radius r1 = 5 mm, inner helix radius r2 = 8 mm, inner helix width b = 2 mm,
helix pitch d = 7 mm, outward layer thickness t1 = 4 mm, and inward layer thickness
t2 = 2.25 mm. In the simulation, a pressure of 50 kPa is applied to the chambers of the
four actuators. When adjacent chambers (i.e., A&C, B&D) are pressurized, side bending
motions can be achieved, as given in Figure 5a. When diagonal chambers (i.e., A&D, B&C)
are pressurized, the twisting motions are shown in Figure 5b. The results are consistent
with the analysis of soft wrist motions in Table 1.
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Figure 5. Soft wrist motion simulation: (a) bending right; (b) twisting right.

5. Experimental Tests

The previous sections have theoretically and numerically evaluated the bending and
twisting motions of the soft wrist. To validate the predicted motions, a real sample of the
soft wrist used in the simulation model was fabricated. The experimental tests of bending
and twisting motions were compared with the theoretical and simulation results.

5.1. Sample Fabrication

The soft chambers were fabricated with Ecoflex-0020 liquid silicone (Smooth-on Inc.,
Macungie, PA, USA) using a casting process [35]. The molds used for the actuators were
fabricated by a 3D printer (Objet Connex 500, Stratasys corporation, Eden Prairie, MN,
USA).) using resin material. Equal amounts of part A and part B of Ecoflex-0020 were
mixed and stirred until the mixture was evenly dispersed. Then, the mixture was placed in
a vacuum chamber at room temperature for 3 min to remove bubbles. Subsequently, the
mixture was poured into the molds and put in a vacuum drying oven for 3 h at 70 ◦C for
thorough molding. Four Kevlar fibers of 0.5 mm diameter were manually wound along the
helix structure of the actuator outer surface. After the four actuators with wound fibers
were molded, the soft silicon pipes of 3 mm diameter were added to the chamber ends.
Then, the same liquid silicone was poured onto the contacts between the four actuators,
and the contacts between the actuators and the pipes. Finally, the actuators were placed
in a vacuum drying oven for one hour at 70 ◦C. In this way, a model of a soft wrist can
be fabricated.

5.2. Experimental Results

Figure 6 shows the fabricated sample and the experimental setup, which was com-
posed of a micro air pump (370-B), an air pump pressure knob board, and a pressure gauge
(HT1895). The micro air pump was used to supply air to the soft actuators. The air pump
pressure knob can regulate the air flow of the air pump. The pressure gauge was used
to measure the output pressure from the air pump [36]. Figure 7 illustrates the bending
and twisting motions of the soft wrist under pressure of 50 kPa. The experimental results
of increasing pressure on bending and twisting angles are plotted in Figure 8, in which
the results from simulations and theoretical tests were also shown. The calculations for
the theoretical results between input pressure and angles of bending and twisting are
elaborated below.
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Figure 6. Experimental setup for measuring soft wrist motion.

Figure 7. Soft wrist motion test: (a) bending; (b) twisting.

Figure 8. Theoretical, simulation, and experimental results for the soft wrist: (a) bending angle; (b)
twisting angle.

For the fabricated sample shown in Figure 7, using the Equations (2) and (5) and the
parameter values in Table 2, the relationship between the bending angle θ of the soft wrist
and the pressure Pin can be estimated, which is given by below Equation (13). Likewise,
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using Equations (7) and (11), and the values in Table 2, the relationship between the twisting
angle φ and the pressure Pin can be obtained, which is expressed by Equation (14):

Pin − 812θ + 1000 +
16
θ3 = 0 (13)

Pin − 0.5φ3 + 18φ2 + 550φ = 0 (14)

Figure 8 shows that overall, the bending and twisting angles of the soft wrist increased
similarly with the increase of pressure for analytical, simulation, and experimental tests.
The deviations between the three results are mainly ascribed to the simplified hyper-elastic
model for the silicon chamber and the homogeneous assumptions for the restriction layers
in the theoretical and simulation analysis [33]. To further illustrate that the deviations
are small, the angles for bending and twisting for 50 kPa are denoted for the analytical,
simulation, and experimental results. Both deviations of the bending and twisting angles
are within 2.5%, which verifies that the simulation approach can be used to predict angles
of bending and twisting for the soft wrist under pressure of 50 kPa.

6. Application for a Soft Hand

The previous section demonstrated that simulations are reliable for predicting angles
of bending and twisting for the soft wrist under test pressures. In this section, the sensitivity
of the geometric parameters on the bending and twisting of a soft wrist are studied using
the simulation approach. Based on the optimal results, a series of values for the chamber
structure were used to fabricate a soft wrist and implemented in the soft gripper.

6.1. Sensitivity Studies of Geometric Parameters

To obtain the maximal angles of bending and twisting while maintaining the length
of the soft wrist, sensitivity studies of the chamber geometric parameters were conducted.
To ensure that the chamber has sufficient space, the inner hole radius r1 was not less than
4 mm. The inner helix radius r2 was not greater than 10 mm referring to the size of a human
wrist. The maximum helix width b was set to be 3 mm because these sizes are sufficient
to restrain inflation of an actuator. Since the fiber is wound on the helix structure of the
outer surface of each chamber, the winding angle is the same as the helix angle. Because
the winding angle can be derived by the pitch d while the length L and radius r2 remain the
same, it is more straightforward to assess the pitch d than the winding angle to study its
geometric influences on the angles of bending and twisting. The range for the helix pitch d
was set as 5–9 mm, because smaller values result in difficulties in demolding. Taking the
casting process into account, the outward layer thickness t1 and inward layer thickness t2
should be greater than 2 and 1.75 mm, respectively. The tested values for these geometric
parameters for a chamber structure are listed in Table 3.

Table 3. Geometric parameters for chamber structure (unit: mm).

