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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

Actuators 2023, 12, 35. https:/ /doi.org/10.3390/act12010035

https:/ /www.mdpi.com/journal/actuators


https://doi.org/10.3390/act12010035
https://doi.org/10.3390/act12010035
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0000-0002-5272-9130
https://doi.org/10.3390/act12010035
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act12010035?type=check_update&version=1

Actuators 2023, 12, 35

2 of 20

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.

Out/% Pin PoutZ _
oth\\ / / i
Z_ NN
e NN l

Stretching

Pin < Pout

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.
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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 Fy», on the side support, Fn1, Fn2r, En3, Fna, and Fgy
on the mainframe when shrinking or stretching. L; and L4 represent the length of each
vertical and horizontal plate, respectively. L, represents the distance between the rotating
shafts at both ends of the beam, and L represents the length of the beam itself. Symbol &
represents the width of each vertical plate and horizontal plate of the skeleton, and L3 is
the width of the side supporting structure. Additionally, dy denotes the center distance of
two adjacent hinges on both sides of plate Z, and L 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 g and the connecting structures at both ends. The load
concentration g is determined by the pressure p and the beam’s width £, 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,

1 1
M (x) = Ethx - quz )

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

v _ Mi(x)
dx2 EL

®)
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where E is the material’s elastic modulus, I, is the inertia moment of the beam, and EI, is
the bending stiffness of the beam. v is the deflection of the beam at position x, and « is the
corner of the section at position x.

In the case of small deformation, the relation between the angle « of the beam and the

deflection v is,

dov
a ~ tana = ax 4)

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

d*v 1 5, 1
i Mz(x) = —5qx°" + Equx ®)

El, 5

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

ELx = / M (x)dx = f%qx:‘" + iqux2 +C (6)

ELv = / [/ M (x)dx]dx = —21—4qx4 + f—qube’ +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,

“lx:%b =0 ®)
Oy =0 )

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

the following results,
1

= g3 1
C =247 (10)
D=0 (11)
Therefore,
1/ 1 5 1 , 1 .,
=—(-= —qL —qL 12
_ 1 1 4 1 3, 1 .3
v = EIZ< 217 + 12qux + 24qux) (13)

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

the beam,
1
Amax = 0] _o= a‘x:Lb = ﬂng (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,

sina
L, = "—"=L (15)
Xmax

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(Ly — Ly) (16)
Fno = pSna — pL3(Ly — Ly) (17)
Fni = pSni, i =3, 4 (18)

where Sy is the area of an upper plate or lower plate, Sy is the area of a single plate on
the side support, Sn3 is the area of a vertical plate, and Sy is the equivalent area of the
uniformly distributed load on the single Z plate. Fxy1, Fn2, Fn3, and Fyy 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 Fy; on the side into its equivalent concentrated
force Fnjp, on the mainframe as follows,

p—sin? B

cos f (19)

Enor = Fn2

In Equation (18), u is the coefficient of the arm of force Fyp», in the above conversion,

and its value is determined by the size of the side supporting structure, as shown in Table 1.
B is half of the angle between two adjacent side supporting plates, as shown in Figure 3a.
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6 is the angle between the vertical plate and the Z plate, as shown in Figure 3b,c. The
relationship between angles § and 8 can be denoted by,

. do+2Ly+2Lysin®
B = arcsin 0 0 ! (20)
2L3
Table 1. Basic parameters of different actuators.
Ly L, Ly L Ly dy Lo h Sn1 Sn2 Sns3 Sna
Actuators (mm) (mm) (mm) (mm) (Mmm) (mm) (mm) (mm) # (mm) (mm) (mm) (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 + For (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 F; generated by the unilateral
skeleton can be calculated by,

%(FNl + FNZr) cosf — %FN

3 .
Sind + Fy3sinf (22)

F=

Thus, we have the total force F4 generated by the pressure difference between the
inner and outer sides of the skeleton,

Fp =2F + Fng (23)

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

<SN17h(Lb7L;;)+[SN27L3(Lb7L,h)} FZZISHE‘B) cos0—Sn3 (24)
=p sind 4+ 2SN38in 6 + Sng

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 0. As the actuator shrinks, the angle 6 gradually decreases while
the output force gradually increases. When the actuator shrinks to the limit position, 6
approaches zero and the output force of the actuator tends to infinity. Similarly, when the
actuator is in the extended state, the angle 6 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 § = 90°. Assume that the direction of the displacement S is
positive when the actuator folds, as shown in Figure 3b.

