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�e necessity of the so� gripping devices is increasing day-by-day in medical robotics especially when safe, gentle motions and
so� touch are necessary. In this paper, a novel asymmetric bellow 	exible pneumatic actuator (AFPA) has been designed and
fabricated to construct a miniaturised so� gripper that could be used to grip small objects. �e model of AFPA is designed using
solid works and its bending motion is simulated in Abaqus so�ware for optimisation and compared with experimental results.
�e actuator is fabricated using compression molding process that includes micromachining of the molds. Experiments conducted
show the bending characteristics of the actuator at di
erent pressures. �e actuator shows excellent bending performance and the
eccentricity in its design supports increased bending or curling motion up to a certain extent compared to normal bellows without
eccentricity. �e e
ects of pro�le shape and eccentricity on the actuator performance are analysed and the results are presented.

1. Introduction

Di
erent types of so� actuators are developed that could gen-
erate the bendingmotion by themselves or by themechanism
that bends, due to their actuation [1, 2]. But most of these
actuators are not single chamber or the actuator as a single
cannot bend, but a combination of them with appropriate
mechanism does the necessary bending motion [3–5]. Flex-
ible pneumatic actuator (FPA) was designed by Joseph L.
McKibben in the 1950s known as pneumatic muscle actuator.
Toshiba Corp. (Japan) developed a three-degree-of-freedom
actuator known as 	exible microactuator (FMA) [6]. Even
though the FMAs with two or more chambers with �ber
reinforcement provide multiple DOF, they require multiple
pressure supplies, valves, and sensors as well as complicated
manufacturing. Asymmetric 	exible pneumatic actuators
(AFPAs) have been developed for the �rst time during the
1990s using asymmetric polymer/rubber tube and rubber
bellow actuators with proper reinforcement to overcome the
disadvantages of FMA and FPAs and proposed as an innova-
tive method of fabricating a dexterous human hand [7, 8]. It

has also been applied to fabricate a four �ngered robot gripper
[7–9] and microwalking robot [10]. �e design and analysis
for application to robotic hand using asymmetric nitrile
rubber actuators have been studied [11–13]. Later symmetric
thickness bellow actuators for miniature gripper fabricated
by moulding technique and rubber bonding process with
excimer light [14, 15] and asymmetric bellow actuator of about
10mm diameter and 120mm length that was fabricated by
rapid prototyping method to show large bending capabilities
[16] are reported. �e above group [14, 15] has not worked
on the asymmetricity about the longitudinal direction of the
actuators.�e problem in the symmetric thickness actuator is
that it cannot withstand higher pressure ranges. Also the rub-
ber bonding process using ultraviolet light of 172 nm could be
dangerous and expensive. Our technique is further explored
and di
erent arrangements of �bers are embedded within the
actuator wall [17]. �e AFPAs show better de	ection up to
certain amount of eccentricity provided in the asymmetric
actuators. �e symmetric bellow actuators [3–6] do not pro-
vide larger bending motion and do not withstand high pres-
sures as compared to AFPA. It is mentioned that, in the case
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Figure 1: Cross section design of 	exible pneumatic actuators (a) FMA, (b) FPA, and (c) AFPA.
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Figure 2: Bending of asymmetric bellow actuator subjected to internal pressure.

of symmetric actuators, there is an unstable phenomenon
that occurs while gripping when the pressure of the working
	uid reaches some limit [3–6]. In this paper, an attempt
has been made in the design and fabrication of miniature
so� gripper based on the principle of AFPA. �e e
ect of
pro�le shape and determining the optimum eccentricity to
get the maximum de	ection is analysed using Abaqus 6.13
so�ware. �e AFPAs are made almost semicircular in shape
with about 4mm radius and 30mm length. �e design idea
includes the bellow structure on one side of the actuator and
	at side on the other side. �e design shape also helps in
holding the small objects on 	at side of the actuator. For the
fabrication, the actuator design is symmetrically divided into
two equal halves.�en themanufacturing of each part is done
by compression molding process a�er making the required
mold by micromachining process. �en the two-half parts
are bonded using single component room temperature vul-
canising (RTV) silicone rubber. Experiments are conducted
with the developed actuator, by making a miniaturised so�
gripper for holding small parts. AFPAs are developed as an
alternative to other actuation principles of today, such as
electromotors, shapememory alloys,McKibbenmuscles, and
	exible 	uidic or pneumatic actuators. �ese actuators have
various advantages considering several criteria, including
stress improvements, packaging, good power to weight ratio,
and high dynamics.�e cross section of AFPA is asymmetric

as compared to symmetric section of FMA or FPA as shown
in Figure 1.

