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Abstract: Recently, soft actuators have been getting increased attention within various fields.
The actuators are composed of flexible materials and driven by pneumatic pressure. A thin pneumatic
rubber actuator generating 3 degrees of freedom motion, called 3-DOF micro-hand, has small diameter
McKibben artificial muscles which generate a contraction force in the axial direction. By this structure,
the micro-hand contracts in the longitudinal direction and bends in any direction by changing the
applied air pressure pattern to the artificial muscles. The input–output relation of the micro-hand,
however, is complicated and has not been modeled. In this paper, modeling for 3-DOF micro-hand is
proposed. Moreover, the experimental system is built for the micro-hand and the proposed model is
evaluated by using the experimental results.
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1. Introduction

Recently, Japan has been considered as having an aging population. Along with this, robots
are expected to be used in various fields such as surgery in the medical field, human support in the
welfare field and searching in the rescue field. In these fields, robots have to handle human bodies and
objects carefully.

From these expectations, soft actuators have been getting increased attention for realizing such
robots. Soft actuators are composed of flexible materials, for example, silicone rubber, synthetic resin,
fiber reinforced rubber and so on. Therefore, soft actuators can handle human bodies and objects
softly and be used in water or mud because of being rust-free. In addition, thanks to the structure,
soft actuators can be made by low-cost, be small and simple. Various kinds of soft actuators have been
researched and many of them are driven by pneumatic pressure. Pneumatic soft actuators mainly have
a structure of tubes and balloons which show expanding and bending motions under air pressure.
For example, there are McKibben pneumatic artificial muscle [1], a flexible micro actuator [2] and a
miniature pneumatic bending rubber actuator [3–5].

The McKibben muscle was invented in the 1950s by Joseph L. McKibben to motorize pneumatic
armorthotics to help control handicapped hands. The muscle is closed by two ends, one being the air
input and the other the force attachment point. When pneumatic pressure is applied, the rubber tube
of the muscle expands in the radial direction, and at the same time, contracts in the axial direction.
As a result, contraction force in the axial direction is generated. However, the McKibben muscle can
contract only in the axial direction. Bending motions are difficult.
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To solve these problems, a thin pneumatic rubber 3-DOF actuator(hereinafter, referred to as 3-DOF
micro-hand) is developed by S. Wakimoto [6].

The micro-hand has three McKibben pneumatic artificial muscles arranged in parallel. By this
structure, the micro-hand can contract in the longitudinal direction and bend in any direction by
changing input air pressure pattern to the muscles. Moreover, the micro-hand has a thin flat shape;
therefore, it is expected to be used as a manipulator for small robots which can get in a narrow space
or a robot for rehabilitation which supports human joints. On the other hand, the micro-hand has
nonlineality by its materials and structures. Thus, the input–output relation of the micro-hand is
complicated and has not been modeled. There are previous articles that modeled 3-DOF actuators [2,7],
however, the actuators are different from 3-DOF micro-hand. A cross section of previous 3-DOF
actuators is an equilateral triangle and previous 3-DOF actuators consist of three fiber-reinforced
cylindrical rubber actuators. Fiber-reinforced cylindrical rubber actuator shows expanding motion
under air pressure. In contrast, a cross section of 3-DOF micro-hand is an isosceles triangle and 3-DOF
micro-hand consists of 3 McKibben artificial muscles. McKibben artificial muscle shows contracting
motion under air pressure and is cheaper than a fiber-reinforced cylindrical rubber actuator. Therefore,
production costs of 3-DOF micro-hand is thought to be cheaper than that of previous 3-DOF actuators.
For these reasons, it is difficult to use previous models for a 3-DOF micro-hand.

In this paper, a model of a 3-DOF micro-hand is proposed when the micro-hand contracts in the
longitudinal direction and bends in any direction by changing the applied air pressure pattern to the
artificial muscles. Moreover, the experimental system of the micro-hand is built and the proposed
model is compared with the experimental results.

