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Abstract: Rehabilitation devices for passive exercise have been actively researched and developed
in accordance with Japan’s aging society. A previous study proposed and tested an extension-type
flexible pneumatic actuator (EFPA) with reinforced stiffness that could achieve passive exercise in
patients. In addition, a rehabilitation device for shoulder joints with an embedded controller and
small valves was proposed and tested. Joints such as the shoulder and scapula were subjected to
passive exercise utilizing the tested device. However, it is difficult for patients with contractions to
perform the same exercise because the reinforced EFPA can buckle. Here, to realize an EFPA with
a higher stiffness, a flexible actuator in the shape of a hexagonal pyramid is proposed and tested.
The hexagonal pyramid shape of a flexible actuator has a high stiffness in the direction of motion
and flexibility in other directions; hereafter, this characteristic is called anisotropic stiffness. The
characteristics of the hexagonal pyramid shape of the EFPA are described and compared with those
of a previously reinforced EFPA. An analytical model was proposed to predict and design the shape
of the hexagonal pyramid EFPA. The validity of the model is also described.

Keywords: hexagonal pyramid shape of flexible actuator; anisotropic stiffness; extension-type flexible
pneumatic actuator; analytical model of shape

1. Introduction

The number of older adults and the reduction in infant birth rates in Japan have
increased. The proportion of older adults aged 65 and over was 29.1% in 2022 [1]. This
ratio is expected to be approximately 36% by 2040. This rate is the highest worldwide
and is a serious problem in Japan because the physical functions of older adults decline
with age. When older adults develop a disuse syndrome and require nursing care, they
must recover their physical function as early as possible. Taking account of “Quality of
Life” for older adults or patients, they are given a passive exercise by a physical therapist
(PT) and an occupational therapist (OT). According to Japanese law, a PT and OT cannot
provide rehabilitation for patients for just 30 min per day. However, based on the opin-
ions of on-site PTs and OTs, they recognized that rehabilitation for 30 min is insufficient.
They recommend that patients carry out voluntary rehabilitation and exercise at home.
Medical reports have proposed the necessity of voluntary rehabilitation to prevent various
diseases and disuse syndromes [2]. However, it is difficult for older adults to exercise
voluntarily for a long time because of their declining physical function and motivation.
Therefore, a rehabilitation device that can safely provide passive exercises is desirable. To
address these issues, various wearable and rehabilitation devices that support exercise
and nursing care have been actively researched and developed [3–11]. Joints such as the
upper limbs and legs were effectively exercised utilizing these devices. However, from
reference [3–5], previous rehabilitation devices for the upper limbs do not have flexible
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motion and back-drivability, similar to physical and occupational therapists. In addition,
users must utilize and attach devices, and the range of motion of the upper limbs is limited.
If the device malfunctions, the user may be injured. Therefore, these devices must be
adjusted to ensure user safety. Operators such as PTs and OTs must monitor users because
they cannot adjust their physical functions. We believe that the burden on PTs and OTs has
increased owing to monitoring. Ideally, devices that can adjust a patient’s physical function
without an operator are required. Patients should release these devices immediately when
they are in danger of undergoing rehabilitation. Recently, soft actuators made of polymeric
materials such as rubber have been utilized in rehabilitation and wearable devices [12–25].
These soft actuators are lightweight, flexible, highly human-friendly, and safe because of
their compliance and softness. Therefore, devices that utilize a soft actuator with a driven
fluid-powered system are suitable for rehabilitation and motion assistance [26].

