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Recently, several pneumatic soft actuators have been
applied to wearable and welfare devices to provide
nursing care and physical support for the elderly and
disabled. In this study, as a wearable soft actuator
for holding body, a spiral shaped soft holding actua-
tor that can wrap a user according to their body shape
was proposed and tested. The construction and op-
erating principle of the tested soft actuator with cir-
cumferential restraint mechanism using three exten-
sion type flexible pneumatic actuators (EFPAs) has
been discussed. As a result, it was found that the tested
actuator could hold elbows and knees when the joint is
in motion. An analytical model of the spiral actuator
was also proposed to achieve an optimal design. It can
be confirmed that the proposed analytical model can
predict the shape of the actuator when various EFPAs
are pressurized.

Keywords: spiral shaped soft holding actuator, extension
type flexible pneumatic actuator, circumference restraint
mechanism, analytical model

1. Introduction

Recently, the rapid increase in the elderly population
and reduction in birth rates in Japan have been a serious
concern. The proportion of elderly became more than
28.9% in 2020 [a]. The ratio will be expected to reach
35.3% by 2040. Consequently, various wearable pneu-
matic equipments to support nursing care and welfare as-
sistance provided to the elderly and disabled people using
pneumatic soft actuators have been actively researched
and developed [1–8]. The soft actuators used in such
equipment must have superior human-friendly properties.
A pneumatic actuator that has a higher force/weight ratio
and compliance owing to air compressibility is promis-
ing. The user would not be injured and would be less bur-

den by the advantages of pneumatic soft actuators. From
a welfare assistance standpoint, the most difficult task is
transferring the bedridden elderly people. During transfer,
a caregiver should lift the elderly without hurt. The care-
giver provides lifting and holding force to the elderly by
increasing the contact area between them to distribute the
lifting force. To realize a supporting device for transfer-
ring patients, it is necessary to develop a holding device
that can support the elderly while the holding force is dis-
tributed over a large contact area.

Therefore, in this study, we aim to develop a soft ac-
tuator that can easily wrap the human body and release
it. We think that the pneumatic type wrapping actuator
has advantages in reducing the care time and maintaining
safety based on the backdrivability. It is better that the
required actuator can connect to anywhere in the body,
such as joints. From a quality of life (QOL) standpoint, it
is ideal to develop a holding actuator such that the hold-
ing joint can move even if the actuator completely wraps
the joint. Therefore, based on the features of the required
actuator, it is not necessary for the user to fix a supporter
such as a cloth or band. The device using a cloth and band
requires safety equipment because of the possibility of an
accident. However, the proposed actuator and pneumatic
system have safety functions owing to their compressibil-
ity and flexibility. Therefore, the proposed actuator comes
off and buckles more than a certain pulling and wrapping
force. In addition, it seems necessary that the wrapping
pressure of the proposed actuator is lower than that of the
typical pressure (maximum is approximately 200 mmHg)
used by a blood pressure monitor (sphygmo-manometer)
to prevent the blood congestion [b]. If such an actuator
can be developed, it can also massage the joint, which in-
cludes many muscle tendons.

A spiral-shaped soft actuator is useful for holding ob-
jects softly by distributing the holding force over a large
contact area. Therefore, various spiral-shaped actuators
using soft mechanisms have been developed [9–12]. In
this study, a spiral soft-shaped actuator using extension-
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Fig. 1. Overview and schematic of EFPA [13].

type flexible pneumatic actuators (EFPAs) with reinforced
circumference restraints is proposed and tested as a hold-
ing actuator for moving the elbow and knee joints. The
construction and operating principles of the tested spiral-
shaped actuator are described. In addition, to realize a
wearable device that considers the wrapping pressure and
force, we propose a simple analytical model that can pre-
dict the shape of the actuator by varying the displacement
of each EFPA in this paper.