2. Materials and Methods

This section describes methods for deriving model of a 3-DOF micro-hand. First, the structure of
the micro-hand is introduced. Then, the model of McKibben pneumatic artificial muscles is explained
as a preparation for deriving a model of the micro-hand. Finally, the model of the micro-hand is
made by dividing the bending micro-hand in the axial direction and obtaining the coordinates of the
micro-hand from the divided piece. The piece consists of three cylinders which have different axial
lengths and diameters. By considering the piece, model of the micro-hand is proposed. Comparing the
proposed model with an actual measurement is made by simulation using MATLAB(R2016a), which is
one of the effective software products for system engineering. Results of simulation are shown in the
next section. Each subsection below shows detailed information about the structure and modeling for
the micro-hand.

2.1. The Structure of the 3-DOF Micro-Hand

3-DOF micro-hand has three McKibben pneumatic artificial muscles arranged in parallel. Three
muscles are covered and bonded with silicone rubber. Figure 1 shows the structure of the micro-hand.
These muscles are not arranged in a single line, and the center muscle is raised above the other muscles
as shown in Figure 1. By this gap, bending motion in the y direction can be achieved [6].

The x, y and z axes and muscles 1, 2 and 3 are defined as shown in Figure 1. x axis is in the
direction of width, y axis is the direction of thickness and z axis is longitudinal direction. The sequence
of the muscle 1, 2 and 3 follows x axis.
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Figure 1. The structure of 3-DOF micro-hand.

The micro-hand can contract in the longitudinal direction and bend in any direction by changing
an input air pressure pattern to the muscles. Figure 2a shows the contracting motion toward z direction.
The micro-hand contracts in the longitudinal direction by applying same pneumatic pressure to all
muscles. Moreover, Figure 2b shows the bending motions in the positive and negative y directions.
It can bend towards positive and negative y directions by applying air pressure to muscle 2 and
muscles 1 and 3, respectively. Figure 2c shows the bending motions in the positive and negative
x directions. It can bend towards positive and negative x directions by applying air pressure to
muscles 2 and 3 and muscles 1 and 2, respectively. By applying pneumatic pressure with more
complicated pattern, the micro-hand can bend in any direction. Figure 2d shows bending motion
when P1 = 0 kPa, P2 = 125 kPa and P3 = 250 kPa.
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Figure 2. (a) Contracting motion toward z direction. (b) Bending motions in the y directions.
(c) Bending motions in the x directions. (d) Bending motion when P1 = 0 kPa, P2 = 125 kPa and
P3 = 250 kPa.
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2.2. Modeling

2.2.1. Model of McKibben Pneumatic Artificial Muscle

The model of McKibben pneumatic artificial muscle is described before the model of 3-DOF
micro-hand is derived. Figure 3 shows the structure of the McKibben pneumatic artificial muscle.
When pneumatic pressure is applied, the rubber tube expands in the radial direction, and at the
same time, the fibers forming the sleeve work as a pantograph mechanism with changing the braid
angle. As a result, contraction force F is generated and the muscle contracts in the axial direction [8].
In this paper, it is supposed that the fibers forming a mesh sleeve do not deform elastically. During
contraction, the briad angle of the muscle, initially equal to θ f0 , becomes θ f and the muscle radius,
initially equal to r0(= D0/2), becomes r(= D/2). Thereby, its axial length, initially equal to L0,
becomes L.

Air pressure

Braid angle is changed
Close up of sleeve

Close up of sleeve

Initial state

Pressurized state

Figure 3. The structure of McKibben artificial muscle.

The following relation can be deduced from the elementary pantograph opening principle [8].

r = r0
sin θ f

sin θ f0

(1)

L = L0
cos θ f

cos θ f0

(2)

From Equations (1) and (2), r is obtained by:

r =
r0

sin θ f0

√
1−

(
L
L0

)2
cos2 θ f0 (3)

Contraction force model [8] represents a relation between F, input pressure P and contraction
ratio ε as

F = π
D2

0
4

P

(
3(1− ε)2

tan2 θ f0

− 1
sin2 θ f0

)
(4)

where ε is represented as:

ε =
L0 − L

L0
(5)

Equation (4) is based on the hypothesis of a continuously cylindrical-shaped muscle, whereas the
muscle takes a conic shape at both ends when it contracts [9]. It generates a difference between the
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model and the actual phenomenon. To deal with this problem, correction factors C1, C2 are considered
by T. Itto [10]. In this work, C1 and C2 are derived by comparing simulation results with experimental
results. The correction factors amplify the contraction ratio ε. The modified force model [10] is

F = π
D2

0
4

P

(
3(1− εC1 exp(C2P))2

tan2 θ f0

− 1
sin2 θ f0

)
(6)

From Equation (6), the maximum contraction ratio ε is a function of the pressure P [9].