We attempted to develop a rehabilitation device with a soft actuator that does not
require special knowledge of voluntary rehabilitation at home. The target joint was the
shoulder joint that often moves, such as reaching in and out. Shoulder joint rehabilitation
requires soft actuation with a larger moving area that can provide passive exercises for the
entire shoulder. Figure 1 illustrates the construction of human shoulder joints [27]. For
shoulder joint rehabilitation, it is necessary to provide passive exercise to joints such as
the glenohumeral and scapulothoracic joints, as illustrated in Figure 1 [28]. Shoulder joint
rehabilitation is more effective when the scapula is moved actively. In addition, because
the arms and shoulders must be lifted, it is necessary to consider the weight of the upper
limbs. The weight of the human upper limb is approximately 6% of body weight [29]. The
average weight for 60-year-olds in Japan is approximately 67 kg [30]. The weight of the
human upper limb was approximately 4 kg. Therefore, the force required to lift the upper
limbs was approximately 40 N or more.
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A rehabilitation device that users can easily release is also required because it is difficult
to attach and detach wearable-type devices alone without assistance. A serious problem
is that patients cannot detach immediately when they feel danger or fear. Therefore, we
also attempted to develop a compact and stationary shoulder joint rehabilitation device
that patients can utilize by holding their moving parts at home and nursing facilities, as
demonstrated in Figure 2 [31]. It is desirable to fix the device on a table, as illustrated in
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Figure 2. It is necessary to execute bending and extending motions for passive exercises, as
illustrated in Figure 2b,c. As a precaution for safety, it is also necessary that hands can be
easily detached from the device whenever patients feel anxious. Usually, a rehabilitation
device is not utilized by one user for a long period (up to six months). It is necessary to
make the device cheaply such that older adults and patients can easily buy it for voluntary
home-based rehabilitation.
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Based on the aforementioned specifications, as a soft actuator with a larger moving
area and bending stiffness that can give passive exercise, the reinforced soft actuator with
a circumferential restraint utilizing some EFPAs and PET restraint plates was proposed
and tested [31]. As the reinforced EFPA satisfied these specifications, a shoulder joint
rehabilitation device was proposed and tested. The shoulder joints, including the scapula,
were subjected to passive exercises by driving the tested device owing to the transient
response. However, it is difficult for people with bedridden contracture and cerebrovascular
disease to be given passive exercise because the stiffness of the actuator is insufficient. A
soft actuator with a higher stiffness that can provide passive exercise, even if patients have
contractures, is required.

This study proposes and tests a hexagonal pyramid-shaped EFPA (HP-EFPA) with an
anisotropic stiffness with a higher stiffness in the direction of motion and a lower stiffness in
other directions. Characteristics such as the bending angle, generated force, and stiffness of
the HP-EFPA are described. The characteristics of the HP-EFPA were compared with those
of the previous reinforced EFPA. An analytical model of the actuator was proposed for the
optimal design and characteristic prediction of the HP-EFPA, and the calculated results
were compared with the experimental results to confirm the validity of the proposed model.

2. Previous Reinforced EFPA

To develop a device with a larger driving area, an EFPA that can extend 2.5 times
the initial length was proposed and tested [31]. Figure 3 illustrates the construction and
motion of an EFPA. The EFPA consists of a silicone rubber tube covered with a bellows-type
nylon sleeve (Swiftrans Co., Ltd., Etobicoke, ON, Canada, Stretching hose), as illustrated
in Figure 3a. Both ends of the EFPA were sealed with resin. The rubber tube in the sleeve
had inner and outer diameters of 8 and 11 mm, respectively, and the sleeve had inner and
outer diameters of 12 and 20 mm, respectively, with a mass of 50 g. The material cost of the
actuator is very low (approximately 5 US dollars per 1 m). The operating principle of the



Actuators 2023, 12, 424 4 of 18

actuator is as follows. The inner silicone rubber tube expands in radial and longitudinal
directions under the supplied pressure. As the bellows sleeve can only change in the
longitudinal direction without expanding in the radial direction, the actuator extends
longitudinally, as demonstrated in Figure 3b. The EFPA can extend up to approximately
250% of its original length under a pressure of 500 kPa. The durability of an EFPA was
approximately 30,000 times in previous continuous expansion and contraction experiments.
The typical rehabilitation exercise period is approximately three to six months. Therefore,
the durability of the proposed rehabilitation device utilizing the EFPAs was sufficient
during the rehabilitation period.
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Figure 3. Construction and motion of EFPA. (a) View and construction of EFPA. (b) Appearance of
extension motion in EFPA.

In a previous study, we developed a reinforced EFPA and applied it as a rehabilita-
tion device for shoulder joints [31]. Figure 4 presents an overview and schematic of the
previously reinforced EFPA with circumferential restraints utilizing nine EFPAs and PET
restraint plates. The three EFPAs arranged in parallel were put together by small restraint
plates, as shown in Figure 5a, to increase the pushing and bending forces because the
single EFPA in Figure 3 has a high flexibility and small bending stiffness. In addition, to
obtain a larger bending stiffness for the entire actuator, the three integrated EFPAs were
also combined with Y-shaped restraint plates, as shown in Figure 5b. Via this configuration,
the pushing force and bending stiffness of the reinforced EFPA became larger: the max-
imum pushing force was about 180 N (20 N per one EFPA), and the maximum bending
stiffness and torque of the actuator were 53.1 N/(−) and 25 Nm, respectively. Adopting the
reinforced EFPA, we produced a rehabilitation device for shoulder joints and attempted to
control the attitude of the tested device, as demonstrated in Figure 6. In the experiment,
the shoulder joints and scapula of the user were successfully subjected to passive exercise
via the circular orbital motion of the tested rehabilitation device utilizing an analytical
model for attitude control. However, the previous reinforced EFPA comprised nine EFPAs.
Considering their utilization in homes and nursing facilities, rehabilitation devices must
be lightweight and inexpensive. Therefore, it is necessary to develop another lightweight
mechanism to increase the generated force and torque of the flexible actuators by decreasing
the number of EFPAs.
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3. Hexagonal Pyramid-Shaped Actuator with Anisotropic Stiffness
3.1. Construction of Hexagonal Pyramid-Shaped EFPA

