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Modeling of Hydraulic Soft Hand with Rubber Sheet Reservoir
and Evaluation of its Grasping Flexibility and Control
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Abstract—1In situations where robots work alongside hu-
mans, they must be capable of responding flexibly to unexpected
external forces. To address this challenge, researchers have
conducted numerous studies on soft robotics. However, most
of the soft hands studied so far are powered by pneumatic
pressure and can only exert pressure up to a several hundred
kPa, resulting in low output. To solve this problem, we have
developed a hydraulic soft hand in our previous research.
In this paper, we derive the relationship between driving
pressure, bending angle, and grasping force of a soft hand
with a reservoir to evaluate the effect of a rubber sheet
reservoir. Additionally, we experimentally show that the soft
hand provides grasping flexibility when angle control is applied
using the model proposed in this paper.

I. INTRODUCTION

The integration of robots in various industries, including
logistics, construction, and agriculture, has become necessary
due to the scarcity of available workers. In situations where
robots work alongside humans, they must be capable of
responding flexibly to unexpected external forces, such as
collisions with people or objects, to ensure safety. To address
this challenge, researchers have conducted numerous studies
on soft robotics, using soft materials for certain robot com-
ponents [1], [2]. Soft hands capable of grasping vegetables,
processed foods, and objects with varying and unknown
shapes have been developed [3], [4]. However, most of the
soft hands studied so far are powered by pneumatic pressure
and mainly have two problems; The first limitation is that it
can only generate a maximum pressure of several hundred
kPa, resulting in low output. The second limitation is that
it requires a large external compressor, which is inefficient
because it needs to release high-pressure air each time the
fingers are deformed.

For the first issue, Yap et al. [5] and Wang et al. [6]
have developed pneumatically driven soft hands capable of
grasping objects weighing up to 5 kg and 10 kg, respectively.
However, they reported that the grasping force was decreased
when the diameter of the object was larger, indicating a
challenge in grasping heavy objects with large diameters.

Therefore, this study focuses on a hydraulic-driven soft
hand that can grasp heavier objects due to the ability to
apply pressure in the order of several MPa. Additionally,
by attaching a reservoir to the hand to store oil, the charge
pressure can be effectively used, allowing the fingers to bend
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Fig. 1.

Four-fingered hydraulic soft robot hand

at a lower differential pressure to achieve the same target
angle. Hagiwara et al. [7] developed a hydraulically driven
soft hand capable of grasping objects weighing up to 5 kg
with two fingers. We have developed a hydraulically driven
soft hand for transporting heavy vegetables in a food factory
[8], [9]. The hand was able to grasp cabbages of varying
shapes and postures that were stacked in baskets.

This paper presents an analytical model to consider the
effect of a reservoir composed of rubber sheets on the
hand. This study analyzed the relationship between driving
pressure, bending angle of the fingers, and grasping force
for a soft hand with a reservoir inside. Furthermore, using
the obtained model, we controlled the bending angle of the
fingers in two degrees of freedom and evaluated the grasping
flexibility of the soft hand using the same flow path for each
finger when an external force was applied.

II. HYDRAULIC SOFT HAND

A. Structure of hydraulic soft hand
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Fig. 2. Simple diagram of the robotic soft hand



Fig. 1 shows the soft hand developed in this study. It is
278 mm wide, 346 mm high, and weighs approximately 2.8
kg, including hydraulic pump and electric motor. The hand
is composed of soft fingers, pressure sensors, a reservoir for
storing oil, a hydraulic pump, and a motor for driving the
pump. The fingers are mounted diagonally outward from the
hand at a 20-degree angle. As illustrated in Fig. 2, soft fingers
are attached to the flow path on the high pressure side of the
hydraulic pump and a reservoir is attached to the flow path
on the low pressure side. The pump generates a differential
pressure and sends oil from the reservoir to the soft fingers,
causing the fingers to bend. The pump was developed by
Komagata et al. [10].

B. Structure of Fiber Reinforced Soft Finger
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Fig. 3. Fabricated soft finger. (a) Structure of soft finger, (b) Resistive
flexible sensor, (c) Image of finger shell bending.

Fig. 3 shows the developed fiber-reinforced soft finger
[8], [9]. Fiber-reinforced soft fingers utilize the expansion
of soft materials under pressure and deform only in a certain
direction by embedding inelastic materials [11], [12]. The
rubber parts of the fingers are made of nitrile rubber (NBR)
with a Shore A hardness of 70, and are cylindrical in shape
with a length of 180 mm. Kevlar threads are wrapped around
the fingers to prevent radial expansion. The outer shell of the
fingers is made of A7075 metal parts and PLA 3D printer
parts, and has a hinge structure to prevent the fingers from
twisting when grasping objects. The fabricated fingers were
confirmed to be capable of withstanding high pressure of
2.0 MPa through the use of finite element (FEM) simulation.
Furthermore, it was demonstrated that the fingers could grasp
an object weighing 20 kg when the aforementioned pressure
was applied.