2. Extension Type Flexible Pneumatic
Actuator

Figure 1 demonstrates the overview and schematic di-
agram of EFPA [13–16], which is used as a soft actua-
tor in the proposed spiral-shaped actuator. The actuator
consists of a silicone rubber tube covered with a bellows-
type nylon sleeve (Swiftrans Co. Ltd., Stretching hose).
The rubber tube in the sleeve has an inner diameter of
8 mm and outer diameter of 11 mm. The EFPA can ex-
tend approximately 2.5 times its original length when it
is pressurized to 500 kPa. The maximum pulling force
provided by the EFPA with an original length of 200 mm
is approximately 60 N. The pulling force depends on the
elastic properties of the rubber tube, such as its mate-
rial and thickness. The operating principle of the EFPA
is as follows. When the EFPA is pressurized, the inner
silicone rubber tube expands in both the circumferential
and axial directions. However, the EFPA extends only to-
ward the axial direction because the bellows-shaped nylon
sleeve restricts the extension in the circumferential direc-
tion. When the EFPA is decompressed, it returns to its
original length because of the restoring force of the inner
rubber tube. The EFPA is suitable as a soft actuator of
the proposed spiral actuator because of its flexibility and
lightness. However, it is difficult to maintain the specific
shape of the EFPA because of its flexibility. Therefore, the
reinforced restraint mechanism is required to maintain the
spiral shape.

Figure 2 shows how the reinforced EFPA with circum-
ferential restraints is constructed [15, 16]. The reinforced
EFPA consists of three parallel EFPAs with restraint PET
plates, as depicted in Fig. 3. Each restraint plate, with a
thickness of 1 mm, is inserted into each bellows of the
sleeve in the EFPA, which keeps each actuator arranged
120° from each other at a radius of 11 mm from the cen-

Fig. 2. Construction of reinforced EFPA with circumferen-
tial restrains.

Fig. 3. Shape of restraint PET plates (t = 1 mm).

ter of the reinforced EFPA. By using restraint plates, the
reinforced EFPA can maintain its bending stiffness.

3. Spiral Shaped Soft Holding Actuator with
Circumferential Restrains

To construct a spiral-shaped reinforced EFPA, the re-
inforced interval of bellows in each EFPA is fine tuned.
Fig. 4 shows an overview of the spiral actuator. The spi-
ral actuator consists of three parallel EFPAs arranged with
restraint plates, as shown in Fig. 3. The original length of
each EFPA depicted in the figure is approximately 0.5,
1, and 2 m, respectively. 100 PET plates with a thick-
ness of 1 mm were used for the spiral-shaped reinforced
EFPA. The mass of the actuator is approximately 500 g.
EFPAs 1, 2, and 3, as shown in Fig. 4, are different from
the others and are restrained every one, two, and four bel-
lows, respectively. Using this method, EFPA 1 is placed
inside the actuator. EFPA 2 is arranged in a twisted shape.
EFPA 3 is arranged on the outer side of the actuator.

The operating principle of the spiral-shaped actuator is
as follows. Fig. 5(a) shows the operation of the tested
actuator using extended EFPA 1. When EFPA 1 is pres-
surized, both the diameter and longitudinal length of the
spiral-shaped actuator increase. It was found that the
number of rolls in the spiral was less than that in the ini-
tial state. This means that the difference in the length of
EFPAs 1 and 3 is small when the inner-side EFPA 1 is
extended. Therefore, the diameter of the spiral actuator
increases in the circumferential direction. The spiral actu-
ator can be fit to the human body by changing its diameter.
In general, it is expected that the total length of the spiral
actuator decreases when the diameter increases. However,
it can be observed that the total length of the actuator in-
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Fig. 4. Overview of spiral soft actuator with circumferential
restrain mechanism.

(a) Pressurization of EFPA 1 only

(b) Pressurization of EFPA 3 only

(c) Pressurization of all EFPAs

Fig. 5. Operation of spiral shaped actuator for various com-
binations of pressurized EFPAs.