To rehabilitate persons with contractures, we developed a soft actuator with a bend-
ing stiffness that generated force better than the previous actuator. The stiffness in the
horizontal direction of the soft actuators, including the EFPA, was small owing to their
high flexibility. Enhancing the stiffness in the horizontal direction is necessary to prevent
buckling and improve safety. Therefore, a flexible actuator, restrained to a hexagonal
pyramid shape to enhance the stiffness only in the direction of motion and not in the entire
direction, is proposed and tested. This implies that the stiffness in the other directions
of the HP-EFPA remained small. We call it “anisotropic stiffness”. Figure 7 presents an
overview and schematic of the HP-EFPA with anisotropic stiffness.



Actuators 2023, 12, 424 6 of 18

Actuators 2023, 12, x FOR PEER REVIEW 6 of 18 
 

 

buckling and improve safety. Therefore, a flexible actuator, restrained to a hexagonal pyr-
amid shape to enhance the stiffness only in the direction of motion and not in the entire 
direction, is proposed and tested. This implies that the stiffness in the other directions of 
the HP-EFPA remained small. We call it “anisotropic stiffness”. Figure 7 presents an over-
view and schematic of the HP-EFPA with anisotropic stiffness. 

  
(a) (b) 

Figure 7. Hexagonal pyramid shape of EFPA. (a) Overview; (b) schematic. 

The length of the EFPAs was 400 mm. The height and mass of the HP-EFPA were 200 
and 890 g, respectively. The actuator configuration is as follows. The three EFPAs bent at 
an angle of 30°, as illustrated in Figure 8a, were restrained with hexagonal restraint plates, 
as illustrated in Figure 9. i in the figure is the number of restraint plates, which are num-
bered from the bottom, as illustrated in Figure 7b. In Figure 9, the same-colored holes 
depict one connected EFPA arranged every 120°. The hole diameter in each plate was 16 
mm to avoid interrupting the extension motion of the EFPA. The number of restraint 
plates was decided as 17 based on a previous reinforced EFPA [31], and the restraint in-
terval of the HP-EFPA was four pitches. The radius of the bottom plate was 89 mm. The 
radius of each restraint plate, 𝑟𝑟𝑖𝑖, is decreased every 3.8 mm from the bottom plate. This 
indicates that each separate EFPA was inclined at an angle of 60°, as illustrated in Figure 
8b. Thus, the actuator’s stiffness can be increased by constructing a triangular truss struc-
ture, as illustrated in Figure 7. In addition, the stiffness of the HP-EFPA was further en-
hanced by reducing the interval restraint. 

  
(a) (b) 

Figure 8. Position of each EFPA in HP-EFPA. (a) Slanted view; (b) side view. 

The operating principle of the HP-EFPA is as follows. When one or two EFPAs were 
pressurized, the corresponding EFPAs were extended. The HP-EFPA then performed a 
bending motion because the other EFPAs did not extend, as demonstrated in Figure 10a. 
This is because the pulling force of the other EFPA was larger than the pushing force of 

Figure 7. Hexagonal pyramid shape of EFPA. (a) Overview; (b) schematic.

The length of the EFPAs was 400 mm. The height and mass of the HP-EFPA were
200 and 890 g, respectively. The actuator configuration is as follows. The three EFPAs bent
at an angle of 30◦, as illustrated in Figure 8a, were restrained with hexagonal restraint
plates, as illustrated in Figure 9. i in the figure is the number of restraint plates, which are
numbered from the bottom, as illustrated in Figure 7b. In Figure 9, the same-colored holes
depict one connected EFPA arranged every 120◦. The hole diameter in each plate was 16
mm to avoid interrupting the extension motion of the EFPA. The number of restraint plates
was decided as 17 based on a previous reinforced EFPA [31], and the restraint interval of
the HP-EFPA was four pitches. The radius of the bottom plate was 89 mm. The radius of
each restraint plate, ri, is decreased every 3.8 mm from the bottom plate. This indicates
that each separate EFPA was inclined at an angle of 60◦, as illustrated in Figure 8b. Thus,
the actuator’s stiffness can be increased by constructing a triangular truss structure, as
illustrated in Figure 7. In addition, the stiffness of the HP-EFPA was further enhanced by
reducing the interval restraint.

