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Verification of the Effect of Design Parameters
on the Radius of Curvature of Vine-Like, Power Soft Gripper

Hiroto Kodama!, Hiroyuki Nabae!, Gen Endo!, and Koichi Suzumori

Abstract— We are developing a vine-Like, power soft gripper
based on Euler’s belt theory to achieve high load capacity for
grasping irregularly shaped heavy objects at disaster sites. This
gripper consists of a fire hose with rubber sheets adhered to
both sides and a spiral constant-force spring inserted inside.
Initially coiled in a helical shape, it extends while increasing
its radius of curvature when air pressure is applied. In this
state, it approaches the target object and wraps around it when
depressurized. Therefore, the inner diameter of the gripper
in its initial state determines the minimum diameter of the
object that can be grasped. Additionally, at present, the radius
of curvature is small when pressurized, limiting its range of
motion and restricting the objects it can grasp and its use
in confined spaces. Hence, in this study, we have fabricated
grippers with varying design parameters and experimentally
verified the inner diameter in the initial state and the radius
of curvature when pressurized. We fabricated grippers with
varying stiffness of rubber sheets and constant-force springs,
which are components of the gripper, and experimentally veri-
fied their shape. The results show that the radius of curvature
increases with increasing stiffness of the inner rubber sheet and
decreasing stiffness of the constant-force spring. Additionally,
it has been confirmed that the effect of the outer rubber sheet
stiffness is sufficiently small.

I. INTRODUCTION

In disaster sites, grasping irregularly shaped heavy objects
is required, necessitating grippers with high shape adapt-
ability. Thus, unlike conventional rigid grippers, the use of
soft grippers with flexibility is expected. However, although
various soft grippers have been developed [1] [2], their
load capacities are small, making them difficult to utilize
in disaster sites. For example, there are various soft grippers
such as those with soft links and joints like human hands
[3] [4], finger-type grippers made of soft materials [S] [6],
and helical-wrapping grippers made of soft materials [7] [8],
but they cannot grasp heavy objects. Accordingly, various
soft grippers aimed at improving load capacity have also
been developed. For instance, hollow cylindrical grippers
envelop objects by inflation [9], with having a load capacity
of 539 N. A gripper with a locking mechanism at its tip
[10] structurally supports objects, having a load capacity of
1000 N. However, construction machine robots developed
for use in disaster sites have load capacities of 4000 N for
the one developed by Kim et al. [11] and 10,000 N for the
one developed by Nishida et al. [12]. Therefore, the load
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Fig. 1.  Shape of Vine-Like, power soft gripper. (a). Initial state. (b).
Pressurized.

capacity of soft grippers developed so far is insufficient to
utilize them in disaster sites.

Hence, we focused on vine-type soft grippers [13] [14].
Although the load capacity of previously developed vine-
type soft grippers is small, we thought that by wrapping
around objects in a spiral manner, the contact area could be
increased, thereby enhancing the load capacity. Based on this
idea, we developed a vine-Like, power soft gripper [15] that
wraps around objects in a helical manner, as shown in Fig. 1.
This gripper consists of a fire hose with a spiral constant-
force spring inserted. In its initial state, it is coiled in a spiral
shape as shown in Fig. 1(a), and when air pressure is applied,
it extends while increasing its radius of curvature as shown in
Fig. 1(b). When depressurized, it rewinds to its initial state.
When grasping an object, it approaches the target object
with air pressure applied, and then wraps around the object
by depressurized. This gripper wraps around objects due to
the restoring force of the constant-force spring, but it can
achieve high load capacity not by the spring’s restoring force,
but by a significant increase in friction depending on the
wrapped length, based on Euler’s belt theory. However, when
using a single gripper, there are cases where the target object
rotates and the gripper unwinds when lifting heavy objects.
Thus, by using two grippers with different spiral directions,
the rotation of the object can be canceled out, enabling the
grasping of heavy objects. In addition, At present, it has been
confirmed that it can grasp objects weighing at least 1660 N.

When air pressure is applied to the gripper, it currently
does not extend in a straight line as indicated by the red
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Fig. 2. Structure of the gripper.  (a) Top view. (b) side view and cross
section.