Inner Hole
Radius r1

Inner Helix
Radius r2

Helix
Width b

Helix
Pitch d

Outward
Layer

Thickness t1

Inward
Layer

Thickness t2

4 6 1 5 2 1.75
4.5 7 1.5 6 3 2
5 8 2 7 4 2.25

5.5 9 2.5 8 5 2.5
6 10 3 9 6 2.75

The influences of the geometric parameters on the angles of bending and twisting for
air pressure of 50 kPa are presented in Figure 9. It can be seen from Figure 9a that both the
bending and twisting angles are increased by increasing the inner hole radius r1. This is
because an increase in the inner radius reduces the thickness of the chamber, which leads
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to higher elasticity so that the deformation is larger [37]. Figure 9b demonstrates that larger
helix radii r2 result in smaller angles of bending and twisting. This is due to the fact that
when the outward radius increases, the cross-sectional moment of inertia increases, leading
to increased stiffness [38], thus resulting in a smaller actuator deformation. Figure 9c
presents that increasing the width of the inner helix surface b enhances the motions of the
soft wrist. The reason for this is that when the width of the inner helix surface increases, the
force area inside the drive chamber increases, which also leads to greater deformation [39].
Figure 9d shows that the increase in pitch results in smaller bending and torsion angles.
The reason can be ascribed to the fact that the increase in pitch leads to a reduction in the
number of spiral turns of the actuator, which makes it less stretchable. Additionally, in the
case of a constant drive length, since the number of spiral turns is inversely proportional to
the pitch, the deformation capability of the actuator varies more when the pitch is small.
Figure 9e,f illustrate that the increase of the inward thickness and the outward thickness of
the chamber lead to an increase in the material of the actuator, resulting in an increase in its
stiffness [38].

Figure 9. Analysis of structural parameters: (a) internal radius; (b) width of inner helix surface;
(c) length; (d) pitch; (e) outer layer thickness; (f) inner layer thickness.

154



Actuators 2022, 11, 311

Summarizing, the sensitivity studies demonstrated that increasing the inner hole
radius r1, or the width of the inner helix surface b, will enable larger bending and twisting
angles. By contrast, increasing the helix pitch d, outer radius r2, outer layer thickness t1,
or inner layer thickness t2 results in a decrease of both the bending and twisting angles.
Besides the characterization of motion capability, the output forces, including blocking
force and blocking torque, are two widely investigated parameters for characterizing the
performances of a wrist. For measuring blocking force, the four actuators of the wrist will
be installed on four holes of a rigid base support. The support will be fastened using bolts
of a fixture as shown in Figure 6. In this way, one end of the wrist can be fixed and the other
end can perform free motions upon pressurization. A force sensor with a conical tip [40]
can be placed at the right side of the free end of the wrist. Upon pressurization and different
geometric parameters, the corresponding blocking forces [41,42] and shearing forces [40]
can be measured by the sensor. Knowing the length of the wrist, the blocking torque can
be determined. Since this paper focuses on the evaluations of dexterous bending and
twisting motions of an active wrist using pneumatic actuators, a thorough investigation
of the geometric parameters’ effects on the blocking forces and torques is planned in
future work.

6.2. Verfication and Validation of the Soft Wrist

To obtain maximum angles of the bending and twisting, the cylinder core radius
was selected at r1 = 6 mm and the inner helix radius was set at r2 = 8 mm based on the
results of the sensitivity study. In combination with limitations in the casting process, other
parameter values were determined, including: inner helix width b = 2 mm, pitch d = 6 mm,
outer layer thickness t1 = 3 mm, and inner layer thickness t2 = 2.25 mm. Using the results
of the simulations and the experimental tests, this set of values gives the bending angle
and twisting angles of 54◦ and 23◦ for a pressure of 50 kPa. These results can well resemble
the motions of a real human wrist, as shown in Figure 10. Therefore, this model of the
soft wrist can improve grasping dexterity for the soft grippers. In combination with its
lightweight driven system [9–11], promissing applications of this wrist in soft robotics
are forseen.

Figure 10. Motion of soft wrist for soft robotic hand: (a) real human hand; (b) simulation;
(c) experiments.
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7. Conclusions

This paper introduced an innovative structural model of a soft wrist used for soft
grippers. It can achieve both bending and twisting motions for one segment, which is a
unique feature. This soft wrist is also lightweight and energy-saving because one simple air
pump is used in the driving system. Kinetic analysis, simulations, and experimental tests
have all demonstrated that the soft wrist can produce the desired bending and twisting
motions. The sensitivity studies demonstrated that increasing the inner hole radius r1,
or the width of the inner helix surface b, can enable larger bending and twisting angles.
On the contrary, increasing helix pitch d, outer radius r2, outer layer thickness t1, or inner
layer thickness t2 results in a decrease of both the bending and twisting angles. The
implementation of a fabricated soft wrist on a soft robotic hand showed that the soft wrist
can improve grasping dexterity for soft grippers.
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Nomenclature

A Force integral area (m2)
b Width of inner helix surface (m)
c Length of the chamber internal structure (m)
d Pitch (m)
ci0 Material constant (Pa)
C1 Silicone rubber material parameter (Pa)
C2 Fiber material parameter (Pa)
D Actuator diameter (m)
Dk Incompressibility parameter (Pa−1)
e Thickness of fiber layer (m)
f Force generated by air pressure (N)
G0 Initial shear modulus (Pa)
h Distance from bottom edge (m)
I Parameter in tangential stress calculation (None)
I The first invariant (None)
J Volume variation ratio (None)
L Actuator length (m)
MP Moment generated by pressure (bending) (N·m)
Mi Moment generated by material (bending) (N·m)
Mθ Moment generated by the material (N·m)
Pin Chamber pressure (pa)
r Actuator chamber radius (m)
r1 Internal radius (m)
r2 Outer radius (m)
R Curvature radius
R′ Actuator radius (m)
t Average equivalent thickness (m)
t1 Outer layer thickness (m)
t2 Inner layer thickness (m)
TP Moment generated by pressure (twisting) (N·m)
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Ti Moment generated by material (twisting) (N·m)
β Helix angle (rad)
θ Bending angle (rad)
λ1 Stretch ratio in bending model (none)
λ2 Stretch ratio in twisting model (none)
τ Shear stress (Pa)
ω Angle of fiber cloth (rad)
ω0 Helix angle of fiber cloth (rad)
φ Twist angle (rad)
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Abstract: This study proposes a soft pneumatic actuator with adhesion (SPAA) consisting of a top
fluidic-driven elastic actuator and four bottom adhesive pads for adhering to large cylinders. Finite
element models were developed to investigate the bending properties under positive air pressure and
the effect of “rib” height on the flexural rigidity of the SPAA. A synchronous testing platform for the
adhesive contact state and mechanics was developed, and the bending curvature and flexural rigidity
of the SPAA were experimentally measured relative to the pressure and “rib” height, respectively,
including the adhesion performance of the SPAA with different rigidities on large cylinders. The
obtained results indicate that the SPAA can continuously bend with controllable curvature under
positive air pressure and can actively envelop a wide range of cylinders of different curvatures. The
increase in the “rib” height from 4 to 8 mm increases the flexural rigidity of the SPAA by approximately
230%, contributing to an average increase of 54% in the adhesion performance of the SPAA adhering
to large cylinders. The adhesion performance increases more significantly with an increase in the
flexural rigidity at a smaller peeling angle. SPAA has a better adhesion performance on large cylinders
than most existing soft adhesive actuators, implying that is more stable and less affected by the
curvature of cylinders. To address the low contact ratio of the SPAA during adhesion, the optimization
designs of the rigid–flexible coupling hierarchical and differentiated AP structures were proposed to
increase the contact ratio to more than 80% in the simulation. In conclusion, this study improved
the adhesion performance of soft adhesive actuators on large cylinders and extended the application
scope of adhesion technology. SPAA is a basic adhesive unit with a universal structure and large
aspect ratio similar to that of the human finger. According to working conditions requirements,
SPAAs can be assembled to a multi-finger flexible adhesive gripper with excellent maneuverability.