Actuators 2023, 12, x FOR PEER REVIEW 6 of 18 
 

 

buckling and improve safety. Therefore, a flexible actuator, restrained to a hexagonal pyr-
amid shape to enhance the stiffness only in the direction of motion and not in the entire 
direction, is proposed and tested. This implies that the stiffness in the other directions of 
the HP-EFPA remained small. We call it “anisotropic stiffness”. Figure 7 presents an over-
view and schematic of the HP-EFPA with anisotropic stiffness. 

  
(a) (b) 

Figure 7. Hexagonal pyramid shape of EFPA. (a) Overview; (b) schematic. 

The length of the EFPAs was 400 mm. The height and mass of the HP-EFPA were 200 
and 890 g, respectively. The actuator configuration is as follows. The three EFPAs bent at 
an angle of 30°, as illustrated in Figure 8a, were restrained with hexagonal restraint plates, 
as illustrated in Figure 9. i in the figure is the number of restraint plates, which are num-
bered from the bottom, as illustrated in Figure 7b. In Figure 9, the same-colored holes 
depict one connected EFPA arranged every 120°. The hole diameter in each plate was 16 
mm to avoid interrupting the extension motion of the EFPA. The number of restraint 
plates was decided as 17 based on a previous reinforced EFPA [31], and the restraint in-
terval of the HP-EFPA was four pitches. The radius of the bottom plate was 89 mm. The 
radius of each restraint plate, 𝑟𝑟𝑖𝑖, is decreased every 3.8 mm from the bottom plate. This 
indicates that each separate EFPA was inclined at an angle of 60°, as illustrated in Figure 
8b. Thus, the actuator’s stiffness can be increased by constructing a triangular truss struc-
ture, as illustrated in Figure 7. In addition, the stiffness of the HP-EFPA was further en-
hanced by reducing the interval restraint. 

  
(a) (b) 

Figure 8. Position of each EFPA in HP-EFPA. (a) Slanted view; (b) side view. 

The operating principle of the HP-EFPA is as follows. When one or two EFPAs were 
pressurized, the corresponding EFPAs were extended. The HP-EFPA then performed a 
bending motion because the other EFPAs did not extend, as demonstrated in Figure 10a. 
This is because the pulling force of the other EFPA was larger than the pushing force of 

Figure 8. Position of each EFPA in HP-EFPA. (a) Slanted view; (b) side view.



Actuators 2023, 12, 424 7 of 18

Actuators 2023, 12, x FOR PEER REVIEW 7 of 18 
 

 

the extended EFPAs. The HP-EFPA also extended upward by pressurizing all the EFPAs, 
as illustrated in Figure 10b. 

 
Figure 9. Hexagonal-shaped restraint plate. 

 
(a) 

 
(b) 

Figure 10. View of bending and extending motion of HP-EFPA for several pressures. (a) Pressuriza-
tion of one or two EFPAs; (b) pressurization of all EFPAs. 

3.2. Characteristic of Hexagonal Pyramid-Shaped Actuator 
Figure 11 illustrates the relationship between the input pressure and the bending an-

gle when one or two EFPAs are pressurized. In Figure 11, the circles and squares represent 
the experimental results when one or two EFPAs were pressurized, respectively. The solid 
and broken lines denote the results obtained when the input pressure was increased and 
decreased, respectively. In the experiment, the bending angle of the HP-EFPA was meas-
ured when it was pressurized and decompressed from 0 to 500 kPa every 50 kPa, and the 

Figure 9. Hexagonal-shaped restraint plate.

The operating principle of the HP-EFPA is as follows. When one or two EFPAs were
pressurized, the corresponding EFPAs were extended. The HP-EFPA then performed a
bending motion because the other EFPAs did not extend, as demonstrated in Figure 10a.
This is because the pulling force of the other EFPA was larger than the pushing force of the
extended EFPAs. The HP-EFPA also extended upward by pressurizing all the EFPAs, as
illustrated in Figure 10b.
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3.2. Characteristic of Hexagonal Pyramid-Shaped Actuator

