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In this study, we propose an extension-type flexible pneumatic actuator (EFPA) with a high extension force and
no buckling. In a previous study, soft actuators that extended in the axial direction by applying a supply pressure
were unable to generate the extension’s pushing force because the actuators buckled owing to their high flexi-
bility. To generate a pushing force, the circumferential stiffness of an extension-type flexible soft actuator must
be reinforced. Therefore, a cross-linked EFPA (CL-EFPA) was developed, inspired by a pantograph that restrains

the EFPA three-dimensionally using the proposed link mechanism. The proposed CL-EFPA consists of three
EFPAs and a cross-linking mechanism for integrating each EFPA circumference. The pushing force of the CL-
EFPA is approximately 3.0 times compared with that generated by the previous EFPA with plates to restrain
its plane. To perform various bending motions, attitude control was performed using an analytical model and a
system that included valves, sensors, and controllers.

1. Introduction

Soft actuators, such as McKibben-type rubber artificial muscles and
inflatable actuators, have been extensively researched and developed
[1-7]. Actuators are used in power-assist suits, robotic arms, and reha-
bilitation devices [1,5,8]. Actuators have several advantages, including
their lightweight, low cost, high flexibility, and back-drivability char-
acteristics. In addition, the artificial rubber muscles generate large force
for contraction [9,10]. The contraction ratio of the previous actuator is
approximately 30-40 %. Therefore, artificial rubber muscles are
required to realize power-assist suits and robotic arms because these
actuators have small moving areas. On the other hand, many soft ac-
tuators with high extension ratios (150-300 %) have been proposed and
developed [11-23]. Extension-type soft actuators are manufactured
using a silicone rubber tube covered in a bellows sleeve and fiber
[11-13], plastic film [14-16], and melt deposition modeling [17-25]. In
addition, extension-type soft actuators without rubber materials have
been proposed using springs and plastic bellows [26,27]. Unlike rubber
artificial muscles, soft actuators can extend while maintaining a constant
flexibility even under high pressure (supply pressure of >300 kPa) [10,
12,28]. Soft actuators are capable of both extension and bending mo-
tions with a larger moving area [20-22, 28-30]. However, soft actuators
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using rubber materials cannot generate a sufficient extension force, that
is, the pushing force. This is because soft actuators buckle owing to their
high flexibility and low stiffness. In previous studies, the lengths and
bending angles of linear soft actuators were measured; however, the
pushing forces of these actuators were not measured. The pulling and
bending force of soft actuators were measured when they were decom-
pressed from the extension state [12,27]. The pushing force of soft ac-
tuators is approximately 10 N [17,22,25]. It is difficult to use a soft
actuator with a small force or extension ratio in industrial and welfare
fields such as robotic arms and assist devices. If a soft actuator with a
high extension ratio is developed that can generate a large pushing force
similar to that of a pneumatic cylinder, a soft robotic arm that is light-
weight and compact compared with typical industrial rigid robots and
assist devices with high human friendliness can be realized to lift heavy
objects. In particular, extension soft actuators must operate over a wider
range of motion (compared with conventional soft actuators) and
generate a pushing force while maintaining compactness and flexibility.
Inflatable actuators with plastic films can achieve a large pushing
force (max. 300 N); however, they cannot return to their initial state
upon decompression [13-16]. This is because inflatable actuators lack
an elastic function. In addition, these actuators require a large
cross-sectional area to prevent buckling and generate a pushing force.
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Soft actuators focusing on pushing force have been proposed and
developed [31-34]. In particular, the pushing force of a linear sleeve
actuator using thermoplastic polyurethane (TPU) of 85 Shore A was
obtained up to the maximum of 210 N (extension ratio 1.6 times) [34].
However, the study does not clarify whether the linear sleeve actuator
can generate a large pushing force without buckling as its length in-
creases or whether it can perform bending motions. It is necessary to
improve the reproducibility and flexibility of the actuator if robotic arms
and assist devices using various actuators are achieved.