Keywords: flexural rigidity; soft actuator; adhesion; large cylinders

1. Introduction

Gripping large smooth cylinders is challenging for robotic grippers [1,2]. Conventional
grippers use normal and frictional forces to grip objects. If an object is relatively smaller
than the gripper, the gripper can envelop the object to form a shape closure that holds it;
however, when the object is relatively larger than the gripper, the gripper squeezes the
surface of the object to generate frictional forces and grips to lift the object while relying
on the resultant force of normal squeezing and tangential frictional forces. In this case, the
component force of each squeezing force is vertically downward, and this tends to push
the object away from the gripper. As the object becomes larger, the gripper needs to open
wider to fit it, and this increases the resultant downward force (sum of the downward
component force of each squeezing force). When the downward resultant force exceeds
the upward lifting force, the gripper is unable to grip the object [3]. Therefore, interfacial
adhesion technologies, such as vacuum adsorption, electrostatic adhesion, and gecko-
like dry adhesion, which can generate interfacial attraction without excessive squeezing,
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have been employed in grippers [2]. Vacuum adsorption can provide a significant lifting
force on non-porous objects; however, it is unsuitable for low-pressure and underwater
environments [4]. Electrostatic adhesion can produce active adhesion on smooth and
rough surfaces; however, it has a limited performance on non-metallic objects and requires
additional control infrastructure to provide kV level high voltages [5]. Gecko-like dry
adhesions rely on the van der Waals force generated by the close contact between the
gecko-inspired micro-structured surface and the target to maintain adhesion. Moreover,
various adhesive grippers have been developed for different applications.

According to the working conditions requirements, the adhesive gripper is assembled
using several adhesive actuators; therefore, the mechanical properties of an adhesive actua-
tor directly determine the operating performance of the gripper. For instance, rigid grippers
assembled using two or three rigid planar adhesive actuators [6–9] exhibit excellent grip-
ping performance on flat objects (PCB boards, glass sheets, and silicon wafers) but are not
suitable for curved objects (cylinders); while soft grippers assembled using tendon-driven
under-actuated adhesive actuators [5,10–12] or fluid-driven elastic actuators [13,14] exhibit
excellent performance in gripping cylinders. However, the lifting capacity of soft adhesive
grippers when adhering to cylinders decreases obviously with an increase in the radius of
the cylinder. For adhering to large cylinders, the structural rigidity evidently affects the
performance of the adhesive actuator/unit [4,15]. Although the inherent compliance of soft
adhesive actuators can increase their adaptability to a wide range of targets of different
sizes, they also reduce their structure rigidity, which is essential for maintaining adhesion,
thereby reducing the peak adhesion performance [16,17]. By embedding photoresistant
materials with a high elastic module into an elastic adhesive unit, the adhesion force can be
enhanced [18]. In addition, the rigid–flexible adhesive unit can generate a larger area of
adhesion during loading than a single flexible adhesive unit, resulting in a higher normal
adhesion force and the ratio of adhesion force to preload [19]. As to the fluidic–elastic
actuator, it has different flexural rigidity at different positions along its axial direction [13].
Moreover, the effective length of the fluidic–elastic actuator significantly affects the lifting
force of the gripper [20], indicating that the structural stiffness of the actuator can be opti-
mized to improve the performance of the gripper on objects with different curvatures. In
general, the dependence of the adhesion on the structural parameters of the soft actuator is a
crucial issue. The rigidity of the soft adhesive actuator/unit not only determines the acting
mechanism of the actuator on the underlying adhesion system, but also affects the adhesion
properties of the actuator adhering to the targets. Therefore, to adhere to large cylinders, it
is essential to explore the effect of structural rigidity on the adhesion property of the soft
actuator, which is helpful in guiding the mechanical design and rigidity optimization of
the soft adhesive actuator to improve the adhesion performance on large cylinders.

This study proposes a soft pneumatic actuator with adhesion (SPAA) that combines a
fluidic-driven elastic actuator with a mushroom-shaped microstructured adhesive surface
for adhering to large cylinders. The effect of the flexural rigidity of the SPAA when it
adheres to large cylinders is investigated. Section 2 presents the design of SPAAs with
different bending rigidities and establishes finite-element models (FEMs) to predict their
bending and rigidity properties. Section 3 describes the fabrication of the SPAAs and estab-
lishment of the experimental platform. Section 4 experimentally evaluates the performance
of SPAAs with different bending rigidities when adhering to large cylinders. Section 5
compares SPAAs with existing adhesive actuators and proposes structural optimization
schemes to solve the challenge of insufficient contact through finite element analysis (FEA).
Section 6 provides a brief conclusion and potential areas for future studies.