III. MODELING AND SENSING OF SOFT HAND
A. Analytical Modeling of Soft Hand

Then, we formulate a mathematical model to represent
the relationship among the driving pressure, bending angle
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of a finger, and grasping force assuming a target object.
Previously, Renda et al. [13] proposed a PCS model dividing
a flexible rod structure into a finite number of segments with
a constant strain and derived its kinematics and dynamics.
Polygerinos et al. [14], [15] modeled fiber-reinforced soft
fingers, assuming constant curvature, while Mustaza et al.
[16] developed a manipulator with fiber-constrained actua-
tors and used Lagrange’s equations for dynamic modeling.
Sedal et al. [17] derived equations for fiber-constrained
soft actuators, relating various mechanical parameters un-
der static conditions using continuum mechanics. However,
these studies focused on modelling of a soft finger itself
without considering the entire hand system. In this paper, we
formulate a mathematical model including soft fingers and
the reservoir made of a hyperelastic rubber sheet, and show
that the elasticity of the reservoir contributes to an efficient
actuation.

First, we consider a geometric model of a finger shown in
Fig. 4. Table I summarizes the definition of each parameter.
From the virtual work principle, the virtual work by the

Rubber tube

,Hinge plate

cross section A-A'

Fig. 4. Model of developed soft hand with rubber sheet reservoir.

pressure P and grasping force (F,,F,) is equal to the
variations of the strain energies in fingers AW, and in the
reservoir sheet AW,., which is represented as

PAQ + n(F,Az + F,Ay) = nAW; + AW, (1)

The first term on the left-hand side is the virtual work
produced by the hydraulic pump, and AQ represents the
flow rate due to the change in 6. The second and third terms
are the work produced by the grasping force, where Az and
Ay represent the virtual displacement in the position of the
finger tip, respectively. The first and second terms, AW and
AW,., on the right-hand side are the variations of the strain
energies in the finger tube and reservoir sheet, respectively.
The details are summarized as follows:

1) Virtual work by hydraulic pump: The virtual work by
the hydraulic pump is given by PA(Q, where ) is amount
of internal volume of soft fingers. Assuming that a finger
consists of a simple cylinder shape as shown in Fig. 4, @ is
calculated as

Q = na’w(ly + db)

o;:Zai

2
3)



TABLE I
PARAMETERS AND SYMBOLS OF FINGER MODEL.

Param Description Value
fo Inclination of the base link of the finger 20deg
lo Initial length of the finger 180mm
a Internal diameter of the rubber tube 4mm
b Thickness of the rubber tube Smm
d Distance between hinge plate and rubber tube 15mm
R Radius of reservoir sheet 24mm
w Thickness of reservoir sheet Imm
Vo Initial volume of oil stored in reservoir 17.8cm3
n The number of finger attached to the hand 4
N The number of hinge joint in a finger 5

Hsf Initial shear modulus of rubber tube (finger) 1.15MPa
s Initial shear modulus of rubber sheet (reservoir) 1.15MPa
Symbol Description
P Pressure of the inner side of the finger
Fy, Fy Force applied to the tip of the finger
0=, - ,65)7 Bend angles between the hinge plate
0 = x6; Bend angle of finger
m Mass of the grasping object

Therefore, the virtual work PAQ is calculated as

PAQ = Pna*ndAf 4)

where A6 is the variation of 6.

2) Variation in strain energy of a finger: Next, we con-
sider the change in strain energy AW} of a nitrile rubber
tube. The strain energy Wy of a finger is calculated based
on the Neo-Hookean model [18] as

o]

where [ is the first invariant of deviation strain, represented
using the axial, radial and circumferential deformation rates
)\1, /\2, /\3 as

“;f (I — 3)dV

(&)

I =X+ A3+ 3. (6)

In this study, A\, = 1 is satisfied because the radial direction
is constrained by Kevlar threads. Also, A\ A2A3 = 1 is satis-
fied because NBR is an incompressible material. Therefore,
letting Ay = A; denote an alias of Aq, the values of A\, Ao
and A3 are summarized as

1

- =1, )y =
AM=Ar Aa=1, A3 = by

@)
Considering a polar coordinate r and ¢ in the cross section
A-A’ shown in Fig. 4, A\ is calculated as

lo+{d+ (a+r)sing}d
lo

Af = ®)
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From (5)-(8), we can represent AW} as
AWy = psyCr(6

/ 27T/
3) Variation in strain energy of the reservoir sheet: The
strain energy in the reservoir sheet W,. can be expressed as

W, = / Hsr

in a manner similar to (5). Because the rubber sheet is subject
to biaxial tensile deformation, the values of Ay, Ay and Ag
are given as

)
1 d)\ (10)

- = d9 L lo(a+r)drdp

(I, — 3)dV (11)

1
>\1:>\2:)\Ta)\3zﬁ

(

12)

where A, is an alias of A1 or As.