Fig. 6. Relation between supply pressure and interval of
restraint each in EFPA.

creases in Fig. 5(a). Note that the length increases owing
to gravity as well. Fig. 5(b) shows the operation of the
actuator using the extended EFPA 3. When EFPA 3 is
pressurized, the diameter of the actuator decreases, and
the longitudinal length of the actuator increases because
only the outer side EFPA 3 is extended. It was found that
the number of rolls in the actuator increased compared
with that in the initial state. This means that EFPA 3 is
extended only toward the inside of the actuator because
the circumferential direction of the actuator is restrained
by EFPA 1. Fig. 5(c) illustrates the operation of the ac-
tuator after pressurizing all EFPAs. When all EFPAs are
pressurized, the diameter of the actuator increases. This
means that the longitudinal length of the actuator is the
same as the initial length because EFPAs 1–3 are extended
by maintaining the same configuration. In Fig. 5(c), it
was observed that EFPA 1 is extended first, then EFPAs 2
and 3 are extended. This indicates that the motion is af-
fected by the friction between the silicone rubber tube and
bellows sleeve in the EFPA. The friction increases with
an increase in the pitch of the restraint. The user can be
wrapped and held by following the body and released by
these motions.

Figure 6 shows the relation between the supply pres-
sure and restraint interval for each EFPA. In Fig. 6, each
symbol represents the restraint interval for each EFPA. In
the experiment, the interval for each EFPA was measured
when it was pressurized from 0 to 500 kPa at every 50 kPa.
The interval for each supply pressure was measured ten
times using a ruler. As a result, it can be observed that the
maximum intervals of restrain in EFPAs 1, 2 and 3 are ap-
proximately 8.5, 12.9, and 17.1 mm, respectively, which
are 1.7-, 1.8-, and 1.7-times extension of their initial in-
tervals, respectively. Note that the minimum driving pres-
sure for each EFPA is different. This is caused by friction,
as mentioned above.

Figure 7 presents an overview of the experimental
setup to measure the grasping force generated by the
tested actuator. In the experiment, when EFPA 1 was
pressurized, the tested actuator was inserted into a PVC
pipe with an outer diameter of 76 mm. The midpoint
of the actuator was connected to a force sensor with a
wire. We define the wrapping force as the force required
to remove the actuator from the wrapped object. When
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Fig. 7. Overview of the experimental setup used to measure
the wrapping force of the actuator.

Fig. 8. Relationship between input pressure and wrapping force.

EFPA 3 was pressurized from 0 to 400 kPa, the wrap-
ping force was measured five times using a force sen-
sor (NIDEC-SHIMPO Corp., FGJN-50) at every 50 kPa.
In addition, to investigate the hysteresis characteristics,
when EFPA 3 was decompressed from 400 to 0 kPa, the
force was measured once at every 50 kPa. Fig. 8 il-
lustrates the relationship between the input pressure and
wrapping force of the actuator. In Fig. 8, the circles
and squares denote the experimental results when pres-
sure was supplied and exhausted, respectively. The ver-
tical bar indicates the distribution of the measured data
when the input pressure was increased. It was observed
that the wrapping force of the tested actuator increased
with the input pressure. The actuator buckled when the in-
put pressure exceeded 450 kPa. We obtained a maximum
wrapping force of approximately 80 N, despite a slippery
PVC pipe was used. Therefore, the actuator can wrap a
typical arm (approximately 3.6 kg) to lift it up [17].

In addition, to confirm the soft-wrapping performance,
it is necessary to measure the wrapping pressure of the ac-
tuator when it wrapped around an object. Fig. 9 shows an
overview of the experimental setup used to measure the
actuator wrapping pressure. During the experiment, the

Fig. 9. Overview of the experimental setup used to measure
the wrapping pressure of the actuator.