2. Design and FEMs of the SPAA

2.1. Design of the SPAA

The SPAA (Figure 1a) consists of a top fluidic-driven elastic actuator and four bottom
adhesive pads (Figure 1b). Specifically, the elastic actuator comprises four pneumatic
networks [21,22] (PN, numbered PN1~PN4 from the root to end) connected through the
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inside air channel and an inextensible but flexible layer. As shown in Figure 1c, when a
pressure P applies to the inner side wall of the PN, the resultant force acts on the geometric
center of the side wall. Due to the offset between the resultant force and the inextensible
layer, each PN is subjected to a resultant moment, causing the SPAA to bend to the bottom.
Each PN has a length of 30 mm, a width of 9 mm, a height of 18 mm, and a thickness
of 3 mm. Four adhesive pads (AP, numbered AP1~AP4 from the root to the end) are
equidistantly bonded on the bottom of the SPAA. Each AP consists of the foamed rubber
and a mushroom-shaped microstructured dry adhesive surface [23] with a length of 30 mm,
a width of 10 mm, and a thickness of 3 mm. The SPAA has a total length of 48 mm under
no deformation.

Figure 1. (a) Design of the SPAA. (b) Schematic illustration. (c) Actuation mechanism.

In order to study the effect of the flexural rigidity (EI) of the SPAA when it adheres
to large cylinders, we aimed to obtain a series of SPAAs with significant differences in EI
by changing the geometric parameters of the “rib” (the connection part between two PNs
(Figure 1b)). The reference [21] proposed that the larger the rib width, the lower the EI, but
the effect is not apparent. In this study, the SPAA would generate a slight forced-reverse
bending when adhering to a cylinder, while the pressure on the inner sidewall of PNs
resists this forced bending. In particular, the resistance directly acts on the overlapped part
of the inner sidewall (section I in Figure 1b) and the rib, so we assumed that the area of
this overlapped part has a significant effect on the EI of the SPAA. Finally, we designed
three SPAAs with the rib height h of 4 mm, 6 mm, and 8 mm, and the rest of the geometric
parameters were the same.

2.2. FEMs of the Bending Curvature and Flexural Rigidity

To predict the bending curvature and flexural rigidity of the SPAA under positive pres-
sure, FEMs were established and analyzed using Abaqus/Standard (SIMULIA, Dassault
System, Providence, RI, USA). The hyper-elastic Mooney–Rivlin model [20,24] (C10 = 0.4138,
C01 = 0.1034, d = 2) and the Arruda–Boyce model [25] (μ = 0.5788, λm = 1.2099) were used
to characterize the top elastic actuator and the bottom foam rubber, respectively.

Figure 2a shows the FEM of the bending curvature of the SPAA. The end of the SPAA
was fixed, and a positive air pressure P (varying from 0 to 100 kPa at 10 kPa intervals) was
uniformly applied to the inner wall. In order to accurately describe the bending state of
the SPAA, we used C1~C4 to characterize the bending curvature of PN1~PN4, respectively.
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We divided the abdomen of the SPAA into four equal parts with five yellow markers
(numbered marker0~marker4 from the root to the end), recorded the simulation results
of the five markers’ coordinates under the SPAA’s bending state, and obtained C1~C4
according to C = α/l Where α and l, respectively, represent the central angle and length of
the arc that each PN bends into under positive pressure. Specifically, α can be obtained
by geometric calculation based on the recorded data of markers’ coordinates (the angles
between the connecting line of Marker0 and Marker1~Marker4 and the vertical direction
were numbered as θ1~θ4, respectively, then α1~α4 were 2θ1, 2(θ2 − θ1), 2(θ3 − θ2), 2(θ4 − θ3),
respectively). And l = 12 mm. The simulation results of four PNs’ bending curvatures under
the pressures varying from 0 to 100 kPa at 10 kPa intervals (Figure 2b) show that C1~C4 all
increase with an increase in the air pressure, and the relationships are approximately linear
(R2

C1
= 0.9974, R2

C2
= 0.9978, R2

C3
= 0.9963, R2

C4
= 0.9970). However, C1 is obviously

lower than C2~C4. It is because one side of PN1 is directly fixed to the root, thus limiting the
bending of the PN1. As for PN2~PN4, the bending curvature is similar. Therefore, we used
the mean value of the C2~C4 to define the bending curvature C of the SPAA. The simulation
results of bending curvatures of three SPAAs with different rib heights under pressures
varying from 0 to 100 kPa at 10 kPa intervals (Figure 2c) show that bending curvatures of
SPAAs are positively correlated with the pressure, and the relationships are approximately
linear (R2

h=4 = 0.9957, R2
h=6 = 0.9980, R2

h=8 = 0.9996). The results indicate that the SPAA
can continuously bend with controllable bending curvature under positive air pressures.

Figure 2. (a) The finite element model of the bending curvature of the SPAA. (b) The curvature of four
PNs when the SPAA under pressure drive. (c) The bending curvature of three SPAAs with different
rib heights under pressure drive. (d) The finite element model of the flexural rigidity of the SPAA.
(e) The flexural rigidity of three SPAAs with different rib heights under pressure drive.
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Figure 2d shows the FEM of the flexural rigidity of the SPAA. Based on the bending
curvature model in Figure 2a, we applied a normal force F = 0.6 N to the end of the
deformed SPAA, recorded the simulation results of the five markers’ coordinates, and
calculated the change of curvature ΔC of the SPAA before and after the action. According
to reference [21], we defined the flexural rigidity EI = Fd/ΔC to represent the ability of the
SPAA to resist the bending deformation, where d represents the distance from the root of
SPAA to the force F. The simulation results of flexural rigidity of three SPAAs with different
rib heights under pressures varying from 0 to 100 kPa at 10 kPa intervals (Figure 2e) show
that the flexural rigidity is almost unaffected by the pressure, but is significantly affected
by the height of rib. When the height of the rib increases from 4 to 8 mm, the mean value
of the flexural rigidity increases from 6440 to 14,090 N·mm2, an increase of 120%, which
is much higher than the 10% increase in the flexural rigidity generated by decreasing the
width of the rib from 3 to 0.8 mm [21]. The results indicate that it is theoretically reasonable
to significantly increase the flexural rigidity of the SPAA by increasing the height of the rib.