2. Theory

�e principle of working of asymmetric bellow actuator
is exactly opposite to that of the principle on which the
Bourdon tube is working. �e Bourdon tube used is initially
in curved form with 	at or elliptic cross section which under
the application of internal pressure will try to straighten up
because of the action of the 	at or elliptic section becoming
circular under pressure. Contrary to this a straight asymmet-
ric (eccentric) bellow tube with circular or semicircular cross
section under the application of pressure will become curved
and elliptic in cross section. Asymmetric bellow actuator will
behave similar to the asymmetric tube actuators [8–10] but
will have higher 	exibility and greater rate of expansion and
curving under internal pressure. Bellows can be made asym-
metric in cross section with either circular bellow or semicir-
cular bellow. Figure 2 shows bending of asymmetric 	exible
semicircular bellow actuator subjected to internal pressure.

When 	uid pressure � is applied with the free end closed,
it bends due to combined e
ect of an end moment which
develops at the free end due to eccentricity and due to
di
erential expansion of the top and bottom �bers. �e force
generated due to pressure � is given by � = � ⋅ � �, where � �
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Figure 3: Geometry description of (a) one bellow convolution (b) during bending.

is the internal cavity’s area. Since the cut-section is not axis-
symmetrical, its centroid is slightly shi�ed from the center of
pressure (COP) by a small distance “�.” Radius of curvature
at any pressure is � = �	/
 and the bending curvature is
de�ned as � = 1/�.


 is the moment acting at the free end, � is the young’s
modulus, and 	 is the area moment of inertia.

�e moment due to eccentricity of the actuator is 
� =� ⋅ �, where � is the eccentricity.
�e de	ection of the actuator is due to di
erential expan-

sion and the moment created due to the eccentricity of the
geometry [7–9]. From the beam theory, the vertical de	ection
�0 at the tip of the bellow and the angular de	ection 1 are
given in terms of
 as

�0 = 
�2
3�	� , (1)

1 = 
�
�	� , (2)

where 	� is the area moment of inertia of the cross section of
asymmetric bellow and � is the length of the bellow.

In the case of di
erential expansion for the bellow, it is
considered to have separate sti
ness constant “�” for the top
and plate side of the bellow. �e force applied to the ABA
is approximated to axial force and separated into �� and ��,
respectively, for both sides of the bellow.

�e total force is given by

� = �� + �� = ���� + ����, (3)

where �� and �� are the de	ections at the top bellow side
and bottom 	at part side, respectively. �e �� and �� are the
axial sti
ness of the top bellow side and bottom 	at part side,
respectively.

�e axial sti
ness, �� = �	�, is formulated using �nite
element and linear regression analysis [18] withmodi�cations
for semicircular asymmetric bellow.�e simpli�ed geometry
description of one bellow convolution is shown in Figure 3.

� is constant which depends on the geometry and the
material of the bellow and is given by

� = 24� (4.602 + 6 × 107�3 − 86.2�0)
4� {6��3 + 24��2 + �3 + 3�2�� (1 + �2/12�2)} , (4)

	� = � (�0 + ��) �3
12 = ����3

6 , (5)

where � is radius of corrugation,� is 	ank distance, � is bellow
thickness, �0 and �� are outer and inner radius of the bellow, ��
is the average radius of the bellow, � is modulus of elasticity,
and � is number of convolutions of ABA.