Fig. 10. Relationship between input and wrapping pressures.

actuator was inserted into an initial pressurized no-stretch
hose (Kakuichi Co. Ltd., Maxflow SD ϕ50) at 3 kPa. We
define the wrapping pressure as the inner pressure change
in “no-stretch hose” wrapped by the tested actuator, as
shown in Fig. 9. The wrapping pressure was measured
10 times using a pressure transducer (KEYENCE Corp.,
AP-C33) when the input pressure supplied to EFPA 3 in
the actuator was varied. In addition, to investigate the hys-
teresis characteristics, when EFPA 3 was decompressed
from 500 to 0 kPa, the wrapped pressure was measured
once at every 50 kPa. Fig. 10 shows the relationship be-
tween the input pressure supplied to EFPA 3 and wrapping
pressure of the actuator. In Fig. 10, the circles and squares
denote the experimental results when pressure was sup-
plied and exhausted, respectively. The vertical bar indi-
cates the distribution of the measured data when the input
pressure was increased. As a result, we determined that
a not-so-large wrapping pressure of 7.7 kPa (58 mmHg)
could be obtained. Note that there was distinct hysteresis
during the supply and exhaustion of pressures. It is caused
by the hysteresis of the EFPA. In summary, the actuator
has the advantage of being able to wrap an object softly
with a relatively large wrapping force of approximately
80 N and low wrapping pressure of 7.7 kPa (58 mmHg).
By using a longer spiral-shaped actuator, we can expect
that the wrapping force increases with the same wrapping
pressure.

In order to make sure that the held joint can bend even
if the tested actuator wraps the joint, certain experiments
were conducted. Fig. 11 shows a transient view of moving
while the actuator is holding the elbow of the test subject.
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Fig. 11. Transient view of moving the joint while holding.

Fig. 12. Transient view of a lifted-up arm.

As shown in Fig. 11, an actuator with a larger diameter
is worn on the user’s joint. The joint can be wrapped by
decompressing the pressurized actuator. Consequently, it
was observed that the joint can bend even if the actuator
holds the joint.

In order to make sure that the actuator could wrap and
hold the body, the actuator holding the body was lifted.
Fig. 12 shows the transient view of a lifted-up arm while
being held using the spiral actuator. In the experiment,
when EFPA 1 was pressurized with a supply pressure of
500 kPa, the spiral-shaped actuator could be worn on the
arm. The user’s arm or knee was wrapped by decom-
pressing the pressurized EFPA 1. Under these conditions,
when EFPA 3 was pressurized with a supply pressure of
300 kPa, the actuator could hold surely as a result of a
wrapping motion. In Fig. 12, it was observed that the ac-
tuator was wrapped onto to the user’s arm without buck-
ling. It was also confirmed that the actuator wrapped the
arm and did not come off when the actuator was lifted.

As shown in Fig. 13, the actuator could be worn on the
knee as well. Note that the actuator is not wrapped be-
cause the knee is thicker than the elbow. It can also be ob-
served that the knee could be lifted, although the actuator
was slightly extended. Therefore, the actuator had a hold-
ing force that could not be removed owing to the lifting
maneuver. However, the actuator could not wrap around
the joint owing to the joint size. An analytical model that
can predict the diameter of a spiral actuator is required to
design actuators according to the size of the joints.

Fig. 13. Transient view of a lifted-up knee.

(a) Definition of restraint interval of each EFPA

(b) Definition of angles α and β

Fig. 14. Analytical model of spiral shaped actuator within
the restraint interval of each EFPA.

4. Analytical Model of Spiral Shaped Actuator
with Circumference Restraint Mechanism

In order to design and predict the diameter of the spiral-
shaped actuator according to the body shape in question,
a static analytical model of the actuator is constructed.
Particularly, it is necessary to calculate the diameter of
the spiral-shaped actuator and length of each EFPA when
one or two EFPAs are pressurized. To calculate the inter-
val of restraint in each EFPA, an analytical model of the
spiral-shaped actuator within the restraint of each EFPA,
as shown in Fig. 14, is proposed [18].