In this study, we aimed to develop an extension-type soft actuator
capable of generating a greater pushing force while maintaining flexi-
bility. In addition, a soft actuator capable of generating a greater
pushing force than a previous actuator was realized, despite having a
longer initial length. In a previous study, a reinforced extension-type
flexible pneumatic actuator (EFPA) with an extension ratio of 2.5
times (initial length is 200 mm) generated a pushing force of 180 N by
applying a supply pressure using plastic plates [35]. However, the
reinforced EFPA buckled, and its pushing force decreased when a supply
pressure of > 250 kPa was applied while both ends of the actuator were
fixed. To solve the buckling problem, a soft mechanism was considered
that could generate a greater pushing force without buckling, even when
a supply pressure of 500 kPa was applied. It is believed that the stiffness
of the soft actuator is improved by applying three-dimensional con-
straints rather than by constraining the plane, such as inserting plastic
plate uniformity.

2. Development of cross-link extension-type flexible pneumatic
actuator

2.1. Construction of the CL-EFPA

In a previous soft actuator, the EFPAs were uniformly restrained
using plastic plates, as shown in Fig. 1 [35].

The actuator buckled, and the pushing force decreased because it
was restrained in only one plane, as shown in Fig. 2. In other words,
buckling occurred more easily because the actuator was two-
dimensionally restrained. To generate a larger pushing force, it was
necessary to reinforce the horizontal stiffness of the soft actuator. To
reinforce the stiffness and generated force, soft actuators that combine
an inflatable actuator and a link mechanism, such as scissors and ten-
segrity, have been proposed [36,37]. Although actuators can extend
with pressurization, it is difficult to perform a bending motion owing to
the restrain by the link mechanisms. Other tensegrity mechanisms [5,
38] have been used to achieve a large force and flexible motion. How-
ever, their structures are complex, and their motion design is difficult.
Therefore, the stiffness of the soft actuator can be enhanced by
extending the linkage mechanism into three dimensions to continuously
constrain the outer circumference of each EFPA. This technique is ex-
pected to improve the pushing force of the actuator. To reinforce the
stiffness of the actuator, we focused on the mechanism of the panto-
graph, which was used as a jack. The pushing force of the soft actuator
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Fig. 2. View of buckling of previous soft actuator.

was improved while maintaining flexibility by restraining the EFPAs
using a pantograph. The upper part of Fig. 3 shows the cross-linking
mechanism expanded three-dimensionally based on the pantograph.
The cross-link mechanism, made of 3D-printed parts to be inserted in
each bellows of the EFPA and polyoxymethylene linkage to connect each
3D-printed part, was designed to have three EFPAs placed at 120° in-
tervals. By connecting multiple linkage mechanisms and inserting them
into each bellow of the EFPA, it is believed that the soft actuator can
enhance its stiffness and prevent buckling in the horizontal direction.

Fig. 3 shows the CL-EFPA using the three EFPAs and the link
mechanism. A single cross-linking mechanism in the CL-EFPA was
inserted into the bellows sleeve of the EFPA every ten pitches, as shown
in Fig. 3. To maintain the position of the EFPAs, each bellows sleeve of
the EFPA was held using six cross-linking mechanisms and plastic plates.
As shown in Fig. 3, the tested CL-EFPA had an initial height of 210 mm
and a width of 197 mm. One link used in the linkage mechanism had a
size of 5.5 x 55 x 3 mm and a mass of 1.2 g. The initial length of each
EFPA was set to 210 mm based on the previous reinforced EFPA. Each
EFPA was positioned 90 mm from the center of CL-EFPA. The generated
force and flexibility of the CL-EFPA could be adjusted by changing the
insertion interval of the mechanism. The mass of the CL-EFPA was
approximately 800 g.