Fig. 3. Structure of fire hose. (a). Fire hose with part of it cut off. (b).
Bend the side with the elastic inward and yarn condition. (c). Bend the side
with the thread inward and yarn condition.

line in Fig. 1(b). As a result, the gripper’s operating range

that is its trajectory is restricted, limiting the objects that can
be grasped and its use in narrow spaces when two grippers
grasp. Regarding graspable objects, there are challenges such
as insufficient opening at the tip when the width of the
target object is large. However, the radius of curvature in the
initial state also increases as the radius of curvature when
pressurized increases. The smallest diameter of the object
that the gripper can grasp becomes larger because the gripper
grasps the object in the initial state when no pneumatic
pressure is applied. For these reasons, the radius of curvature
of this gripper in the initial state and when pneumatic
pressure is applied is important. Accordingly, in this study,
we fabricate grippers with varying design parameters and
experimentally verify the inner diameter in the initial state,
and the radius of curvature when air pressure is applied. This Next, the fire hose used for the gripper is described.
will clarify the effect of the design parameters on the radius ~ Fig- 3(a) shows a fire hose with a part of one side cut off.
of curvature toward extending the gripper in a straight line ~ 1he fire hose is made by weft and warp yarns woven into
while keeping the radius of curvature small in the initial state. ~ @ cylindrical shape and coated with melted rubber on the
The remainder of this paper is organized as follows. inside. The warp threads are pulled when the fire hose is
Section 2 describes the structure and components of the bent with the rubber side inward as shown in Fig. 3(b), and
gripper, Section 3 describes an experiment to verify the the warp threads are loosened when the fire hose is bent with
effect of design parameters using the fabricated gripper, and  the yarn side inward as shown in Fig. 3(c). Therefore, the
Section 4 discusses the experimental results. And finally, stiffness of the fire hose changes depending on the direction
Section 5 presents conclusion and future work. of bending. When the gripper bends, the inside of the fire
hose is bent with the yarn side inward, and the outside of

II. STRUCTURE OF VINE-LIKE, POWER SOFT the fire hose is bent with the rubber side inward. However,
GRIPPER the warp does not loosen because the rubber sheets are

This section describes the structure of the gripper and adhered to both sides of the fire hose. Hence, the difference
the characteristics of its component, the fire hose. Fig. 2(a)  in bending stiffness between the inside and outside of the

shows an overall view of the gripper and Fig. 2(b) shows
a side view and cross section of the gripper. The gripper
consists of an inner rubber sheet, a fire hose, a constant-force
spring in the fire hose, and an outer rubber sheet. First, the
inner rubber sheet is adhered to the fire hose kept straight.
Second, the spring is inserted to the fire hose. Finally, the
outer rubber sheet is bonded to the fire hose wrapped in
a helical shape. The outer rubber sheet is adhered to the
gripper to enable the gripper to rewind in a helical manner
during the depressurization process. The inner rubber sheet
is bonded to the gripper to ensure that the gripper rewinds
without folding when depressurized.
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Fig. 4. Measurement position. (a). Inner diameter of gripper in the initial
state. (b). Distance / when pneumatic pressure is applied.

TABLE I
DESIGN PARAMETERS OF GRIPPER

o [mm] £ [mm] £ [mm]
1 1 1 0.3
2 2 1 0.3
3 3 1 0.3
4 1 3 0.3
5 1 5 0.3
6 1 1 0.13
7 1 1 0.2

gripper is considered to be determined by the rubber sheet,
regardless of the fire hose.

III. EXPERIMENTAL VERIFICATION OF DESIGN
PARAMETERS’ EFFECT

In this section, the effects of design parameters on the
inner diameter of the gripper in the initial state, and the radius
of curvature of the gripper when air pressure is applied are
experimentally verified. The design parameters include the
stiffness of the fire hose, inner rubber sheet, outer rubber
sheet, and constant-force spring. Here, the stiffness of the
inner rubber sheet, outer rubber sheet, and constant-force
spring are changed, whose stiffness can be easily changed.
In this experiment, the inner diameter d in the initial state
and the distance / from the center axis of the gripper root to
the tip of gripper when pneumatic pressure was applied up to
0.4 MPa were measured as shown in Fig. 4(a)(b). For mea-
surement convenience, the inner diameter was calculated by
measuring the outer diameter and subtracting the thickness
of the gripper. The table I shows the values of the design
parameters of the fabricated gripper. These were selected
based on parameters of the gripper in the previous study
[15].