In Figs. 14(a) and (b), the interval of restraint in the
spiral-shaped actuator located on the X-axis is defined as
EFPA 1, and the other EFPAs that are arranged in a coun-
terclockwise direction from the position of EFPA 1 are
defined as EFPAs 2 and 3. l1, l2, and l3 are the intervals
of restraint in EFPAs 1, 2, and 3, respectively. From the
geometric relationships shown in Figs. 14(a) and (b), the
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following equations can be obtained:

l1 = (R− r · cosα) ·β , . . . . . . . . . . (1)

l2 =
{

R− r · cos
(

2π
3

α
)}

·β , . . . . . . (2)

l3 =
{

R− r · cos
(

4π
3

−α
)}

·β , . . . . . (3)

R =
l
β
, . . . . . . . . . . . . . . . . (4)

where l is the central interval of the restraint in the spiral
actuator, R is the radius of curvature of the actuator, and
r is the distance between the center of the actuator and
center of each actuator. α and β are the bending direc-
tional and bending angles, respectively. Using Eqs. (1)–
(4), the central interval of restraint in actuator l, bending
directional angle α , and bending angle β can be stated as
the following equations:

α = tan−1

√
3(l3 − l2)

l3 + l2 +2l1
, . . . . . . . . . (5)

β =
l− l1

r · cosα
, . . . . . . . . . . . . . (6)

l =
l1 + l2 + l3

3
. . . . . . . . . . . . . (7)

Using these equations, each restraint interval in the EFPAs
can be calculated.

Next, to calculate the shape of the spiral-shaped actua-
tor, its central coordinates can be expressed by the follow-
ing equation:⎛

⎝xc

yc

zc

⎞
⎠=

⎛
⎝R · (1− cosβ ) · cosα + xe

R · (1− cosβ ) · sinα + ye

R · sinβ + ze

⎞
⎠ , . . . (8)

where xc, yc, and zc are the central coordinates of the spi-
ral actuator, respectively. xe, ye, and ze are the extension
factors in the axis direction to prevent interference from
the actuator. Furthermore, to calculate the recent coor-
dinate at every restraint interval, the coordinate that was
calculated for each restraint interval of each EFPA is re-
quired. The recent coordinate for every restraint interval
in actuator PPPn is given by the following equation:

PPPn =

⎛
⎜⎜⎝

xn

yn

zn

1

⎞
⎟⎟⎠= PPPc ·RRRz(α) ·RRRy(β ) ·PPPn−1, . . . (9)

PPPc =

⎛
⎜⎜⎝

1 0 0 xc

0 1 0 yc

0 0 1 zc

0 0 0 1

⎞
⎟⎟⎠ , . . . . . . . . . (10)

RRRz(α) =

⎛
⎜⎜⎝

cosα − sinα 0 0
sinα cosα 0 0

0 0 1 0
0 0 0 1

⎞
⎟⎟⎠ , . . . . (11)

RRRy(β ) =

⎛
⎜⎜⎝

cosβ 0 sinβ 0
0 1 0 0

− sinβ 0 cosβ 0
0 0 0 1

⎞
⎟⎟⎠ , . . . . (12)

where PPPc is the translation of the restraint and RRRz(α) and
RRRy(β ) are the roll and pitch of the restraint plates, respec-
tively. n is the number of restraint plates. The bending di-
rectional angle α after the second restraint plate becomes
zero because it is changed only in the first plate.

Based on the Eqs. (4)–(9), the spiral-shaped actuator
was simulated using MATLAB. In addition, based on the
experimental results regarding the displacement of the
EFPA for the input pressure, the displacement of each
EFPA with respect to pressure was determined. Fig. 15
shows the operation of the actuator using pressurized
EFPA 1 or 3. The lines represent EFPAs 1, 2, and 3,
respectively. From Fig. 15(a), it appears that the simu-
lated spiral-shaped actuator agrees with the experimental
results as shown in Fig. 5(a). The number of rolls in the
actuator was decreased by extending EFPA 1. Fig. 15(b)
shows that the number of rolls in the simulated spiral-
shaped actuator increases while contracting the diameter
when EFPA 3 is pressurized. It is also apparent that the
simulated actuator agrees with the experimental results as
shown in Fig. 5(b).