2.2. Operating principles of CL-EFPA

The operating principles are as follows. When all the EFPAs were
pressurized, the silicone rubber tube of the EFPA expanded in the radial
and longitudinal directions. Each EFPA could extend longitudinally
because it was deformed only in the axial direction by the bellows
sleeve, as shown in Fig. 4. Each EFPA could be extended longitudinally
even if the CL-EFPA deformed inward, owing to the mechanism shown
in Fig. 4. When one or two EFPAs were pressurized, the CL-EFPA bent in
the direction opposite to that of the pressurized EFPAs. Fig. 5 shows a
transient view of the bending motion of the proposed CL-EFPA at various
pressures on the right side of the EFPA. The bending directional angle a
was defined as an angle from the x-axis of the actuator, and the bending

500 kPa

Fig. 1. Extension of previous soft actuator.
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Fig. 4. Transient view of extension motion.
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Fig. 5. Transient view of bending motion.

angle § was defined as an angle from the z-axis (Fig. 13). The bending
and directional angles of the CL-EFPA could be adjusted by varying the

pressure magnitude.

2.3. CL-EFPA characteristics

The extension and bending characteristics of CL-EFPA were investi-
gated when each EFPA was pressurized. Fig. 6 shows the relationship
between the pressure and displacement of the CL-EFPA when the three
EFPAs were simultaneously pressurized. During the experiment, the
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Fig. 6. Relationship between pressure and displacement.

displacement of the CL-EFPA was measured using a scale based on its
initial length. The initial length of the CL-EFPA was approximately
210 mm. In addition, we performed experiments in which loads of 1 and
2 kg were applied to the top end of the CL-EFPA. The results indicated
that the maximum displacement was 233 mm and the extension ratio
was approximately 2.1 times. However, the extension of the EFPA
required a supply pressure of more than 100 kPa because the silicone
rubber tube cannot expand below this pressure. In addition, the rela-
tionship between the pressure and displacement showed considerable
hysteresis. These problems are believed to be caused by the friction
between the silicone rubber tube and the bellows sleeve inside the EFPA.
The extension ratio of CL-EFPA (2.1 times) was smaller than that of a
previous one (2.3 times) [35]. This implies that the longitudinal
displacement of the actuator decreased because the EFPA was deformed
inward into the proposed actuator through a cross-linking mechanism,
as shown in Fig. 4. Therefore, to develop a CL-EFPA with a higher
extension ratio, it is necessary to devise a cross-linking mechanism that
does not deform the EFPA during extension.

According to the results of the extension motion with loads, the
actuator achieved a consistent displacement without buckling, as shown
in Fig. 2. The displacement of the actuator decreased with an increasing
load. However, the displacement reduction decreased as the supply
pressure increased. In the decompressed state, the actuator contracted
more with each load than that without the load, owing to gravity.

Fig. 7 shows the relationship between the pressure and bending angle
of the CL-EFPA. In this experiment, the bending angle was measured
using image processing and Augmented Reality (AR) markers. The
bending angle g was calculated using the coordinates obtained by the
marker, as shown in Fig. 8. For the experiment shown in Fig. 6, the
bending angle was also measured when a load was applied to the
actuator as follows: In Fig. 7, each symbol and line represents the supply
or exhaust pressure as well as one or two pressurized EFPAs. From this
characteristic, it can be observed that the bending angles in the case of
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Bending angle B

Fig. 8. Measurement of bending angle.

the two pressurized EFPAs were large. In the case of the extension of the
two EFPAs, it was considered that the CL-EFPA could bend further
because the generated force increased.

The results of the bending motion demonstrated that the bending
angle of the actuator with the load was larger than that without it, which
is similar to the results of the extension motion shown in Fig. 6. At a
supply pressure of 200 kPa, dispersion in the bending angle was
observed owing to the low stiffness of the actuator. This dispersion could
be reduced by decreasing the insertion interval of the link mechanism.