3. Experimental Setup for Characterizing the Performance of the SPAA

3.1. Fabrication of the SPAA

The top elastic actuator was integrally formed by flexible 3D printing using SLA tech-
nology, which is simpler and more efficient than conditional pouring processing methods.
The machine used is Form3 (Formlabs, Boston, MA, USA). The material used is flexible
resin elastic 50 A with an elastic modulus of 2.89 MPa and a hardness of 50A after cur-
ing [26]. The foam rubbers were equidistantly attached to the bottom of the actuator using
a 3M tape, and the dry adhesive surfaces [23] were attached to the foam rubbers. Three
SPAA samples with rib heights of 4, 6, and 8 mm are shown in Figure 3d.

Figure 3. Experimental setup. (a) The synchronous testing platform. (b) Assembly layout of the
SPAA, the six-dimensional force sensor and the pressure regulator. (c) Three acrylic semi-cylinders
with radii of 100 mm, 150 mm and 200 mm. (d) Three SPAA samples prepared by 3D printing and
their structural parameters.
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3.2. Setup of the Synchronous Testing Platform

The synchronous testing platform of adhesive contact state and mechanics, as shown
in Figure 3a, was built to evaluate the deformation, rigidity, and adhesion-peeling perfor-
mance of the SPAA on large cylinders. The SPAA was fixed on a two-axis mobile platform
that can move at any angle within 0~100 mm/s in the plane through a rigid cantilever beam.
A six-dimensional force sensor (NBIT, Nanjing, China) was installed between the SPAA and
the cantilever beam to record the force value during the SPAA adhering to cylinders. The
force sensor has a force range of ±100 N, a moment range of ±5 N·m, and a resolution of
0.10% F·S. A manual pressure regulator (ZKAY, WuXi, China) that can continuously adjust
the pressure in the range of 0~0.2 MPa was series connected in the gas circuit to adjust the
driving pressure. In order to avoid the pressure pulsation caused by the sudden change of
pressure, a lower pressure regulation speed was adopted. The digital indicator showed the
internal pressure value of the SPAA in real-time with a resolution of 1 kPa (Figure 3b). The
smooth and light-transmitting acrylic cylinder with LED light strips illuminating the edges
(Figure 3c). According to the principle of frustrated total reflection [27], the area where
the SPAA contacts the cylinder generated a facula with a significantly higher brightness
than the non-contact area, which is convenient for extracting the contact area by computer
graphics processing. The large cylinders with a radius of approximately two (R = 100 mm),
three (R = 150 mm), and four times (R = 200 mm) of the length of the SPAA were selected
for SPAAs to adhere to. Markers were drawn with a highlighter on one side of the SPAA in
order to extract the coordinate information of Markers through computer graphics process-
ing to calculate the bending curvature of the SPAA. Two high-speed cameras were placed
on the front and side of the platform, respectively. The front recorded the bending and
contact states of the SPAA, and the side recorded the distribution of the contact area.

4. Results

4.1. Bending Curvature and Flexural Rigidity

Figure 4a shows the bending state of three SPAAs with rib heights of 4, 6, and 8 mm at
0, 50, and 100 kPa, respectively. With the increase in pressure, three SPAAs all bend toward
the bottom, and the curvature increases. Figure 4b shows the experimental results of the
bending curvature of three SPAAs at pressures varying from 0 to 100 kPa at 10 kPa intervals.
It is obvious that the bending curvatures of three SPAAs are positively correlated with the
pressure, and the relationships are approximately linear (R2

h=4 = 0.9953, R2
h=6 = 0.9982,

R2
h=8 = 0.9995). When P = 100 kPa, with an increase in the rib height, the bending

curvatures of three SPAAs reach 25.4, 21.2, and 16.5 m−1, respectively. It can be verified
that the SPAA can continuously bend under positive air pressure drive and the bending
curvature is controllable. Compared to the rigid [9,28] or under-actuated [10] soft actuators,
SPAAs can actively envelop a wide range of cylinders with different curvatures. The
simulation results in Figure 2c deviate within 7% of the experimental results.

Figure 4c shows the test flow of SPAA’s flexural rigidity, which is similar to the FEM
in Figure 2d. Figure 4d shows the experimental results of the flexural rigidity of three
SPAAs under pressures varying from 0 to 100 kPa at 10 kPa intervals. The rigidity increases
when the rib height increases but remains almost constant when the pressure increases.
As the rib height goes up from 4 to 8 mm, the flexural rigidity of the SPAA increases from
6125 to 13,300 N·mm2, an increase of 117%, demonstrating that it is more reasonable to
significantly increase the flexural rigidity of the SPAA by increasing the rib height than
decreasing the rib width [21]. The above experimental and FEM results in Figure 2 have
the same trend with a high degree of agreement, and the deviations are all within 10%.
Therefore, the FEMs in Section 2.2 can predict the mechanical properties of SPAA.
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Figure 4. (a) The bending state of three SPAAs with rib heights of 4 mm, 6 mm, and 8 mm at 0 kPa,
50 kPa, and 100 kPa, respectively. (b) The experimental results of the bending curvature of three
SPAAs with different rib heights under pressure drive. (c) The test flow of SPAA’s flexural rigidity.
(d) The experimental results of the flexural rigidity of three SPAAs with different rib heights under
pressure drive.

4.2. Contact State and Mechanical Properties

Figure 5a presents the flow of the adhesion-peeling performance test of the SPAA.
(1) Approach: the SPAA approaches the cylinder fixed vertically at 0.15 mm/s horizontally.
(2) Preload: AP1 comes in contact with the cylinder while the SPAA approaches. When
the preload reaches 1 N, the SPAA stops moving. (3) Adhesion: the SPAA contacts and
adheres to the cylinder gently as the air pressure increases slowly. (4) Peeling: the SPAA
peels off from the cylinder at a speed of 0.15 mm/s with release angles θp of 90◦, 60◦, and
30◦. (5) Separate: the SPAA stops moving until it separates from the cylinder completely.
The left pictures of the five stages are the images captured by the side camera. The four
white dotted boxes from top to bottom are the areas of AP1~AP4. The bright spots in dotted
boxes represent the contact areas (based on the principle of frustrated total reflection in
Section 3.2). The right pictures are the images captured by the front camera.