To compare the calculated and experimental results,
the diameter of the spiral-shaped actuator was measured.
Fig. 16 presents an overview of the experimental setup
used to measure the diameter of the actuator. In the ex-
periment, the center diameter of the actuator with a fixed
tip was measured at every 50 kPa when EFPA 1 or 3 was
pressurized from 0 to 500 kPa. The center diameter of the
actuator was measured five times at each supply pressure.
In addition, to investigate the hysteresis characteristics,
when EFPA 3 was decompressed from 500 to 0 kPa, the
diameter was measured once at every 50 kPa.

Figure 17 depicts the relation between the supply pres-
sure and center diameter of the actuator. In Fig. 17, the
circles and triangles denote the experimental results when
pressure was supplied and exhausted, respectively. In ad-
dition, squares denote the calculated results. The vertical
bar indicates the distribution of the measured data when
the input pressure was increased. From Fig. 17(a), it was
observed that the calculated results agree with the experi-
mental results for the supply case. As shown in Fig. 17(b),
observe that the calculated results relatively agree with
experimental results for the supply case. However, as the
supply pressure increases, the difference between the cal-
culated and experimental results becomes slightly larger.
It seems that the difference is caused by the interference
and friction between the restraint PET plates because the
diameter becomes too small. In addition, it was observed
that there is a different tendency in the experimental re-
sults for the exhaust case between EFPAs 1 and 3. This
can be explained based on the hysteresis characteristics
of the EFPA. Because EFPA 1 was set at the innermost
side, as shown in Fig. 4, when EFPA 1 was pressurized
and extended, the diameter of the actuator increased, as
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(a) Pressurization of EFPA 1 only

(b) Pressurization of EFPA 3 only

Fig. 15. Operation of calculated spiral actuator.

shown in Fig. 17(a). When EFPA 1 was decompressed
and contracted, its diameter decreased. However, owing
to the hysteresis of the EFPA, the diameter of the actuator
became larger than that for the same pressure. The hys-
teresis of the diameter presented in Fig. 17(b) can also be

Fig. 16. Experimental setup used to measure the actuator
diameter.

(a) Pressurization of EFPA 1 only

(b) Pressurization of EFPA 3 only

Fig. 17. Relation between supply pressure and diameter of
the actuator.

explained in the same manner and by the fact that EFPA 3
is set at the outermost side, as shown in Fig. 4.

5. Conclusions

Because a soft holding actuator can wrap easily to hold
a human body and release it, a spiral-shaped soft holding
actuator using three EFPAs and a reinforced circumferen-
tial restraint mechanism was proposed and tested in this
study. Consequently, it was confirmed that the tested actu-
ator could wrap, hold, and release human joints according
to the body shape by changing the pressurized EFPA. To
investigate the holding ability of the tested actuator, the
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knee and elbow joints were lifted using a wrapped actua-
tor. It was found that the actuator could hold these joints
when the wrapped joints could move freely. It was also
confirmed that the body could be lifted-up while being
held by the actuator.

In order to design and predict the diameter of the spiral-
shaped actuator according to the body shape, a static ana-
lytical model of the tested actuator was proposed. It was
found that the analytical model could be used to calcu-
late the static behavior of the wrap and release motions
achieved by changing the pressurized EFPA. In order to
confirm the validity of the model, the calculated and ex-
perimental results for the actuator center diameter were
compared. It was confirmed that the diameters generally
agreed well. However, with an increase in the supply
pressure for EFPA 3, the difference between the calcu-
lated and experimental results became slightly larger. The
difference may have been caused by the interference and
friction between restraint PET plates because the diameter
of the actuator was too small.

In a future study, based on the proposed model, a spiral-
shaped actuator with a suitable diameter will be developed
to fit various parts of the human body. In addition, it is
necessary to estimate the force distribution of the wrap-
ping force and the pressure of the actuator to realize a
safer wrapping device. Therefore, a model for the wrap-
ping force considering the elasticity and relationship be-
tween the pressure and displacement of the EFPA is re-
quired. In addition, we will construct a dynamic model of
the spiral-shaped actuator to control the wrapping motion
according to the body shape.
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