3. Comparison with previous extension-type soft actuators
3.1. Subject of comparison

To evaluate the generated force and bending stiffness, the CL-EFPA
was compared with previous extension-type soft actuators. Fig. 9(a)
and (b) show the previously integrated EFPAs with and without large
PET restraint plates, respectively. To increase the generated force, one of
the previously integrated EFPAs had large PET restraint plates, as shown
in Fig. 9(b) [35].

The length and number of pitches in the integrated EFPAs were the
same as those in the CL-EFPA. In addition, the integrated EFPA with
large restraint plates had small restraint plates inserted in steps of five
pitches. Thus, the integrated EFPA, which increased the stiffness using
large and small restraint plates, was compared with the proposed CL-
EFPA.
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Fig. 7. Relationship between pressure and bending angle when applied to the EFPA.
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Fig. 9. Depictions of the previous model of integrated EFPA.

3.2. Characteristics of generated force in all soft actuators

The generated force, or pushing force of the soft actuator, was
measured using three types of actuators, as shown in Figs. 3 and 9 shows
the experimental setup used to measure the generated force (pushing
force). Each EFPA was connected in series with a force gauge (NIDEC-
SIMPO Corp., FGJN-50; resolution: 0.1 N). In addition, the upper end of
the actuator was fixed to the base, while the lower end was connected to
a fixed force gauge, allowing the pushing force to be measured at a 0 %
extension rate. Each actuator was pressurized in increments of 50 kPa
until it buckled, or at 500 kPa. In addition, they were decompressed
from 50 kPa to 0 kPa, and the generated force was measured five times.

Fig. 11 shows the relationship between pressure and generated force
of each actuator. In Fig. 11, each line and symbol denotes the generated
force of each actuator when supply and exhaust pressures are applied to
it. The values in the legend of Fig. 11 represent the maximum standard
deviations for each measurement. It was observed that the force
generated by each actuator increased as a function of the supply pres-
sure. Although the actuators had different structures, the generated
force of each actuator exhibited the same tendency up to 150 kPa.
However, it was confirmed that the integrated EFPAs buckled, and their
generated forces decreased when a supply pressure higher than 200 or
300 kPa was applied. The maximum generated forces of the integrated
EFPAs with and without the large plate were approximately 83 and
37 N, respectively. The pushing forces under buckling in the two types of
EFPAs were constant and did not increase further. However, the force

Pressurization

Fig. 10. Appearance of the experimental setup used to measure the gener-
ated force.
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Fig. 11. Relationship between the pressure and generated force of
each actuator.

generated by the CL-EFPA could be measured without buckling. The
maximum generated force in the CL-EFPA was approximately 380 N
(which was 10 times larger than that of the integrated EFPA without the
plate). The CL-EFPA exhibited a minor hysteretic response. This is
because, when the actuator was pressurized and then depressurized, the
EFPA did not return to its original size but became slightly larger.

3.3. Characteristics of bending stiffness in soft actuators

The effects of plate and link mechanisms on the bending stiffness of
each soft actuator were verified. Fig. 12(a) shows the experimental setup
used to investigate the bending stiffness. During the experiment, a force
gauge was connected to the top end of the actuator using a string, and
the force gauge was pulled. The pulling force was measured using a force
gauge, and the deflection displacement at the top end of the actuator
was measured using a scale. These experiments were repeated five times
at supply pressures ranging from 0 to 500 kPa, in increments of 100 kPa.