�us de	ection at bellow (top) side of the ABA is

�� = ��
�� . (6)

�e de	ection in the bottom plate part will be

�� = ��
�� . (7)

�us the angular de	ection is given by

2 = �� − ��
�� = ���

�� . (8)

�e total angular de	ection of the asymmetric bellow actua-
tor due to bending is obtained by adding (2) and (8) and is
given by

 = 1 + 2 = 
�
�	� +

���
�� . (9)

�e moment due to di
erential expansion of the bellow
and plate part of the bellow is assumed to be acting at the
semicircular axis of the asymmetric bellow section and the
maximum de	ection; �max is at the top of the bellow.
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To determine the moment to bend the bellow due to dif-
ferential expansion, the de	ection force which varies around
the circumference will be multiplied by the corresponding
levers and integrated around the circumference.

From (6), �� = ���� = �	���.
Assuming an element force, �� at any location at the

average radius of the bellow is

�� = ���	� (��� ) . (10)

For maximum de	ection and substituting (5) into (10),

�� = �max��� �
3

6 sin���. (11)

�e element moment is

�
 = ���� sin� = �max��3�2�
6 sin2���. (12)

�e moment due to expansion of the bellow actuator is given
by


exp = �max��3�2�
6 ∫�

0
sin2��� = �max���3�2�

12 = �max��
2 ,

(13)

where �max is the maximum force at the top of the bellow
where it is subjected to maximum de	ection.

�e total moment due to internal pressure � is obtained
by


 = � ⋅ � + �max��
2 . (14)

3. Design and Analysis

�e design of the AFPA is almost semicircular in shape such
that on one half it has a bellow pro�le and on the other side it
is 	at. �is actuator is a single chambered tubular structure,
whose thickness of one side is more than the thickness of
other side. �e actuator bends towards the thicker side due
to the di
erential expansion of top and bottom parts of the
asymmetric bellow andmoment generated due to eccentricity
of the bellow.�e asymmetric bellow design gives maximum
de	ection compared to normal symmetric designs up to
certain value of eccentricity and withstands high pressures.
�e shape of the bellow pro�le also a
ects the de	ection
of the actuator. Figure 4 shows various bellow shapes. �e
percentages of expansion when the internal pressure is
increased from �0 to �1 are 26, 47, 48, and 70 for triangular,
trapezoidal, U shape, and square shapes, respectively. �e
square shaped bellow pro�le is more suitable as it gives
maximum de	ection. To decide on an optimum design for
the e�cient actuation, the FE analysis is done on Abaqus 6.13
using models with di
erent dimensions. �e material used
for the actuator is a two-component silicone rubber which is
RTV (room temperature vulcanising) type (KE-1606, Shin-
Etsu Silicones Corp.). Table 1 shows the material properties
of the silicone rubber used in analysis and manufacturing.

26%

47%

48%

70%

P0 P1

Figure 4: E
ect of bellow shape on the expansion of actuator.

Table 1: Material properties of silicone rubber.

Properties Values

1 Appearance Translucent

2 Density 1.03 kg/m3

3 Shore hardness 28

4 Tensile strength 4.3MPa

5 Tear strength 12 kN/m

6 Elongation 350%

Table 2: Parameters of AFPA.

Model type � [mm] � [mm]

Model 1 0.7 0.7

Model 2 0.9 0.7

Model 3 1 0.7

Model 4 1.1 0.7

Model 5 1.5 0.7

Figure 5 shows the model of the AFPA with dimensions
created in the CAD so�ware. To �nd the optimum design,
di
erentmodels with varying parameters� and � are created
for analysis which are responsible for the eccentric actuation.
� and � represent the thickness of 	at plate side and the
thickness of bellow side, respectively. As shown in Table 2,
model 1 to model 5 with di
erent values of parameters are
considered for analysis. Length of the actuator in all models
is 30mm and radius is about 3mm.