The bending state, contact area, and adhesion force of the SPAA were recorded simulta-
neously during the whole test. Figure 5b shows a typical curve of tangential adhesion force
(Ft), normal adhesion force (Fn) of the SPAA, and contact areas of four APs (SAP1~SAP4)
versus the time. During the preload, only AP1 contacts the cylinder and generates a normal
squeezing force of approximately 1 N. During the adhesion, AP2, AP3, and AP4 are in
contact with the arc surface orderly as the air pressure increases. Meantime, the SPAA
exerts a small tangential adhesion force to the cylinder away from the root. It is mainly
because the inextensible layer of the SPAA inevitably generates a slight tensile deformation
during the expansion of the SPAA. During the peeling, the SPAA does not peel off the
cylinder once, but generates two peeling processes. In the first peeling, the Ft and Fn go
up and SAP1~SAP3 go down synchronously. When the Ft and Fn reach the peak, they fall
back rapidly, SAP1~SAP3 drop to zero at the same time. In the second peeling, the Ft and Fn
increase again but at a slower rate, together with the slight decrease in the SAP4. When the
Ft and Fn reach the peak, Ft, Fn, and SAP4 drop to zero at the same time.
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Figure 5. (a) The flow of the adhesion-peeling performance test of the SPAA. (b) A typical curve of
tangential adhesion force (Ft), normal adhesion force (Fn) of the SPAA, and contact areas of four APs
(SAP1~SAP4) versus the time.

4.3. Adhesion-Peeling Performance on Large Cylinders

Figure 6 presents the experimental results of the contact area of four APs (SAP1~SAP4)
during the adhesion stage. Obviously, the SAP4 increases the most with an increase in
the rib height. As the rib height increases from 4 to 8 mm, the contact ratio of the end
region increases from 40% to 70%, indicating that a higher rib of the SPAA benefits a more
sufficient contact. A low standard deviation means that the contact area state of each AP
is little affected by the curvature of the cylinder. We also found that AP3 has the lowest
contact area with a 15% contact ratio, indicating that the adhesion performance of the area
near AP3 is also lower than that of other APs.

Figure 6. The experimental results of the contact area of four APs (SAP1~SAP4) during the adhesion
stage of three SPAAs.
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Figure 7 presents the peak forces of Ft and Fn in the first and second peelings of three
SPAAs with different rib heights, and defined as Ft_peak1, Fn_peak1, Ft_peak2, and Fn_peak2,
respectively (Figure 5b). It is evident that with the rib height of the SPAA increasing, the
peak adhesive forces show an upward trend. As the rib height increases from 4 mm to 8 mm,
the forces Fn_peak1 and Fn_peak2 stabilize in the range of 7~10 N and 2~6 N, respectively, and
increase slowly. The tangential adhesion force also increases with the rib height increasing,
but it is significantly affected by the peeling angle θp. Specifically, the force Ft_peak2 at
θp = 30◦ increases from 6 N to 10~12 N, the most evident increase. The above results mean
that the increase in the rib height is conducive to a more outstanding adhesion performance
of the SPAA on large cylinders, and the effect is more significant when at a smaller peeling
angle. Further, the average increases of Fn_peak1, Ft_peak1, Fn_peak2, and Ft_peak2 are 20%,
31%, 102%, and 62%, respectively. The increase in the peak adhesion forces in the second
peeling is 2~5 times that in the first peeling. Since the Ft_peak2 and Fn_peak2 are generated by
the peeling off of the AP4 (Section 4.2), it can be verified that the increase in the rib height
can significantly improve the adhesion performance of the SPAA’s end contact region.

Figure 7. The peak forces of Ft and Fn in the first and second peelings of three SPAAs with different
“rib” heights peeling off from cylinders with radii of 100 mm, 150 mm, 200 mm at peeling angles of
90◦, 60◦, 30◦.

167



Actuators 2022, 11, 286

The influence of peeling angle θp on the peak tangential adhesion force is more
significant than that of the peak normal adhesion force. As the θp decreases from 90◦ to
30◦, Ft_peak1 increases from 2~4 N to 8~12 N, with an average increase of 290%; the Ft_peak2
increases from approximately 4 N to 6~12 N, with an average increase of 95%; while the
increase in peak normal adhesion force is very small, only 2%. When peeling at 90◦, the
Ft_peak1 is only approximately 10%~30% of the Fn_peak1, and the Ft_peak2 is equivalent to
the Fn_peak2. However, when peeling at 30◦, Ft_peak1 is basically the same as the Fn_peak1,
and the Ft_peak2 is 2~3 times of the Fn_peak2. In general, the decrease in θp is beneficial to a
more excellent tangential adhesion performance of the SPAA on large cylinders, and the
effect is more significant when the SPAA has a larger flexural rigidity. In addition, SPAAs
with different bending rigidities show a very stable normal adhesion performance when
peeling at different angles on large cylinders. Cylinder curvature has little effect on the
adhesion performance of the SPAA. As the curvature decreases, the overall adhesion force
decreases slightly, indicating that the SPAA can generate a stable adhesion performance
when adhering to cylinders with large curvatures.

5. Discussion

The SPAA consists of a top fluidic-driven elastic actuator and four bottom adhesive
pads attached with mushroom-shaped microstructured adhesive surfaces. The results of
the bending curvature test verify that its controllable and the SPAA can continuously bend
under positive air pressure. In comparison with rigid [9,28] or under-actuated [10] soft ac-
tuators, the SPAA can actively envelop a wide range of cylinders with different curvatures.
Moreover, novel actuating methods such as electrostatic–hydraulic coupled [29,30], chemi-
cal reacting [31], magnetic field [32] and biohybrid system actuations [33] have been applied
to soft actuators/robots, enabling them to be more flexible, robust and programmable. Com-
bining bio-inspired adhesion with novel actuators is a promising research direction. The
flexural rigidity results demonstrate that increasing the rib height can significantly increase
the flexural rigidity of SPAA. In comparison to the 10% slight increase in flexural rigidity
obtained by reducing the rib weight from 3 to 0.8 mm [21], increasing the rib height from 4
to 8 mm can increase the flexural rigidity of the SPAA by approximately 230%. The results
of the adhesion–peeling performance tests indicate that an increase in the rib height and
decrease in the peeling angle are conducive to a more outstanding adhesion performance
of the SPAA on large cylinders.