Figure 11 illustrates the relationship between the input pressure and the bending angle
when one or two EFPAs are pressurized. In Figure 11, the circles and squares represent
the experimental results when one or two EFPAs were pressurized, respectively. The
solid and broken lines denote the results obtained when the input pressure was increased
and decreased, respectively. In the experiment, the bending angle of the HP-EFPA was
measured when it was pressurized and decompressed from 0 to 500 kPa every 50 kPa,
and the experiment was repeated three times. The bending angle of the HP-EFPA could
be changed by increasing the input pressure. However, a relatively large hysteresis is
observed, as illustrated in Figure 11. It is considered that the frictional force between the
silicone rubber tube and the bellows sleeve causes the hysteresis. The maximum bending
angle of the actuator is approximately 140◦. The required range of the bending angle for
the rehabilitation of shoulder joints is more than 90◦. Therefore, the bending angle of the
proposed actuator satisfies this requirement.
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Subsequently, the generated force and stiffness of the HP-EFPA are described.
Figure 12 illustrates the experimental setup adopted to measure the pushing force of
the tested actuator. In the experiment, the HP-EFPA was connected in series to a force
sensor (NIDEC-SHIMPO Corp., Kyoto, Japan, FGJN-50). The three EFPAs were pressurized
every 50 kPa until the tested actuator buckled, and the sensor measured each pushing force.
Figure 13 depicts the relationship between the supply pressure and the pushing force of
the HP-EFPA. In Figure 13, the circles represent the pushing force of the tested actuator
of the HP-EFPA, and the squares represent the pushing force of the previous reinforced
EFPA, as illustrated in Figure 4. The tested actuator buckled when pressurized at 450 kPa.
In contrast, the previous reinforced EFPA buckled at 300 kPa. Therefore, the pushing force
of the reinforced EFPA could not be measured. The maximum pushing force of the tested
actuator is approximately 200 N (33.3 N per EFPA). Compared with the previous reinforced
EFPA, the tested HP-EFPA did not buckle, even when a supply pressure of 400 kPa was
applied. Therefore, the pushing force was larger than that of the previously reinforced
EFPA. This was caused by the truss structure of the HP-EFPA.

Figure 14 presents the experimental setup utilized to measure the vertical bending
force of the HP-EFPA. The tested actuator was fixed to a stand in the experiment, as
demonstrated in Figure 14. The HP-EFPA handle is connected to the force sensor in parallel.
The input pressure was applied in steps of 50 kPa until the HP-EFPA buckled, and each
vertical bending force was measured with the force sensor.
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Figure 14. View of experimental setup to measure vertical bending force.

Figure 15 depicts the relationship between the supply pressure and the vertical bending
force. In Figure 15, each symbol denotes the vertical bending force that occurs when the
supply pressure is applied to one or two EFPAs. The color represents the type of device:
blue symbols depict the results of the tested HP-EFPA, and orange symbols depict those
of the previous reinforced EFPA. The figure demonstrates that the bending force in the
vertical direction increased linearly with an increase in the supply pressure. The maximum
bending force of 35 N was larger than that of the previous reinforced EFPA. Furthermore,
the pushing force of the HP-EFPA could be measured up to a supply pressure of 450 kPa
without buckling. This was caused by the truss structure of the HP-EFPA. The reason
for the difference between the cases of single and double pressurization at a high supply
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pressure is as follows. In the case of the previous reinforced EFPA, each EFPA was parallel,
as illustrated in Figure 4. The greater the number of pressurized EFPAs, the larger the
bending force. This was more noticeable at higher pressures. However, in the case of the
HP-EFPA, where the EFPA is unified at the apex, the influence of the EFPA that is not
pressurized becomes a problem. In other words, the higher the supply pressure, the more
the EFPA buckles. In the case of double pressurization with a less unpressurized EFPA,
it becomes difficult to maintain the HP-EFPA shape. Therefore, at 400 kPa or higher, the
pressurized EFPAs began to buckle, and the bending force became smaller than that of
single pressurization.
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Figure 16 illustrates the measured pulling force of the HP-EFPA when it was driven
during the bending motion. On the left side of Figure 16, the force sensor connected to
the HP-EFPA is pulled when a bending motion drives it, and the experiment is repeated
ten times.
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Figure 16. View of measurement of pulling force when HP-EFPA is driven in bending motion.

Figure 17 depicts the relationship between the supply pressure and pulling force of
the bending HP-EFPA. Consequently, the maximum pulling forces applied to one or two
EFPAs were approximately 63 and 50 N, respectively. As the length of the upper limb is
approximately 0.7 m [32], the calculated torque becomes 35–44 Nm, and the maximum
torque of 44 Nm can satisfy the target torque of 42.5 Nm. The reason why the case of
the single pressurization has a larger pulling force can be considered as follows. As
demonstrated in Figure 16, the unpressurized EFPA was forcibly pulled and extended
when the actuator was pulled. Therefore, a larger pulling force is required because more
EFPAs are not pressurized in the case of a single pressurization.
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Figure 18 illustrates the measured bending stiffness of the HP-EFPA. In the experiment,
the vertical pulling force acting on the top end of the HP-EFPA and the deflection and
length of the HP-EFPA were measured when extended by applying the same pressure to
each EFPA. The deflection is defined as the distance between the top of the actuator and
the vertical line, and the length is the EFPA length between the top and bottom plates. The
deflection/length ratio was obtained from the measurement, and the ratio of the pulling
force was defined as the bending stiffness.
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Figure 19 illustrates the relationship between the deflection/length ratio and pulling
force for various supply pressures. The slope of the graph represents the bending stiff-
ness. In Figure 19, each color indicates the magnitude of the supply pressure. From the
figure, the results of the start and end points on the x-axis are different because the HP-
EFPA is extended according to the applied pressure, even if the deflection value is the
same. It was found that the bending stiffness of the HP-EFPA fell within the range of
108–65 N/(-). Figure 20 presents the bending stiffness results of the previous reinforced
EFPA with four pitches for comparison with the previous one [31]. The bending stiffness
of the previous one falls within the range of 38–47 N/(-) and is about half smaller than
that of the tested HP-EFPA. Therefore, the bending stiffness of the tested actuator is much
improved compared with the previous one. This implies that the stiffness of the HP-EFPA
was reinforced by arranging the EFPAs circumferentially and utilizing a truss structure.