Figure 6 shows the analysis results for the de	ection of
AFPA. �e de	ection is analysed using commercial �nite
element code Abaqus 6.13. Five models shown in Table 2 are
used to measure the de	ection with respect to the pressure
applied. �e asymmetric model 3 shows better de	ection
compared to the other models. In model 1, the thicknesses
of both 	at plate side and bellow side are the same. Model
5, where the thickness of the 	at plate side is twice the
thickness of bellow side, gives less de	ection compared to
all the other models. �erefore it is observed that the de	ec-
tion of asymmetric bellow actuator is in	uenced by the
eccentricity provided up to a certain extent. �is shows that
as the eccentricity increases by increasing the thickness of
the 	at plate side, the sti
ness also increases which reduces
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Figure 5: CAD model of the AFPA.
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Figure 6: De	ection of AFPA for various models.

the de	ection of the actuator considerably. In this paper,
model 3 is chosen for manufacturing the actuator.

Figure 7 shows the variation of bending angle with
respect to 	at plate thickness (�).�ebending angle increases
as the 	at plate thickness increases up to 1mm. A�er 1mm of
	at plate thickness of the bellow part, the bending angle starts
decreasing. �is means that there is an optimum bending
angle for certain amount of eccentricity of the actuator. As the
	at plate thickness of bellow actuator increases, the sti
ness
also increases leading to decrease in bending angle.
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Figure 7: Variation of bending angle for di
erent 	at plate thickness
(�) of actuator.

Figure 8: Fabricated convex and concave mold parts of AFPA.

4. Manufacturing of AFPA

�eAFPA is manufactured using compressionmolding tech-
nique. For themanufacturing purpose, the actuator is divided
into two symmetrical equal halves along the axis. �en each
half is manufactured separately and is bonded to make the
complete AFPA.�emanufacturing of each half part involves
machining process for molds and preparation of the silicone
rubber paste for molding. Initially with appropriate dimen-
sions from the simulations molds are manufactured using
machining process, which includes the convex and concave
part of the mold. Figure 8 shows the mold manufactured
using micromachining process. �is mold can be used to
manufacture half part of the actuator and similarly other two
molds are made for the other half part of AFPA.

Now, for the preparation of the silicone rubber paste,
whose properties are as shown in Table 1, KE-1606 RTV sili-
cone rubber is mixed with a 10% of curing agent (CAT-RG).
�en this paste is poured between the convex and concave
mold for both half parts of the actuator and then locked for
curing. A�er curing, both the parts are bonded using one-
component RTV silicone rubber.�e advantage in using one-
component silicone rubber as bonding agent is that a�er
curing its property of 	exibility remains as compared to other
adhesive materials, whichmakes the AFPA 	exible as a single
continuous piece. Figure 9 shows themanufactured half parts
of the AFPA a�er molding process and the complete actuator
a�er bonding the two half parts along with a pressure inlet.

One-component Shin-Etsu KE 45 room temperature vul-
canizing (RTV) silicone rubber compound is used for chem-
ically bonding the two silicon bellow parts. Shin-Etsu KE45
RTV adhesive is a paste-like, one-component material that
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Figure 9: Manufactured parts of AFPA: (a) outside view, (b) inside view, and (c) complete actuator.
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Figure 10: Block diagram of experimental setup for the control of AFPA.

cures when exposed to moisture in the air at room tempera-
ture. Due to its nonsag, non	owable features, it may be
applied overhead or on side wall joints or surfaces.�e bond-
ing process involves �rst cleaning the rubber bellow parts
and degreasing if necessary. Apply the silicone rubber 1-
component adhesive (KE 45 RTV) to a thickness of at least
0.5mm. Press together the bellow parts to be bonded and �x
them in position until the adhesive has cured.�e curing time
is about 10 minutes. Depending on the air humidity, the opti-
mum bond strength at room temperature is achieved within
12 to 15 hours. It is much faster at temperatures between 50
and 100∘C and high humidity.

5. Experimental Setup

Figure 10 shows the block diagram of experimental setup
required for the control of the AFPA. Figure 11 shows actual
experimental setup showing three AFPAs connected to air
pressure supply via valves, pressure sensor, and 	ow con-
troller. �e pressure inside the actuator is controlled by the
control of valves using a microcontroller. �e motion of the
AFPA is captured by a camera.