Fig. 5 shows change of inner diameter d and Fig. 5(a)(b)(c)
shows when the thickness of the outer rubber sheet f,,
the inner rubber sheet #;, and the spring fgping is changed,
respectively. Fig. 6 shows change of the distance / and
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Fig. 5. Change of inner diameter d. (a). When the thickness of the outer

rubber sheet f, is changed. (b). When the thickness of the inner rubber
sheet 7;; is changed. (c). When the thickness of the spring fgpring is changed.
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Fig. 6. Change of the distance /. (a). When the thickness of the outer

rubber sheet f, is changed. (b). When the thickness of the inner rubber
sheet #;; is changed. (c). When the thickness of the spring #gping is changed.

Fig. 6(a)(b)(c) shows when the thickness of the outer rubber
sheet t,, the inner rubber sheet #;, and the spring fopring
is changed, respectively. A smaller distance means a larger
radius of curvature. It was confirmed that the inner diameter
and radius of curvature hardly changed when the thickness
of the outer rubber sheet was changed. In addition, it was
confirmed that the inner diameter and radius of curvature
become larger when the thickness of the inner rubber sheet
increased or the thickness of the spring decreased.

IV. DISCUSSION

We discuss the effect of design parameters on the inner
diameter of the gripper in the initial state, and the radius of
curvature of the gripper when air pressure is applied from
the results obtained from the experiments in Section 3. For
simplicity, we consider the inner diameter to be the radius
of curvature.

First, the effect of the spring is considered. The radius
of curvature increases as the thickness of the constant-force
spring decreases. This is considered to be because, when
a constant-force spring is regarded as a curved beam, the
thinner the constant-force spring is, the smaller the amount
of increase in the strain energy of the constant-force spring
with respect to the increase in the radius of curvature. The
bending strain energy U of a curved beam is expressed as

follows. s
1 1 1
U==-EI|———| I 1
2 <P Po) o

where p is the radius of curvature, py is the radius of
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curvature in the initial state, £ is the modulus of longitudinal
elasticity, I is the moment of inertia, / is the length, and
EI is the stiffness. The equation (1) shows that the strain
energy of a curved beam increases with increasing the radius
of curvature. Because I becomes smaller as the constant-
force spring becomes thinner, the amount of increase in
strain energy of the constant-force spring with increasing
radius of curvature becomes smaller. Thus, the radius of
curvature at which the potential energy of the gripper reaches
a minimum value increases, and the principle of minimum
potential energy leads to a larger radius of curvature. From
the above, it can be said that the stiffness of a constant-
force spring should be small when considering the radius of
curvature.

As the thickness of the inner rubber sheet is increased, the
radius of curvature increases. This is because the amount of
decrease in the strain energy of the inner rubber sheet with
respect to the increase in the radius of curvature becomes
larger as the thickness of the inner rubber sheet becomes
thicker. Considering the rubber sheet as a beam, the strain
energy of the rubber sheet U is expressed as follows.

1 1

U==-EI 2
: -

2
where A is the cross-sectional area, € is the strain. The first
term is the bending strain energy, and the second term is
the tension or compression strain energy. The inner rubber
sheet is adhered to the inside of the gripper at the same
length as the fire hose. Hence, when air pressure is applied
to the gripper, it attempts to return to original length. In
other words, the strain decreases as the radius of curvature in-
creases. Accordingly, the equation (2) shows that the bending
and tension strain energy of the inner rubber sheet decreases
with increasing radius of curvature. When a rubber sheet is
thicker, I and A are larger, so the amount of decrease in strain
energy of the rubber sheet with increasing radius of curvature
is larger. Therefore, the radius of curvature at which the
potential energy of the gripper reaches a minimum value
increases, and the principle of minimum potential energy
leads to a larger radius of curvature. From the above, it can be
said that a thick inner rubber sheet is suitable for increasing
the radius of curvature.