Fig. 12 (b) to (d) show the relationship between the deflection/
length ratio and generated force (pulling force). Fig. 12 (b) to (d) show
the results of the integrated EFPA without a large plate, integrated EFPA
with a large plate, and proposed CL-EFPA, respectively. In each figure,
the symbols denote variations in the supply pressure. The values in the
legend of Fig. 12 (b) to (d) represent the moment arms corresponding to
the height of the actuator. The deflection/length ratio indicates the
length of each actuator at the corresponding supply pressure. The
following can be observed in these figures: The pulling force (generated
force) is directly proportional to the deflection/length ratio. This is
similar to the characteristics of the spring and material, and the slope is
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the Young’s modulus, which corresponds to the bending stiffness of the
actuator. In addition, as the supply pressure increased, the generated
force increased slightly. This implies that the Young’s modulus of the
entire actuator increased as the silicone rubber tube in the EFPA
expanded. The bending stiffness values shown in Fig. 12 (b) to (d) were
18, 52, and 74 N/(-), respectively. Therefore, the bending stiffness of the
soft actuator can be enhanced by the three-dimensional restraints rather
than by plane restraints using plates (1.4 times as large as the plate-
integrated EFPA). However, the mechanisms underlying the enhanced
generated force and bending stiffness have not been clarified theoreti-
cally. In future studies, a theoretical model of the mechanism using
three-dimensional and plane restraints must be developed.

As shown in Fig. 12 (d), the generated force could not be measured
because of the damage to the actuator when supply pressures of 400 or
500 kPa were applied. This damage was caused by breakage of the link
mechanism using a typical material of the poly-lactic acid (PLA). The
improvement of the link mechanism will be our future work. Further-
more, the slope in Fig. 12 (d) changes considerably at a supply pressure
of 400 kPa. The bending stiffness at these two pressures was approxi-
mately 70 and 123 N/(-), respectively (2.4 times as large as the previous
one with the plate). It is believed that the bending stiffness of each EFPA
increased when deformed by changing the angle between the link
mechanisms. Therefore, it is expected that the bending stiffness of the

o of deflection/length and bending stiffness.

CL-EFPA can be enhanced by three-dimensional restraints, the structure
of the link mechanism, and the number of pitches inserted.

4. Analytical model of CL-EFPA for attitude control
4.1. Analytical model of CL-EFPA

An analytical model for attitude control is required to control the
extension and bending motions. Therefore, the feasibility of attitude
control for the CL-EFPA using the proposed analytical model was veri-
fied [39]. Fig. 13 shows the analytical model used for the attitude
control of the CL-EFPA. In the analytical model, each EFPA was assumed
to have an arc shape when CL-EFPA was bent, as shown in Fig. 13. The
bending direction angle a and bending angle $ are defined as shown in
Fig. 13 (a), respectively. We denote the three EFPAs as EFPA 1, EFPA 2,
and EFPA 3 counterclockwise from the x-axis, as shown in Fig. 13 (b).
Their lengths are denoted as L;, Ly, and L3, respectively.

From these definitions, the following equations can be obtained from
the geometric relationship [39]:

).

@
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(a) Angles a and B for bending motion
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(b) Relationship of length of EFPAs

Fig. 13. Analytical model for the attitude control of the CL-EFPA.

Ly, ={R—rcos(m—a) }$ (2)
Ly = {Rfrcos(% — a) }ﬂ 3)
L:L1+L2+L3 )
3
L
R=- 5
; %)

where L, r, and R are the central length of the CL-EFPA, distance
(90 mm) between the origin and central EFPA, and radius of curvature,
respectively.

The attitude of the actuator is determined by the bending direction
angle a, bending angle f, and center line length L. Therefore, in the
attitude control, after these target values are given, and the lengths L,
Ly, and L3 of EFPA are calculated using Egs. (1), (2), (3), and (5). The
desired attitude can then be obtained by varying the pressure of each
EFPA and controlling its length. Using Eqgs. (1), (2), (3), and (5), the
bending direction angle a and the bending angle f can be obtained as
follows:

V3(Ls — Ly)

2L, — L, — Ls ©)

a=tan!

In the calculation, when the numerator is negative, 2z is added to the
value calculated by Eq. (6), so that the value of @ will be in the range of
0-2m.

L,—L
" recosa

7

When cosa = 0 in Eq. (7), from Egs. (1) and (3), it can be observed
that § can be calculated by the following equation.

_ s — Ly
V3er

Using these equations and Eq. (4), angles a and f, and length L
(which determines the posture of the actuator), the lengths L,, Ly, and L3
can be obtained while controlling.