Rubber sheet

Fig. 5. Model of the reservoir made of rubber sheet.

Fig. 5 shows a schematic diagram of the reservoir. Assum-
ing that the rubber sheet deforms into an ellipse, the circum-
ference L of the ellipse can be written from Ramanujan’s
approximation [19] as

2L(h) = 7(3(R + h)

— V(R +3h)(h + 3R))

where R and h are the radius and height of the reservoir,
calculated as follows:

13)

3
= 52 \% (14)
V =V, — a’rdnb (15)
Then, A, can be written as
_ L(h)
A = 5R (16)
From (11)-(15), we can calculate AW, as
AW, = NSCT(Q)AG (17)
1 . dA, 9
G (0) == 2(N\ — rg) a0 TRt (18)

4) Virtual work by grasping force: We define A@ as a

vector storing the virtual displacements of joint angles as
A6 = [A6; AG,.]" (19)

We can write the relationship between the virtual displace-
ment of the finger tip and A8 as

=1

are the Jacobian matrices.

] Al (20)

where J, and J,,



In general, A@ is not uniquely determined when given
a displacement of the total bending angle Af. Hence, we
represent A@ using a weighting coefficient vector w as

AfO = wAf 21
w = [w w,,,] (22)
Note that wy, - - ,wy,, satisfy the following equation.
Ns
i=1

5) Total virtual work relationship and grasping condition:
We assume that the target object is uniformly supported by
all fingers, and F), is given by

oL

n

Substituting (4), (9), (17), (20), (21) into (1) and eliminating
A# yields the following relation for P, 0, F,, m.

(24)

Pna’nd + nFyJ,w + mgJyw = npspCr(6) + psr G (6)
(25)

B. Relationship between pressure and bend angle

Strain gauge

(W)

Fig. 6. Sensors used to measure the state of the fingers. (a) Measurement
of bending angles with flex sensors. (b) Gripping force measurement with
strain gauge.

To evaluate the obtained model, we attached a strain gauge
at the tip of one of the fingers as shown in Fig.6 to measure
the contact force. Let 0; denote the total bending angle of a
finger j, which can be obtained as the sum of the measured
values by the two bending sensors, 6;; and 6 as

9]‘ = 9j1 + (9j2 (] = 1,2,3,4) (26)

First, using the formula (25), we evaluate the relationship
between driving pressure and bend angle of the fingers when
the hand is not grasping an object. With zero grasping force,
the second and third terms in the LHS of (25) become zero,
simplifying the relationship to

P=f()= (nusfgf(G) + psrGr(0))

The obtained (27) is shown in Fig. 7 as a solid line. Measured
bend angles of the four fingers, 6,(j = 1,2,3,4), are shown
as circles in Fig. 7. The driving pressure was increased from
0 MPa to 0.8 MPa in 0.1 MPa steps. Here, 1, and g, are
set to 1.15 MPa: the physical properties of nitrile rubber with

_ 27
na?nd @7

a Shore A hardness of 70. The initial reservoir capacity Vj
is set to 1.78 x 10* mm?, which has the least squares error
between the model and the measured values. The RMSE
between the model and measurements was 2.8 degrees.
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Fig. 7. Relationship between pressure and bend angle of soft finger.

To examine the effect of a rubber sheet reservoir on the
hand, we consider the case where the hand has no reservoir.
In this case, the equation between the pressure and the bend
angle of the fingers becomes

s
P=Ll¢i0)

Equation (28) is represented by the dotted line in Fig. 7. The
graph illustrates that the finger can be bent at 0.1 MPa lower
pressure when the hand has a reservoir. This is due to the
fact that the strain energy of the reservoir can be utilized to
bend the fingers.

(28)

C. Relationship between pressure, bend angle and grasping
force

Next, we evaluate the obtained model by measuring the
bending angle 6 of the finger and the normal grasping force
F, applied vertically to the fingers. F), can be expressed as

F, = F,cos(§ —6y) + F,sin(6 — 6y) (29)

We tested two types of weights: one weighing 2 kg and
180 mm in diameter, and the other weighing 6 kg and 240
mm in diameter. During this experiment, we applied 0.6-
0.9 MPa and 1.1-1.4 MPa to grasp the objects, respectively.
In (25), the external force term includes a value, w, that
varies depending on the shape and size of the grasping
object. This value was determined in this study based on
FEM simulation results. For a 180 mm diameter object,
w = (—0.13,0.0,0.67,0.33,0.53)7 was used, and for a
240 mm diameter object, w = (—0.2,0.0,0.1,0.3,0.8)7.
The results of the measurements for 6 and F,, are presented
as circles in Fig. 8, while the calculation results of (25)
are shown as solid lines in the same figure. The estimation
error for the gripping force F,, was 0.22 kgf and 0.39 kgf,
respectively. The data points at F;, = 0 kgf indicates that the
grasped object fell during the experiment.
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Fig. 8. Relationship between finger angle and grasping force in certain

pressure.