Actuators 2023, 12, 424 12 of 18

Actuators 2023, 12, x FOR PEER REVIEW 11 of 18 
 

 

Figure 18 illustrates the measured bending stiffness of the HP-EFPA. In the experi-
ment, the vertical pulling force acting on the top end of the HP-EFPA and the deflection 
and length of the HP-EFPA were measured when extended by applying the same pressure 
to each EFPA. The deflection is defined as the distance between the top of the actuator and 
the vertical line, and the length is the EFPA length between the top and bottom plates. The 
deflection/length ratio was obtained from the measurement, and the ratio of the pulling 
force was defined as the bending stiffness. 

 
Figure 18. View of measurement of bending stiffness of HP-EFPA. 

Figure 19 illustrates the relationship between the deflection/length ratio and pulling 
force for various supply pressures. The slope of the graph represents the bending stiffness. 
In Figure 19, each color indicates the magnitude of the supply pressure. From the figure, 
the results of the start and end points on the x-axis are different because the HP-EFPA is 
extended according to the applied pressure, even if the deflection value is the same. It was 
found that the bending stiffness of the HP-EFPA fell within the range of 108–65 N/(-). Fig-
ure 20 presents the bending stiffness results of the previous reinforced EFPA with four 
pitches for comparison with the previous one [31]. The bending stiffness of the previous 
one falls within the range of 38–47 N/(-) and is about half smaller than that of the tested 
HP-EFPA. Therefore, the bending stiffness of the tested actuator is much improved com-
pared with the previous one. This implies that the stiffness of the HP-EFPA was reinforced 
by arranging the EFPAs circumferentially and utilizing a truss structure. 

 
Figure 19. Relationship between ratio of deflection/length and pulling force of HP-EFPA. Figure 19. Relationship between ratio of deflection/length and pulling force of HP-EFPA.

Actuators 2023, 12, x FOR PEER REVIEW 12 of 18 
 

 

 
Figure 20. Relation between ratio of deflection/length and pulling force of previous one [31]. 

An HP-EFPA with an anisotropic restraint, which satisfies the requirement for shoul-
der rehabilitation, was proposed and tested. It is necessary to predict the characteristics 
and shape of the proposed actuator restrained by different pitches to design it. Therefore, 
an analytical model that can predict the characteristics and motion of the HP-EFPA is pro-
posed in the next section. 

4. Analytical Model of Hexagonal Pyramid Shape of EFPA 
An analytical model is proposed to predict the characteristics and motion of the pro-

posed actuator under the supply pressure. Firstly, the virtual EFPA utilized in the analyt-
ical model is explained. Figures 21 and 22 illustrate the HP-EFPA model expressed only 
by the restraint plate, center lines of each EFPA, and virtual EFPA to explain the terms and 
variables in the proposed analytical model. Figure 21 illustrates the restraint plates and 
centerlines of the real EFPAs 1–3 and virtual EFPAs A–C. The virtual EFPA is between the 
middle position and real EFPAs, as illustrated in Figure 21. The lengths of the virtual 
EFPAs A–C were 𝐿𝐿𝐴𝐴, 𝐿𝐿𝐵𝐵, and 𝐿𝐿𝐶𝐶, respectively. Figure 21 also presents the definitions of 
bending direction angle 𝛼𝛼 and bending angle 𝛽𝛽. The bending direction angle 𝛼𝛼 is de-
fined as the angle counterclockwise from the x-axis. The bending angle 𝛽𝛽 is defined as 
the angle from the z-axis. To calculate the shape of the tested actuator, it is necessary to 
know the bending direction angle 𝛼𝛼, bending angle 𝛽𝛽, and length 𝐿𝐿𝐴𝐴, 𝐿𝐿𝐵𝐵, and 𝐿𝐿𝐶𝐶,. The 
bending angle 𝛽𝛽 can be obtained by calculating the inclination of each restraint plate. The 
bending direction angle 𝛼𝛼 can be known by calculating the inclination direction of the 
restraint plate. Figure 22 presents an enlarged view of the two restraint plates in Figure 
21. The radius of each restraint plate, 𝑟𝑟𝑖𝑖, which is the distance between the center of the 
restraint plate and the virtual EFPA, was decreased every 3.8 mm from the bottom plate, 
as illustrated in Figure 9. 