5.1. Comparison between the SPAA and Other Adhesive Units

Table 1 shows the adhesion capacity of the existing adhesive grippers consisting
of soft adhesive actuators. These grippers are all parallel structures that rely on two
opposed adhesive actuators to envelop and lift the target. The lifting capacity of the gripper
is a combination of two actuators’ adhesion capacities. In addition, the two adhesive
actuators are mechanically fixed and assembled into an adhesive gripper, so there is a
distance between the two actuators. This distance results in an angle between the tangential
direction of the actuator and the vertical lifting direction, which is the peeling angle defined
in Section 4.2. Furthermore, when the curvature of the gripped surface is constant, the
greater the distance, the smaller the peeling angle. Given the significant influence of
the peeling angle on the performance of the adhesive actuator (Section 4.3), Table 1 also
considers the peeling angle of the adhesive actuator into consideration.
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Table 1. Comparison of the adhesion performance of the existing adhesive grippers consisting of soft
adhesive actuators.

Soft Adhesive
Gripper

Actuating
Technology

Single Unit Size
(mm)

Detach Force (N)/
Detach Angle (◦)/

Radium (mm)

[13] Fluidic–elastic
actuator (rubber) 60 ∗ 20 18/≈60/75

9.5/≈75/101.5

[14] Fluidic–elastic
actuator (fabric) 35 ∗ 24 4.3/90/14

[5] Under-actuated ≈35 ∗ 100 5.5/≈45/100
12/≈55/150

[34] Under-actuated 50 ∗ 32
5.5/≈45/100
3.5/≈60/200
1.8/≈80/400

[35] Shape memory
alloy-actuated 100 ∗ 15 10/0/62.5

By comparison, the structural dimensions of adhesive actuators in Table 1 are all in the
order of 10 to 100 mm, which are similar to the dimension of SPAA. Most performance tests
of the grippers focus on adhering to curved surfaces with a radius of less than 100 mm,
and the lifting capacity of grippers decreases as the radius of the curved surface increases,
which is similar to the SPAA (except for the gripper in the reference [5], where the adhesion
actuator is long, and an increase in the radius of the curved surface increases the adhesion
contact area, thereby increasing the adhesive lifting force). Nevertheless, the mean values
of two peak normal adhesion forces when the SPAA with a rib height of 8 mm peeling
off from a cylinder with a radius equal to 100 mm at a peeling angle of 90◦ are 9.8 N and
5.4 N, respectively. Both of these two normal adhesion forces of a single SPAA approach
or even exceed the lifting force (the combination of two actuators’ adhesion forces) of
adhesive grippers summarized in Table 1 (except for the grippers in the references [13]).
In particular, when the gripper in the reference [13] adheres to a cylinder with a radius
of 75 mm, the combined adhesive lifting force of its two adhesive actuators reaches 18 N,
which is 1.5~4 times the adhesion performance of a single SPAA. This is mainly because the
radius of the gripped cylinder and the peeling angle of the gripper’s two actuators are all
smaller than those of the SPAA (As mentioned in Section 4.3, a small radius of the cylinder
or peeling angle contributes to an excellent adhesion performance). When the SPAA with
a rib height of 8 mm adheres to the cylinder with a 100 mm radius and peels off at 60◦,
the resultant adhesion force reaches 11.8 N. It can be predicted that when two SPAAs are
integrated into a parallel gripper to grip a cylinder with a 75 mm radius, their performance
will reach or even exceed 18 N. The gripper in the reference [5] achieves an adhesive lifting
force of 12 N when adhering to the cylinder with a 150 mm radius, which is slightly higher
than the peak resultant adhesion force of 10.3 N in the first peeling and 9.2 N in the second
peeling of the SPAA with an 8 mm rib height when adhering to the cylinder with a 150 mm
radius and peeling off at 60◦, due to the fact that the adhesive actuator of the gripper in
the reference [5] has twice the size of the SPAA. However, when evaluated in terms of the
adhesion strength (adhesive force per unit area), the normal adhesion strength of the SPAA
is approximately three times greater than that of the adhesive actuator of the gripper in the
reference [5].

In summary, most of the existing adhesive grippers are used for gripping curved
surfaces with a radius of less than 100 mm. The adhesive lifting performance decreases
obviously with the radius increase. However, the SPAA shows excellent adhesion perfor-
mance when adhering to large cylinders, and the normal adhesion performance is little
affected by changes in the radius. The magnitude and stability of the SPAA’s adhesion
performance are better than that of the soft adhesive grippers summarized in Table 1.
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5.2. Optimization for High Contact Ratio

Figure 6 shows that the contact ratio between AP2 and AP3 is less than 30%, and
Figure 8a shows that the contact area between AP2 and AP3 is mainly in the middle when
SPAA contacts the curved surface. It is obvious that the adhesion performance of the region
near AP2 and AP3 is not fully utilized.

 

Figure 8. (a) The contact state of the SPAA during adhesion. (b) The finite element model describing
the contact of the SPAA. (c) The simulation results of the contact areas of four Aps of the original
SPAA with homogeneous structure. (d) The simulated cross-section of the SPAA in contact with
the cylinder. (e) The optimized SPAA with a rigid–flexible coupled hierarchical structure. (f) The
simulation results of the contact areas of four APs of the optimized SPAA with variable rigidity.
(g) The increase. (h) Illustration of the over-bending angle of PN4 with respect to PN3. (i) The
optimized SPAA with a differentiated AP structure. (j) The contact area and air pressure of each AP
versus θT (0◦~12◦) when the SPAA with an 8 mm rib height reaches the steady adhesion.
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To investigate the cause of this defect, a FEM (Figure 8b) that describes the contact
state of the SPAA was established, where the cylinder was fixed on the bottom side of the
PSAA, and the adhesive behavior of the interfacial contact was described by the cohesive
model [24,36]. In the preload stage, the PSAA approached and contacted the cylinder at a
speed of 0.15 mm/s until the interfacial contact force reached 1 N. In the adhesion stage,
the SPAA bent and enveloped the cylinder as the pressure P was applied to the inner wall
of SPAA. The simulation results of the contact areas of four Aps (Figure 8c) agree well with
the experimental results (Figure 8a). The simulated cross-section of the SPAA in contact
with the cylinder is shown in Figure 8d. Obviously, when the SPAA is driven by positive
pressure, the inextensible layer also passively expands from its initial plane into an arc,
driving Aps to bend radially into an arc. As a result, only small raised areas in the middle
of Aps are in contact with the cylinder, although the SPAA has enveloped the cylinder
well. We have exploited the inherent flexibility of soft materials to enable better envelope
adaptation of the SPAA than conventional rigid actuators, but have neglected that flexibility
also reduces the rigidity of the SPAA’s bottom side, which affects the contact adaptation.
Studies on bio-adhesive systems have shown that a hierarchical structure with variable
rigidity facilitates an adequate fit of the gecko toe to the surface [37]. Studies on biomimetic
soft adhesive actuators have improved contact adaptation by adjusting the rigidity of the
dorsal muscles [13]. In conclusion, the hierarchical structure with rigid–flexible coupled
rigidity is beneficial in improving the contact adaptation of the SPAA without affecting its
bending performance.