IV. FINGER CONTROL EXPERIMENT

Bend Angle Controller

\Oref

Soft Robotic Hand

Sensor [

Fig. 9. Two-degree-of-freedom control of the bending angle of the fingers
using the relationship between € and P obtained by (27).

Finally, we conduct an experiment to control the angles
of the fingers. We controlled the average angle of fingers
to follow reference angle since all fingers are controlled by
the single pump. Using the relationship between 6 and P
obtained by (27), we perform 2-DOF control as shown in
Fig. 9. The reference value of the pressure is given as

Prog = f0reg) + Koo+ K [ 000 G0)
O = 0,05 — — ane‘ 31)
e — Uref njzo J

When a reference value of the bending angle 0, is given,
the feedforward term is calculated as f(6,.;) defined by
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(27). The feedback term is calculated by a PI control of

the bending angle error 6., defined by (31).
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Fig. 10. Experiment of grasping a 2 kg object by controlling the average
bending angle of the four fingers to 50 degrees.

Fig. 10 (a) shows an experiment of grasping a 2 kg
object by the closed-loop control with 6,.y = 50 degrees.
To validate the robustness, after about 5 seconds from the
beginning of grasping, we applied an external force to the
object, as shown in Fig. 10 (b). The bending angle of each
finger is shown in Fig. 10 (c), and the driving pressure is
shown in Fig. 10 (d). First, focusing on the state (i) before
the external force is applied, we can see that the average
value of the fingers can be controlled to about 50 degrees.
Next, focusing on state (ii) where external force is applied,
we can see that the driving pressure is lower than in state
(i). From this result, we can discuss the grasping flexibility
of the hand in response to external force when angle control



is applied.

1) Evaluation of Flexibility to External Force: In general,

a closed-loop control usually makes a finger more stiff,

loosing a flexibility. From the experimental result, we discuss

how much flexibility can be achieved by the aforementioned
closed-loop control, comparing the grasping force in the
following three conditions.

A) Grasping force under the closed-loop control and without
any external force. This value is estimated from the
values of the pressure P, and angle 6, in the period
(i) in Fig. 10 (c)

Grasping force under the closed-loop control and with
an external force applied. This value is estimated from
the values of the pressure P, and angle 6 in the period
(i) in Fig. 10 (c).

Grasping force under the pressure control and with an
external force applied. This value is estimated from the
value of the angle 6. in the period (ii) in Fig. 10 (c),
assuming that the pressure value P, is the same with
that in the period (i) because the pressure control would
keep the pressure value to be constant.

Table II shows the estimated grasping force in each

condition. The estimated values for Condition 1, 2 and 3 are

0.61, 0.53 and 0.82 kgf, respectively. Namely, the grasping

force against in Condition 2 (closed-loop control) is 0.29 kgf

lower than that in Condition 3, which implies that Condition

2 has higher flexibility against the external force. This is

different from a general properties of the closed-loop and

pressure control — the former achieves stiffness, and the
latter achieves flexibility.

B)

)

TABLE II
DIFFERENCE IN GRASPING FORCE ACCORDING TO CONTROL METHODS.

State Pressure  Angle Force
(a) No external force applied to object | 0.89MPa  50deg  0.61kgf
(b) External force with pressure control | 0.89MPa  45deg  0.82kgf
(c) External force with angle control 0.79MPa  45deg  0.53kgf

V. CONCLUSION

1) The driving pressure, bending angle, and grasping force
of a soft hand with a reservoir were derived using the
principle of virtual work. The estimated errors of the
grasping force were 0.22 kgf and 0.39 kgf for 2 kg and 6
kg objects, respectively. The reservoir, made of a rubber
sheet, allows the fingers to bend at a low differential
pressure.

By controlling the bending angle of the fingers in two
degrees of freedom, the study demonstrated the ability
to reach the target angle of 50 degrees when grasping
a 2 kg object.

The soft hand, with the same flow path for each
finger, exhibited a reaction force 0.29 kgf lower when
the fingers were angle-controlled rather than pressure-
controlled. Unlike rigid robot hands, the soft hand is
experimentally shown to provide grasping flexibility
when angle control is applied.

2)

3)
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