For attitude control, the proposed analytical model can be expressed
as follows: First, the desired attitude is given by three parameters: the
bending direction angle a, bending angle f, and center line length L.
Second, using Eqgs. (1), (2), (3), and (5), the three desired lengths, L1, Lo,
and L3, and feedback control can be performed using these values and
the measured EFPA lengths. Using Eqs. (4), (6), (7), (8) and measured
lengths L;, Ly, and Lg, the controlled angles a, #, and length L are
calculated and compared with their desired values.

Finally, to verify the validity of the proposed analytical model, a
comparison of the calculated and experimental results for the bending
angle is shown in Fig. 14. In the figure, the measured values shown by
red squares were obtained from a photograph of the actuator posture,
and the values were calculated using the measured lengths of the three

p (8)

100

)
o]
o

T

60 r

Bending angle ('

20 f

0 & g . A L
0 100 200 300 400 500
Pressure (kPa)

—8—Calculated —O— Measured

Fig. 14. Comparison of measured and calculated bending angles.

EFPAs and an analytical model. As shown in the figure, the calculated
results for the bending angle agree well with the experimental results,
indicating that the analytical model is valid.

4.2. Attitude control system of CL-EFPA

Fig. 15 shows a schematic of the attitude control system of the pro-
posed soft actuator. The system consisted of a CL-EFPA with ten pitches,
an embedded controller using a microcomputer (Espressif Systems Co.
Ltd., ESP32), three quasi-servo valves to control the internal pressures of
the EFPAs, and three wire-type potentiometers to measure the
displacement of the EFPAs. The quasi-servo valve consisted of two on/
off control valves (KOGANEI Co. Ltd., GO10E1) and had a switching
function to supply or exhaust as well as a variable fluid function that
could adjust the output flow rate [40]. A wire-type potentiometer was
placed on top of the CL-EFPA, and the wire was connected to the bottom
through a small hole in each constraint plate at the center of the inte-
grated EFPA actuator, as shown in the right side of Fig. 15. Therefore,
the center displacement of each integrated EFPA could be measured
even if the actuator deformed into a bent shape [35].

Attitude control of the system was performed as follows: The
embedded controller calculated the displacement of the centerline of
each EFPA using wire-type linear potentiometers and an analog-to-
digital (A/D) converter. The deviation from the reference displace-
ment was calculated using a controller. As mentioned in Section 4.1, the
reference displacements were obtained using the bending direction
angle a, bending angle f, and centerline length L of the desired posture,
and by calculating the lengths of each EFPA using Eqs. (1), (2), (3), and
(5). The control input for each quasi-servo valve was calculated based on
the following PID control scheme:

Ug) = ke ® e +kiy_ e +ko(eg) —eig1)) )

uy; > 0Switching valve : Supplyu,;, < 0Switching valve : Exhaust
(10)
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Fig. 15. Schematic of the attitude control system.
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where u;(;), €;;), kp, k1, and kp denote the incremental changes in the duty
ratio of each valve, error between the desired displacement of each EFPA
and the controlled displacement, proportional gain, integral gain, and
differential gain, respectively. The control gain was determined using
the transient response method. Consequently, gains kp of 21.2, k; of
19.6, and kp of 7.18 [%/mm] were obtained. In this case, i is an index
referring to EFPAs, and uy;q denotes the input duty ratio, which is
increased by 22.5 % to compensate for the dead zone.

Fig. 16 shows the transient response of the displacement for each

EFPA. Fig. 17 shows a transient view of the attitude control of the CL-
EFPA. As shown in Fig. 16, each color represents the controlled
displacement of each EFPA when loads are applied to the top end of the
CL-EFPA. The reference of the bending direction angle @, bending angle
p, and centerline length L were set as 14.4 °/s, 60°, and 330 mm,
respectively. A supply pressure of 500 kPa was applied to the quasi-servo
valves. This target motion, in which the top end of the CL-EFPA followed
a circular trajectory, was chosen considering wrist and shoulder reha-
bilitation exercises. The results indicated that the controlled displace-
ment of each EFPA without a load could accurately trace each reference.
It was also discovered that each error increased when the EFPA
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Fig. 16. Transient response of displacement of each EFPA.
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Fig. 17. Transient view of the attitude control of the CL-EFPA.

decompressed. This is because the exhaust speed of the quasi-servo valve
was lower than the supply speed. The maximum displacement error
during the decompression was approximately 19.7 mm (9.3 % of the
maximum displacement).