A 3-port solenoid valve having pressure input, output,
and exhaust ports is used in the experimental setup. Input of

3 AFPAs

Pressure sensor

Solenoid valve

Figure 11: Experimental setup showing various devices.

the valve is connected to the compressor output and output
of the valve is connected to the actuator input. �e principle
of 3-port valve is to internally direct the pressure to the AFPA
from the compressor and then to the exhaust from the AFPA
corresponding to the ON and OFF state of the valve. �e
control of the valve is done by the Arm microcontroller via
relay circuit as the valve working voltage is 24V DC.
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Figure 12: PWM control of the solenoid valve.

Figure 12 shows the graphical relation for input and out-
put of the solenoid valve. When the valve is in ON state, the
pressure increases linearly in the AFPA. Tomaintain the pres-
sure inside the actuator at a constant value (e.g., 0.3MPa) for a
desired position, the valve should be controlled using a PWM
pulse with 50% duty cycle as shown. Stellaris LM3S808 Arm
microcontroller is used to generate PWM using 16-bit PWM
mode.

�e design of the actuator is such that, at a particular
pressure, the actuator reaches its maximum de	ection, a�er
which any increase in the pressure results in bulging of the
actuator. �e time taken for the actuator to reach its maxi-
mum pressure is called response time. �e controller is
designed to maintain the maximum safe pressure in the actu-
ator and also to maintain the position of the actuator at the
desired point. To achieve this, the ON/OFF control of the
solenoid valves should be correspondingly done. �e con�g-
uration of the valve is such that when the valve switch is ON,
the pressure starts increasing and when its switch is OFF, the
pressure starts decreasing. As shown in Figure 12, the upper
part shows the pressure in the actuator depending on the
switching state of the valve as shown in the lower part of the
�gure. Let the pressure �0 shown in Figure 12 be the required
pressure for the desired de	ection or position of the actuator.
To maintain the pressure, the valve should be switched on
until the pressure inside the actuator reaches �0 a�er which
switching should follow a PWM with 50% duty cycle and
the frequency of 10Hz (maximum operating frequency of
the solenoid valve). To generate the PWM and to read the
pressure value from the pressure sensor, Armmicrocontroller
is selected. �e controller is a 32-bit CPU with operating
frequency of 50MHz which can generate �ve 16-bit PWM
at a time. Figure 13 shows the closed loop feedback control
system.

�e programming of the controller is carried out using
“C” language. Figure 14 shows the 	ow chart of control
program. �e 100% duty cycle implies the ON state of the
valve that results in the increase of pressure, 50% duty cycle
implies the switching state of the valve that results in the
constant value of pressure, and 0% duty cycle implies theOFF
state of the valve that results in the decrease of pressure.

PWM 
generator

Air 
compressor

Pressure 
sensor

O/PI/P

Figure 13: Closed loop feedback control system.

Start

Get pressure value 

Compare with 
desired value

Constant P Decreasing PIncreasing P

Pd > Pa

Pa

Pd < Pa

Pd = Pa

Pd

Figure 14: Flow chart of control program.

6. Results and Discussion

Figure 15 shows the de	ection of manufactured AFPA with
varying pressures. For every 30KPa increase in pressure the
corresponding de	ection of the AFPA is shown. �e devel-
oped actuator shows a very good position control with the
PWM control technique. And also the simple structure of the
actuator with single chamber is more easy to be miniaturised
compared to the conventional actuators of two or more
chambers [3–6].

Figure 16 shows de	ection analysis of the AFPA using
Abaqus 6.13 so�ware. Hyperelastic tetrahedron elements are
used for rubber structures on wall of the actuator. Applied
pneumatic pressures are given as incremental pressure load
in the so�ware, which always acts in the nominal direction
on the rubber walls of the actuator. In the FEM analysis, the
Mooney-Rivlin model is used for approximating the char-
acteristics of silicone rubber. �e coe�cients are identi�ed
through the experimental results of plane strain tension tests
of the silicone rubber.