The initial distance between endpoints O; and Oy on Z plates at the left and right sides
of the skeleton is,

Dy =L+ 2Ly (25)

During the action of the actuator, the beam bends, and the linear distance L; between
its two endpoints, A and B, becomes L;. Correspondingly, the linear distance L, between
the rotating shafts at both ends of the beam turns into L’z. Then, we have,

L,—Ly=1L,—L} (26)
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Therefore, the distance between endpoints O; and Oy is,
D =L, +2Ly — 2Ly cosf (27)
The displacement S of the actuator can be expressed as,
S =D, D= tmax " S &max; 4 op cosd (28)

Kmax

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

 SphL} - sin(3phL3)
2PhL]

Ly +2Lqcos6 (29)

By Equation (29), the actuator’s displacement is mainly related to 6. Specifically,
0° < 6 < 90° if the actuator contracts and S increases as 6 decreases. If the actuator
elongates, 90° < § < 180° and S increases as 8 increases.

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

Siax = 2Ll (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 x 68 x 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 x 78 x 78 mm, and its dimensional parameters are
listed in Table 1 as well.



Actuators 2023, 12, 35

9 of 20

a
LI | i il .
= :
(I | _ J ] o[-
N

Hard patch  Flexible substrate Hard patch Inner Structure -
I *;%v

i: I I -
&

-— 7 |

Hard patch Flexible substrate Hard patch Outer Structure

Skeleton

Rigid Plate

Actuator
Skeleton

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.

—~r Force Flexible
& -3% Sensor ActPator

! manométer | ;

E - —) : I Aéir-gvacuum
Pesstire. B D]l e ptoportional
i reduéing valve Ko i1 valve

: P & & Vaguuin

: P Air pump!

: i cgmpressor .
Lot IING ————— kil

Information Flow: ------------ > —p=

Fluid Flow: — Computer

Figure 6. Test platform.
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The main components of the test platform include a pull rope displacement sensor
MPS-5-1000 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.

3250- b250_
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-~ Test data,P=5.6kPa S=26.9mm
200+ Theoretical model,P=9.4kPa 200 —&— $=30.2mm
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e wpen Test data,P=17.4kPa -
<1900 Z 150
g 8
& 2
E & 100}
50
0 L L L L 1 1 )
4 6 8 10 12 14 16 18
Displacement(mm) Pressure(kPa)
Figure 7. Test results of the actuator with a patched skeleton: (a) Force-displacement data; (b) Force-
pressure data.
A 1500, b 2001
1000 Theoretical model,P=6.6kPa
e wmdes Test data,P=6.6kPa = 150}
% 800 Theoretical model,P=18.6kPa %
S ool @ TestdataP=186kPa g
= Theoretical model,P=48.5kPa = 100}
& Test data,P=48.5kPa &
50
wn@n S=-29.2mMm
ol —8— S=-5.5mm
z z —#— S=23.5mm
T g | Qe $=26.6mm
£ g -Sp O
< < e -
S > R
a Q_t00r o T— )
: - : - : -150 ' : . - - - '
—-40 -20 0 20 40 15 20 25 30 35 40 45 50
Displacement(mm) Pressure(kPa)

Figure 8. Test results of the actuator with a machined skeleton: (a) Force-displacement data; (b) Force-
pressure data.
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Figure 10. Test results of the CFP-beamed actuator with a 3D-printed skeleton: (a) Force-displacement
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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.
Pressure Peak Force Maximum
Test# (kPa) N) MAE MAPE Absolute Error
1 5.6 729 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.
Pressure Maximum Maximum Maximum
Test# (kPa) Tension Force (N) Thrust Force (N) MAE MAPE 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 24458
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Table 4. Summary of the test data of the PET-beamed actuator.

Pressure Peak Force Maximum
Test (kPa) (N) MAE MAPE 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.
Pressure Peak Force Maximum
Test# (kPa) (N) MAE MAPE Absolute Error
1 6.6 177 6.81 6.91 8.41
2 18.6 3244 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 12¢ 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 54.

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.

e 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.

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

e  Insome 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.

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