To solve the inadequate contact of the SPAA, we should increase the radial flexural
rigidity of the inextensible layer by an order of magnitude without affecting the layer’s
axial flexural rigidity. Here, we propose a solution of embedding a rigid discrete layer
inside the inextensible layer of the SPAA. It is important that the rigid discrete layer should
have a high elastic module to resist the bending deformation of the inextensible layer
and a low density to minimize the effect of the local mass difference on the performance
of the SPAA. Carbon plates have an elastic module of approximately 240 GPa and a
density of approximately 1.8 g/cm3. Compared to ordinary steel, such as aluminum alloy,
carbon plates are lighter in weight and higher in bending strength. Finally, four carbon
plates (3 mm * 1.5 mm * 30 mm) were selected and embedded inside the inextensible layer
(Figure 8e). The optimized SPAA has a hierarchical structure with variable rigidity, which
prevents the SPAA’s Aps from expanding radially into an arc under positive pressure
while maintaining the SPAA’s axially flexible bending performance. The FEM results
in Figure 8c,f show that the contact area of the AP2 has changed from an intermediate
distribution (homogeneous SPAA) to a balanced radial distribution along the AP2 (SPAA
with variable rigidity), and the contact area has increased from 70 to 210 mm2, an increase
of 200% (Figure 8g).

The hierarchical structure with variable rigidity helps the APs to make uniform contact
with the cylinder along the radial direction. However, the SPAA does not fully contact
the cylinder along the axial direction. The results of Figure 8g show that AP3 is barely in
contact with the surface, and the contact ratio of AP4 is only about 50%. From Figure 2b,
it can be intuitively obtained that the bending curvature of PN4 (C4) is slightly greater
than that of PN3 (C3), resulting in an over-bending angle of PN4 with respect to PN3, i.e.,
(lC4 − lC3)/2 (Figure 8h). This over-bending angle directly causes AP4 to squeeze tightly
with the cylinder, while AP3 cannot contact the cylinder.

In order to improve the uniform contact along the radial direction of the SPAA, we
propose a differentiated AP structure design by tilting the AP4 to compensate for the axial
contact imbalance caused by excessive bending of the PN4, as shown in Figure 8i. To clarify
the effect of the tilt angle θT of AP4 on the contact state along the SPAA axial direction,
the contact area and air pressure of each AP versus θT (0◦~12◦) when the SPAA with an
8 mm rib height reaches the steady adhesion (contact areas of all APs reach the peak and
remain stable) on cylinders with radii of 100 mm, 150 mm and 200 mm, respectively, were
simulated, and the results are shown in Figure 8j. It is obvious that SAP1 and SAP2 are
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almost unaffected by θT, while SAP3 and SAP4 rise rapidly to a peak as θT increases from 0◦
to 3◦, after which SAP3 is maintained. However, as θT continues to raise, SAP4 begins to fall,
and the pressure P also reaches 100 kPa at this point. Since the excessive θT requires higher
air pressure to drive larger bending deformation of the SPAA to fit AP4 to the cylinder,
the θT at the point SAP4 begins to fall increases as the radius of the cylinder increases. The
results of the SPAA on all three cylinders show that a good contact state can be achieved
with θT between 3◦ and 6◦, and the contact ratio of four APs is between 70% and 100%,
which is a noticeable optimization compared to the SPAA with untitled AP4. Too low a
θT would result in inadequate contact of AP3, and too high a θT would increase the air
pressure to reach a steady-adhesion state. The final determination is θT = 5◦, at which the
overall contact ratio of the SPAA reaches over 80%.

6. Conclusions

In this study, we designed a SPAA comprising a top fluidic-driven elastic actuator
and four bottom adhesive pads for adhering to large cylinders. The excellent envelope
adaptation of the SPAA to cylinders of various radii and enhancement of the adhesion
performance of the SPAA by increasing the flexural rigidity were demonstrated via FEA
and experiments. To address the low contact ratio of the SPAA, a rigid–flexible coupling
hierarchical structure with embedded discrete carbon plates and differentiated AP struc-
tures were proposed to optimize the contact state. The finite element simulation results
verified that the aforementioned structural optimizations contributed to adequate contact
between the SPAA and cylinders along the radial and axial directions, respectively, thereby
increasing the overall contact ratio to more than 80%. This study demonstrates the influence
of rigidity on the adhesion performance of soft actuators, which is conducive to advancing
research on soft adhesive actuators with characteristics such as variable rigidity and hier-
archical structure, enhancing the performance of adhesion grippers, and expanding the
application areas of adhesion technology.

In future, there are three immediate directions in which this study should be extended.
First, the effects of the contact stiffness of the adhesive layer should be considered to
improve the contact state of the soft adhesive actuator. Second, engineering the bionic
features of hierarchical adhesive structures, reversible adhesion, and intelligent sensing
into reality will be necessary to obviously improve the performance of bionic adhesive
devices. Third, the application of novel actuating methods, such as electrostatic-hydraulic
coupled, chemical reacting, magnetic field, and biohybrid system actuations, to adhesive
actuators/grippers should be explored.
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