ε =
1

C1 exp(C2P)2

(
1− 1√

3 cos θ f0

)
(7)

From Equation (7), the relation between input pressure Pi and the axial length Li of the muscle
i (i = 1, 2, 3) is obtained by:

Li = L0

(
1− 1

C1i exp(C2iPi)2

(
1− 1√

3 cos θ f0

))
(8)

From Equation (3), the relation between input pressure Pi and the radial length Di of the muscle i
is obtained by:

Di =
D0

sin θ f0

√
1−

(
Li
L0

)2
cos2 θ f0 (9)

2.2.2. Model of 3-DOF Micro-Hand

Figure 4 is model of 3-DOF micro-hand which is used by deriving the coordinates of the tip
of the micro-hand when air pressure is applied. In this paper, it is supposed that the micro-hand
curves in arc and does not expand in the axial direction. The xyz coordinate system is an orthogonal
coordinate system. The origin of the system is the center of gravity of a triangle having vertices which
are the centers of the apical surfaces of the muscles in the initial state. The micro-hand is arranged
symmetrically to the yz-plane.

𝛾

𝛾

𝑥

𝑦

𝑧

𝜉

𝜂

O

𝜆

𝑅

𝜃

Figure 4. The model for analysis.

ξ-axis coincides with the central axis of the bending micro-hand mapped on xy-plane. The ξηz
coordinate system is formed by the xyz coordinate system which is rotated on z-axis.
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γ is an angle between x-axis and ξ-axis(hereinafter, referred to as bending direction angle), R is a
curvature radius of the central axis of the micro-hand, θ is bending angle of the micro-hand and λ is an
angle between z-axis and a straight line passing through the tip and the bottom of the micro-hand. It is
necessary to represent R, γ and λ as a function of inner pressures P1, P2 and P3 to the muscle 1, 2 and 3
for control. In the following section, the methods are described.

2.2.3. Relation between Input Pressure and Output Angle

In this section, a method for deriving bending angle θ and bending direction angle γ is described.
These angles are derived by using vectors. First, a method for deriving θ is described. The micro-hand
is divided into n pieces equally in axial direction and a piece of the divided micro-hand is discussed
for deriving θ. Figure 5 shows a piece of the divided micro-hand. The piece consists of three cylinders
which have different axial lengths and diameters. The centers of the axial length of three cylinders are
on the same plane. A plane including 3 centers of the tops of cylinders and a plane including 3 centers
of the bottoms of cylinders are considered. ∆θ(= θ/n) are derived from an angle formed by 2 planes.
θ is formulated as multiplication of n and ∆θ.

Air Pressure

1

2 3

Figure 5. A piece of the divided micro-hand.

The piece in Figure 5 is divided into 2 pieces equally in axial direction once more. Figure 6 shows
a solid figure of the piece generated from the piece in Figure 5. The bottoms of three cylinders in
Figure 6 are on the same plane(xy-plane). The coordinate origin of the xyz coordinate system is defined
as the center of the bottom of the muscle 2. O1, O2 and O3 are defined as the center of the bottom of the
muscle 1, 2 and 3, respectively. The coordinates are O1(−(D1 + D2) cos α/2, −(D1 + D2) sin α/2, 0),
O2(0, 0, 0), O3((D2 + D3) cos α/2, −(D2 + D3) sin α/2, 0), respectively. H1, H2 and H3 are defined as
the center of the top of the muscle 1, 2 and 3, respectively. The coordinates are H1(−(D1 + D2) cos α/2,
−(D1 + D2) sin α/2, ∆L1/2), H2(0, 0, ∆L2/2), H3((D2 + D3) cos α/2, −(D2 + D3) sin α/2, ∆L3/2),
respectively. The axial lengths of the muscle 1, 2 and 3 of the piece show ∆L1 = L1/n, ∆L2 = L2/n
and ∆L3 = L3/n, respectively. Li and Di(i = 1, 2, 3) are equal to Equations (8) and (9), respectively. α is
an angle between segment O1O2(O2O3) and x-axis in initial state. In this paper, it is supposed that α is
constant if the input pressure P changes. α is shown as:

α = arcsin
(

d
D0

)
(10)

where D0 is the initial diameter of the muscle and d is the initial gap between muscle 2 and muscle 1(3)
in y-axis direction.
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An angle between a plane including H1, H2, H3 and a plane including O1, O2, O3 (xy-plane) is
defined as ∆θ/2.

1 2
3

𝑥

𝑦
𝑧

Figure 6. Divided bending angle ∆θ/2.

n1 is designated as a normal vector of a plane including H1, H2 and H3.
−−−→
H2H1 and

−−−→
H2H3 are in a

plane including H1, H2 and H3.

−−−→
H2H1 =



(D1 + D2) cos α

2
(D1 + D2) sin α

2
∆L1 − ∆L2

2


(11)

−−−→
H2H3 =


− (D2 + D3) cos α

2
(D2 + D3) sin α

2
∆L3 − ∆L2

2


(12)

n1 is obtained from calculating an outer product of
−−−→
H2H1 and

−−−→
H2H3. Moreover, each component

of n1 in Equation (13) is designated as a, b, and c, respectively.
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n1 =
−−−→
H2H1 ×

−−−→
H2H3

=



1
4
(−(D2 + D3)∆L1 + (D3 − D1)∆L2 + (D1 + D2)∆L3) sin α

1
4
((D2 + D3)∆L1 − (D1 + 2D2 + D3)∆L2 + (D1 + D2)∆L3) cos α

1
2
(D1 + D2)(D2 + D3) sin α cos α

 (13)

=


a

b

c

 (14)

n2 is designated as a normal vector of a plane including O1, O2 and O3(xy-plane).

n2 =


0

0

1

 (15)

∆θ/2 is obtained from calculating an inner product of n1 and n2.

cos
∆θ

2
=

n1 · n2

|n1||n2|
=

c√
a2 + b2 + c2

(16)

In the left side of Equation (16), approximations are made by using Taylor expansion, because ∆θ

is an enough small value.

cos
∆θ

2
= 1− 1

2

(
∆θ

2

)2
= 1− 1

8
(∆θ)2 (17)

From Equations (16) and (17), ∆θ is obtained by:

∆θ = 2

√
2
(

1− c√
a2 + b2 + c2

)
(18)

θ is formulated as multiplication of n and ∆θ.

θ = 2n

√
2
(

1− c√
a2 + b2 + c2

)
(19)

From Figures 7 and 8, bending direction angle γ is an angle between y-axis and a line of
intersection of a plane including H1, H2, H3 and a plane including O1, O2, O3 (xy-plane).
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1 2
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O 𝑥

𝑦
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Bending directionA line of intersection of  2 planes

Figure 7. Bending direction angle.

𝑥

𝑦

O

A line of intersection of  2 planes

Bending direction

Figure 8. Bending direction angle(xy-plane).

n3 is designated as a vector of a line of intersection of a plane including H1, H2 and H3 and a plane
including O1, O2 and O3 (xy-plane). From calculating an outer product of n1 and n2, n3 is obtained by:

n3 = n1 × n2 =


b

−a

0

 (20)

From calculating the inner product of n3 and y-axial vector, an angle between n3 and y-axis is
shown as:

cos γ =
−a√

a2 + b2
(21)

2.2.4. Geometric Transformation into the xyz Coordinate System

The coordinates of the tip of the micro-hand at the time of deformation is determined by R, γ and
λ. From Figure 4, R, γ and λ are replaced with x, y and z geometrically.

x = 2R sin2 λ cos γ (22)

y = 2R sin2 λ sin γ (23)

z = L0 − 2R sin λ cos λ (24)
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where R and λ are shown as Equations (25) and (26), respectively [7].