 
Figure 21. Restraint plates, virtual EFPA, and real EFPA of HP-EFPA. 

Figure 20. Relation between ratio of deflection/length and pulling force of previous one [31].

An HP-EFPA with an anisotropic restraint, which satisfies the requirement for shoulder
rehabilitation, was proposed and tested. It is necessary to predict the characteristics and
shape of the proposed actuator restrained by different pitches to design it. Therefore, an
analytical model that can predict the characteristics and motion of the HP-EFPA is proposed
in the next section.

4. Analytical Model of Hexagonal Pyramid Shape of EFPA

An analytical model is proposed to predict the characteristics and motion of the
proposed actuator under the supply pressure. Firstly, the virtual EFPA utilized in the
analytical model is explained. Figures 21 and 22 illustrate the HP-EFPA model expressed
only by the restraint plate, center lines of each EFPA, and virtual EFPA to explain the terms
and variables in the proposed analytical model. Figure 21 illustrates the restraint plates
and centerlines of the real EFPAs 1–3 and virtual EFPAs A–C. The virtual EFPA is between
the middle position and real EFPAs, as illustrated in Figure 21. The lengths of the virtual
EFPAs A–C were LA, LB, and LC, respectively. Figure 21 also presents the definitions of
bending direction angle α and bending angle β. The bending direction angle α is defined as
the angle counterclockwise from the x-axis. The bending angle β is defined as the angle
from the z-axis. To calculate the shape of the tested actuator, it is necessary to know the
bending direction angle α, bending angle β, and length LA, LB, and LC,. The bending
angle β can be obtained by calculating the inclination of each restraint plate. The bending
direction angle α can be known by calculating the inclination direction of the restraint plate.
Figure 22 presents an enlarged view of the two restraint plates in Figure 21. The radius
of each restraint plate, ri, which is the distance between the center of the restraint plate
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and the virtual EFPA, was decreased every 3.8 mm from the bottom plate, as illustrated in
Figure 9.
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The coordinates of the first restraint plate in Figure 21 are represented as
A1 (r1, 0, hA1), B1(− 1

2 r1,
√

3
2 r1, hB1), and C1(− 1

2 r1, −
√

3
2 r1, hC1) from Figure 9, respec-

tively. hA1, hB1, and hC1 represent the heights between the base and the first restraint plate,
respectively. Figure 23a illustrates the geometry of the two restraint plates enclosed by the
red broken lines in Figure 22. From the geometric relationship illustrated in Figure 23a, the
height hji is given by

hji =
(
l0 + lj

)
sin(βi + θ) ( j = A, B, C, i = 1, 2, . . . . . . , m) (1)

where l0, lj, βi, θ, and m are the initial length of the interval plates (=8.8 mm), displacement
of interval plate, bending angle of each plate, initial angle of virtual EFPA (=63.7◦), and
number of restraint plates (m = 17), respectively. In the analytical model, the displacement lj
is assumed to be the same for each virtual EFPA.

Based on the characteristics of the pressure displacement of the virtual EFPA between
the restraint plates measured with a displacement sensor and an EFPA, as illustrated in
Figure 24, the relationship between the displacement lj (mm) of the interval plate and
supply pressure pj (kPa) can be expressed by the following empirical formula:
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ni.

lj = −8.950× 10−10 p4
j + 7.240× 10−7 p3

j − 9.698× 10−5 p2
j + 4.595× 10−3 pj + 4.934× 10−4 ( j = A, B, C) (2)
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Figure 24. Relation between supply pressure and displacement of virtual EFPA between re-
straint plates.

The bending angle βi of each plate becomes larger as the number i increases because
the radius of the restraint plate ri becomes smaller gradually. The radius of the restraint
plate ri can be obtained with the following equation.

ri+1 = ri − d, (3)

where b is the difference between each plate (3.8 mm) and r1 is 89 mm. To know the angle βi

of each plate, it is necessary to calculate a normal vector of
→
ni as demonstrated in Figure 23b.

When the normal vector is expressed
→
ni = (ai, bi, ci), the following expression is obtained.