The radius of curvature hardly changed when the thickness
of the outer rubber sheet was changed. The reason for this
is thought to be that the change in compressive and bending
strain energy of the outer rubber sheet relative to the radius
of curvature changes only by the same amount even if the
rubber sheet is thicker. The strain energy is expressed in the
same way equation (2) when the rubber sheet is considered
as a beam. However, unlike with the inner rubber sheet, the
outer rubber sheet is longer than the length of the fire hose
because it is adhered in a helical shape. Hence, when the
gripper is pressurized, the outer rubber sheet is subjected
to compression. In other words, the strain increases as the
radius of curvature increases. Thus, the equation 2 shows that
when the radius of curvature increases, the bending strain en-
ergy decreases, and the compression strain energy increases.

2
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Fig. 7. Load capacities when changing the coefficient of static friction and
the rated force of a constant-force spring.

When the rubber sheet is thickened, both the amount of
decrease in bending strain energy and the amount of increase
in compression strain energy become larger because A and /
become larger. Considering that the increase in the amount
of decrease in bending strain energy and the decrease in
the amount of increase in compression strain energy are
roughly equivalent, the change in strain energy relative to
the radius of curvature before thickening the rubber sheet
and after thickening should be approximately the same. A
similar result is obtained when the radius of curvature is
reduced, only the direction of change is reversed. In other
words, the radius of curvature at which the gripper’s potential
energy reaches its minimum value hardly changes as the
rubber sheet thickens. Based on the principle of minimum
potential energy, it can be inferred that the radius of curvature
remains almost unchanged.

When the inner rubber sheet thickness is 3 mm, the inner
diameter is larger than when the spring thickness is 0.2 mm,
but the radius of curvature when pneumatic pressure is
applied is smaller. On the other hand, when the inner rubber
sheet thickness is 5 mm, the inner diameter is smaller than
when the spring thickness is 0.13 mm, and the radius of
curvature is also smaller when pneumatic pressure is applied.
This difference is considered to be caused by the change in
the cross-section of the fire hose and rubber sheet between
the initial state and when air pressure is applied. From this,
it is considered that an optimal combination of the inner
rubber sheet and spring thickness exists to decrease the inner
diameter in the initial state and to increase the radius of
curvature when pneumatic pressure is applied. The radius
of curvature can be increased by thinning the constant-force
spring, but in that case, the rated force of the spring becomes
smaller and the load capacity of the gripper becomes smaller.
This decrease in the load capacity can be prevented by
increasing the coefficient of friction of the inner rubber sheet.
When the gripper is wrapped around a cylindrical object,
the load capacity T(0) of the gripper with respect to the



wrap angle 6, which is the angle of the helical wrapping, is
estimated as follows [15].

When 6 < 7/2,
T(0)=F, (3)
When 6 > 7/2,
- F. FA
T(9) = P (M18)+ a1, P (220) 4

where R and r are the radius of curvature of object and
gripper, F. is rated force of constant-force spring, p is
coefficient of static friction between the gripper and the
object, and A; and A, are as

—R++/RZ+4u2(R—r)r

A= RE=T 5)
_ R VR+ 4P (R—1)r
= 2u(R—7) ©

Fig.7 shows the effect of the static friction coefficient is
larger than the effect of the rated force of the constant-
force spring when the wrap angle is certain large from
equations (3),(4). Accordingly, the decrease in the load
capacity can be prevented by increasing the coefficient of
friction of the inner rubber sheet when the rated force of a
constant-force spring is decreased.

The radius of curvature can be increased by thickening
the inner rubber sheet, but in that case, the gripper may not
rewind due to its own weight. Therefore, nitrile rubber was
used in this paper, but urethane rubber with a high modulus
of elasticity and similar density is considered suitable.

V. CONCLUSIONS

In this study, the effects of design parameters on the shape
of vine-Like, power soft gripper in the initial state and when
air pressure is applied were verified. Specifically, grippers
with different design parameters were fabricated, and the ef-
fects of the design parameters on the radius of curvature were
experimentally verified. The experimental results showed that
the radius of curvature increased with increasing the stiffness
of the inner rubber sheet and decreasing the stiffness of the
constant-force spring. In addition, it is confirmed that the
effect of the outer rubber sheet stiffness is sufficiently small.

Future work will focus on determining the optimum inner
rubber sheet and spring thickness to increase the radius of
curvature while decreasing the inner diameter in the initial
state by modeling the radius of curvature of the gripper.
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