R =
L1 + L2 + L3

3θ
(25)

λ =
θ

2
(26)

Exceptionally, if P1 = P2 = P3, the micro-hand does not bend, thus θ and γ do not exist.
The micro-hand contracts in the axial direction. If P1 = P2 = P3, the coordinates of the tip of the
micro-hand are obtained by:

x = y = 0 (27)

z = L0 − Li =
L0

C1 exp(C2Pi)2

(
1− 1√

3 cos θ f0

)
(28)

3. Results

3.1. Experiment

Experimental system is shown in Figure 9 and experimental setup in Figure 10. An experimental
system is configured by 3-DOF micro-hand, an air compressor(0.20P-5S, HITACHI, Tokyo, Japan),
a safety regulator(RP1000-8-07, CKD, Aichi, Japan), an electro-pneumatic regulator(MEVT500, CKD,
Aichi, Japan) providing different pressures for the muscles, a controller for an electro-pneumatic
regulator, a computer sending electrical signal and two cam eras(HD Pro Webcam C920r, Logicool,
Tokyo, Japan) measuring outputs of the micro-hand. The following explains how to move
the micro-hand.

1. The air compressor provides an air pressure for the safety regulator.
2. The safety regulator converts the pressure to at most 300 kPa for not breaking the micro-hand.
3. The computer sends electrical signal to the controller for the electro-pneumatic regulator.
4. The controller provides 4 mA–20 mA for the electro-pneumatic regulator and decides the opening

of the electro-pneumatic regulator.
5. Desired pressures are sent into the muscles of the micro-hand respectively and the micro-hand

bends or contracts.

Electro-pneumatic 
regulator

Micro Computer

Controller

Safety Regulator

3-DOF micro-hand

Camera

Figure 9. Experimental system.



Actuators 2019, 8, 32 11 of 16

3

D/A 
converter

Electric signal

1

2

1

2

3

Electro-pneumatic 
regulator

Micro computer

Variable constant
current circuit

Air compressor

Computer

3-DOF micro-hand

Air pressure

Electric signal

1-5V

4-20mA

camera

Air pressure

Safety regulator

Figure 10. Experimental setup.

Outputs are captured as image by two cameras. The tip of the micro-hand is wrapped in a red
tape. The following is an algorithm which specifies xyz-coordinates of the tip of the micro-hand.

1. Obtain a color image captured by two cameras and convert into a gray scale.
2. Dissolve the image into 3 pixel numbers; R, B, G.
3. Extract only R pixels from the image in comparison with a gray scale.
4. Obtain the center coordinate from extracted R pixel area.

From Equations (22)–(24), x, y and z are replaced with R, γ and λ. To replace the relation between
pressure P and bending angle θ with the coordinates of the tip of the micro-hand obtained from the
experiment, Equation (31) is used.

R =
x2 + y2 + (L0 − z)2

2
√

x2 + y2
(29)

γ = arctan
( y

x

)
(30)

θ = 2 arctan

(√
x2 + y2

L0 − z

)
(31)

where (x, y, z) is obtained from two cameras.

3.2. Experimental Result

Experimental results are obtained by using cameras and rulers. Experiments with camera are
conducted five times. Comparing the simulation results with the experimental results is made by
simulation using MATLAB(R2016a).

Figure 11 shows the relation between the input pressure P2 and the bending angle θ. Figure 12
shows the coordinates of the tip of the micro-hand. In Figures 11 and 12, P1 = P3 = 0 kPa and P2

is increased from 0 kPa to 250 kPa. When P1 = P3 = 0 kPa and P2 = 0 kPa–250 kPa, the tip of the
micro-hand curves on the yz-plane and the displacement of the x-axis direction is rather smaller than
the displacement of the y-axis direction. Therefore, only the coordinate of the tip of the micro-hand on
the yz-plane is shown in Figure 12.
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Figure 11. Bending angle (P1 = P3 = 0 kPa, P2 = 0–250 kPa).
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Figure 12. The coordinate values y and z of the tip of the micro-hand (P1 = P3 = 0 kPa, P2 = 0 kPa–250 kPa).