In the attitude control experiment with loads, it was demonstrated
that the controlled displacement of the actuator exhibited oscillatory
behavior with increasing loads. This oscillatory behavior became more
pronounced under pressurization (the maximum displacement was
approximately 25.3 mm). However, it can be observed that the
controlled displacement of each EFPA could generally trace each refer-
ence without a phase delay.

Fig. 18 (a), (b), and (c) show the transient responses of the desired
attitude, which are the desired bending direction angles a and f, and
desired centerline length L, respectively. These values were calculated
using the measured EFPA lengths and Eqs. (4) and (6)-(8). Fig. 18 (a)
shows that the controlled bending direction angles are in good agree-
ment with the desired angles. Fig. 18 (b) and (c) show that the maximum
error between the desired and controlled bending angles without loads
was 7.0 % and that of the centerline length was 2.1 %.
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To investigate the dynamics of the attitude control system, including
the CL-EFPA, a frequency response experiment was performed in the
range 0.025-0.2 Hz. Fig. 19 shows a Bode diagram of the CL-EFPA when
attitude control was performed at several frequencies. The upper and
lower part of Fig. 19 show the gain and phase plots, respectively. The
upper part of Fig. 19 shows that the bandwidth frequency of the attitude
control system was approximately 0.086 Hz. From the lower part of
Fig. 19, it can be observed that the 90° phase difference frequency was
0.17 Hz. However, it is difficult to apply this system to robot arms in the
industry. Conversely, the application of the proposed system as an as-
sistive exercise or rehabilitation device can be considered as follows:
This system can be applied to devices that require a larger generated
force and do not require high-frequency operations. One method for
improving the dynamics of the proposed system is to use a servo valve
with a higher flow rate and response.

5. Conclusions

In this study, we proposed and tested a CL-EFPA with a larger
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Fig. 18. Transient responses of angles a, 3, and length L of the CL-EFPA.
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generated force and backdrivability using a cross-link mechanism that
can be restrained in 3D. The CL-EFPA is less likely to buckle because the
surrounding EFPAs are pulled by the link mechanism. Consequently, the
actuator achieved a generated force of 380 N, despite each EFPA having
high flexibility. In addition, it was confirmed that the proposed CL-EFPA
could perform bending motions as well as extensions.

The generated force and bending stiffness of the CL-EFPA were
compared with those of previous EFPAs. The generated force of the CL-
EFPA was enhanced by 3.8 times without buckling compared to that of
the previous EFPA with plates. The bending stiffness of the proposed
actuator increased considerably when the supply pressure exceeded 400
kPa. Therefore, the stiffness of the actuator was enhanced by approxi-
mately 2.4 times compared with the previous one.

To perform any bending motion, the attitude control of the CL-EFPA
using an analytical model and an embedded controller was proposed and
tested. The results confirmed that the controlled attitudes agreed well
with the desired attitudes. The frequency response of the proposed
control system was also investigated. Consequently, the bandwidth
frequency of the attitude control system was approximately 0.086 Hz. In
addition, it was discovered that the 90° phase difference frequency was
0.17 Hz. It is expected that this system can be applied to assistive and
rehabilitation devices with high force generation.

In future studies, a theoretical study of the mechanism to increase the
generated force in the CL-EFPA with three-dimensional restraints will be
thoroughly investigated. Robotic arms and rehabilitation devices can
also be developed based on the theoretical studies of enhancement
mechanisms.
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