�e de	ection angles are 27∘, 30∘, 43∘, and 48∘ as against
the 35∘, 37∘, 48∘, and 56∘ as obtained by the manufactured
actuator at internal pressures of 90 kPa, 120 kPa, 150 kPa,
and 180 kPa, respectively. �ere is a slight variation in the
analysis results as compared to experimental results. �is
could be due to error during modelling and analysis in the
so�ware. Also since the rubber material is elastic in nature
and has highly nonlinear property, it is di�cult to analyze
large deformations using so�ware. Due to pressure, the rate at
which the bending occurs is very high which again is di�cult
to predict theoretically with high accuracy.
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Figure 15: De	ection of the AFPA of model 3 at di
erent pressures.

27∘

(a)

30∘

(b)

43∘

(c)

48∘

(d)

Figure 16: De	ection analysis of model 3 AFPA for various internal pressures (a) 90 kPa, (b) 120 kPa, (c) 150 kPa, and (d) 180 kPa.

Figure 17 shows the static bending characteristic of the
developed actuator.�e analysis and experimental results are
close to each other. �e simple characteristic equations are
obtained by assuming Young’s modulus (�) is constant and
the calculated characteristics are compared with experimen-
tal data taken from a 6mm diameter.

Figure 18 shows the path followed by the tip of the actu-
ator at di
erent pressures. �e pressure is varied from 0 kPa
to 180 kPa insteps of 30 kPa. �e displacement can be seen in

both " and # directions. �e displacement in both directions
increases up to 150 kPa a�er which the tip of the actuator
starts curling.

�e maximum force generated by the actuator is mea-
sured by a load cell. To detect the force, one end of the
actuator is �xed and the de	ecting end is touching the load
cell. �e load cell is set up to measure the force from the
tip of the actuator. Figure 19 shows the experimental and
theoretical force curves of the actuator subjected to various
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internal air pressures.�e pressure range is from 0 to 180 kPa.
�e force characteristics are almost linear, and the maximum
measured force is 0.17N at 180 kPa.

7. Miniature Soft Gripper

A miniature so� gripper consisting of three AFPAs is con-
structed to pick and place small parts. �ese three AFPAs
are �xed to a silicone rubber plate at an angle of 120 degrees
as shown in Figure 20. Figure 20 shows the various gestures
of the miniature so� gripper grasping IC chips. �e e
ect of
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Figure 19: Experimental and theoretical results of force measure-
ment.

instability while gripping when the pressure of the working
	uid reaches some limits as in the case of symmetric FPAs is
avoided.

In the three-chamber design of pneumatic actuators [3–
5], it has been reported that when the pressure of the working
	uid reaches some limit, an unstable phenomenon occurs.
�e object and FMAs turn unstably around the polar axis
of the actuator. �is is because of a net torque acting about
the polar axis due to the di
erential pressures in the various
chambers that causes twisting about the polar axis with
possible torsional buckling. �is problem is not observed in
our design as there is only a single chamber and the pressure
in this chamber does not create a net torque about the actua-
tor’s polar axis.

8. Conclusion

In this paper, a single chamber miniaturised asymmetric
	exible pneumatic bellow actuator has been designed and
fabricated which gives bending performance better than the
symmetric actuators of two or more chambers. Using such
three actuators, a miniature so� gripper has also been devel-
oped. Analysis in ABAQUS so�ware resulted in optimised
design of the actuator. It is found that the e
ect of shape
and eccentricity of the AFPA plays an important role in the
bending of the actuator and de	ection of asymmetric bellow
actuator is in	uenced by the eccentricity up to a certain
extent. �e e
ect of instability while gripping when the
pressure of the working 	uid reaches some limits as in the
case of symmetric FPAs is avoided.�e assembled actuator in
the form of gripper has shown good results in picking of and
placing small parts. It can also be shown that, by supplying
vacuum or negative pressure to the actuator, the actuator
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(a) (b) (c)

(d)

Figure 20: Miniature so� grippers: (a) without application of pressure, (b) with application of pressure, (c) grasping IC chip, and (d) grasping
up IC chip.

can generate bending motion in counter direction of positive
pressure. �ese types of AFPAs will be useful in miniature
robotic mechanisms where space is restricted or gentle
handling is required.
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