Figure 13 shows the relation between the input pressure P3 and the bending angle θ.
Figures 14 and 15 shows the coordinates of the tip of the micro-hand. In Figures 13–15, P1 = P2 = 0 kPa
and P3 is increased from 0 kPa to 250 kPa. Table 1 shows the parameters of the proposed model.
However, the x-coordinate and the bending direction angle have a difference between the proposed
model and the experimental results. To deal with this problem, correction factors Cx, Cγ are considered,
which amplify the x-coordinate and the bending direction angle. Previous models without using
correction factors [2,7] were derived by a concept of a beam of strength which is one of the bending
actions in mechanics of material. In previous models, force which a chamber applies to the next
chamber is considered, however, there were computational complexities. Therefore, the correction
factors are used to simplify the model for 3-DOF micro-hand. Cx and Cγ are decided by comparing the
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proposed model with the experimental results. The modified x and γ are represented as Equations (32)
and (33), respectively.

x = 2CxR sin2 λ sin γ (32)

cos γ =
−a√

a2 + (Cγb)2
(33)

Table 1. Parameters of the proposed model.

.

Parameter Definition Value

L0 Initial length of the micro-hand 50× 10−3 m
D0 Initial radius of the muscle 2.1× 10−3 m
θ f0 Initial braid angle 0.541 05 rad
d Gap between muscle 2 and 1(3) 0.5× 10−3 m
n Number of divided micro-hand 100

C11 Correction factor 1 of muscle 1 500
C21 Correction factor 2 of muscle 1 −1.59× 10−5 Pa−1

C12 Correction factor 1 of muscle 2 530
C22 Correction factor 2 of muscle 2 −1.45× 10−5 Pa−1

C13 Correction factor 1 of muscle 3 500
C23 Correction factor 2 of muscle 3 −1.59× 10−5 Pa−1

Cx Correction factor of x-coordinate 0.9
Cγ Correction factor of bending direction angle 0.21
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Figure 13. Bending angle (P1 = P2 = 0 kPa, P3 = 0 kPa–250 kPa).
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Figure 14. The coordinate values x and z of the tip of the micro-hand (P1 = P2 = 0 kPa, P3 = 0 kPa–250 kPa).
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Figure 15. The coordinate values y and z of the tip of the micro-hand (P1 = P2 = 0 kPa, P3 = 0 kPa–250 kPa).

To compare the experimental results obtained by cameras with those obtained by rulers, variance
of the measurements is calculated. The variance is plotted in Figures 11 and 13. The variance
in Figures 11 and 13 is small, therefore, the effectiveness of the experimental results obtained by
cameras is shown. As can be shown in Figures 11–15, results of the proposed model are close to
the experimental results. For comparing simulation results with experimental results measured by
cameras, mean absolute percentage error(MAPE) is calculated. From Figure 12, MAPE is 5.5% when
P1 = P3 = 0 kPa, P2 = 0 kPa–250 kPa. From Figures 14 and 15, MAPE is 4.1% when P1 = P2 = 0 kPa,
P3 = 0 kPa–250 kPa. Therefore, the effectiveness of the proposed model is shown. It is considered that
the difference between the proposed model and the experiment is caused by the supposition that the
micro-hand curves in arc and does not expand in the axial direction.



Actuators 2019, 8, 32 15 of 16

4. Conclusions

In this paper, a model of 3-DOF micro-hand is made. There had not been enough experimental
results to verify the effectiveness of the proposed model, therefore the experimental system is built
and experimental results are obtained. Finally, the proposed model dynamics is compared with
the experimental results and the effectiveness of the proposed model is shown. The model of the
micro-hand, however, needs to be improved, since the model needs the correction factors and the
factors are decided by comparing the simulation results with the experimental results. In the model,
3-DOF micro-hand curves in an arc and does not expand in the axial direction. In addition, the model
is derived mathematically and geometrically. Therefore, force which a muscle applies to the next
muscle is not considered. This causes the difference between the model and the experimental results.
By considering these problems, the model is thought to be improved. In addition, a control system of
the micro-hand has not been designed. Future work should include these problems.
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