→
ni =


2hAi−hBi−hCi

ri(hAi+hBi+hCi)
d

3(hBi−hCi)√
3ri(hAi+hBi+hCi)

d
−3

hAi+hBi+hCi
d

=


hBi+hCi−2hAi
3ri√

3(hCi−hBi)
3ri
1

 (i = 1, 2, . . . . . . , m). (4)

The above equation means the following:

ai =
hBi + hCi − 2hAi

3ri
(i = 1, 2, . . . . . . , m); (5)

bi =

√
3(hCi − hBi)

3ri
(i = 1, 2, . . . . . . , m). (6)

From Equations (4) to (6) and the geometric relationship as represented in Figure 23b,
the bending direction angle α and bending angle βi can be expressed as follows.

α = tan−1
(

bi
ai

)
, (7)
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βi = cos−1

 1√
a2

i + b2
i + 1

. (8)

As expressed in Equations (1), (5), (6), and (8), a non-linear system of equations needs
to be solved to know the bending angle βi. Therefore, for convenience, the following
equation is utilized instead of Equation (1). This means that the lower plate angle βi−1 is
utilized instead of βi. Here, the bottom base angle β0 is assumed to be 0◦.

hji =
(
l0 + lj

)
sin(βi−1 + θ)( j = A, B, C, i = 1, 2, . . . . . . , m) (9)

The entire bending angle β which is the inclined angle of the top restraint plate from
the base plane of the HP-EFPA can be expressed by Equation (10).

β =
m

∑
i=1

βi (10)

Finally, the lengths of the virtual EFPAs can be obtained by Equation (11).

Lj =
m

∑
i=1

(
l0 + lj

)
( j = A, B, C) (11)

Based on Equations (4) to (9), the bending angle β of the HP-EFPA was calculated.
Figure 25 compares the bending angles between the calculated and experimental results. In
Figure 25, the circles and squares denote the experimental results when one or two EFPAs
were pressurized, respectively, and the solid line indicates the calculated results. The results
indicated that the calculated bending angle of the tested actuator for one EFPA generally
agreed with the experimental results. However, differences were observed between the
calculated and experimental results when the two EFPAs were pressurized. The reasons
for this are as follows. Compared with one pressurized EFPA, two pressurized EFPAs
can extend more because they affect one EFPA. In the analytical model, such interference
between the EFPAs was not considered, which will be our future study’s focus.
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Figure 25. Comparison of bending angle between calculation and experiment.

The length of virtual EFPA A was calculated with Equation (11). Figure 26 compares
the lengths from the calculated and experimental results. In Figure 26, the solid lines
and squares denote the calculated and experimental results, respectively, when EFPA 1
was pressurized. In the experiment, the length of virtual EFPA A was measured with a
developed wire-type linear potentiometer [33] and small holes for the virtual EFPA in the
restraint plate, as illustrated in Figure 22. According to Figure 26, the calculated lengths
agree well with the experimental results.
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Finally, Figure 27a,b illustrate the postures of the HP-EFPA simulated with MATLAB
and the experimental postures during the operation of the tested actuator, respectively.
These are the calculated postures of the tested actuator when the bending angle β is kept
at 90◦ and the bending direction angle α is changed every 60◦. Figure 27 implies that the
operation of the HP-EFPA can be simulated well with the proposed analytical model. Thus,
it was confirmed that the proposed analytical model of the HP-EFPA is valid. A future study
will develop a shoulder rehabilitation device utilizing a tested actuator, displacement sensor,
embedded controller, and servo valves to control the EFPA. The developed rehabilitation
device will be evaluated with PTs. In addition, the pressure-displacement characteristics of
the HP-EFPA expressed in Equation (2) should be modeled theoretically.
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5. Conclusions

This study attempted to develop an HP-EFPA for a shoulder rehabilitation device and
propose an analytical model for predicting its characteristics and motion, summarized as
follows. As a flexible actuator of a rehabilitation device that can provide passive exercise
to patients with contractures, an HP-EFPA with anisotropic stiffness, which has a high
stiffness in the direction of motion and flexibility in other directions utilizing a truss
structure, and the elastic force of the rubber tube was proposed and tested. The restraint
method and operating principles were also described. The characteristics of the HP-EFPA,
such as the bending angle, generated force, and bending stiffness, were measured. The
results confirmed that the HP-EFPA satisfied the assumed specification. The stiffness
of the proposed actuator was improved by approximately twice that of the previous
reinforced EFPA, even when the number of EFPAs was reduced. An analytical model of the
actuator is proposed to predict the characteristics of the proposed HP-EFPA. The calculated
bending angles generally agree with the experimental angles at various supply pressures.
Furthermore, the bending posture of the HP-EFPA was calculated with MATLAB, and the
movement of the actuator was simulated.
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