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Mechanical Modeling and Optimal Model-based Design
of a Soft Pneumatic Actuator

Wu-Te Yang!, Hannah S. Stuart?, and Masayoshi Tomizuka'

Abstract— Soft pneumatic actuators are widely used for
soft grippers, which are known for their compliance as com-
pared with traditional grippers. The generated force/torque
of soft pneumatic actuators directly determines the grasping
force. This paper introduces a computationally efficient soft
pneumatic actuator (SPA) design methodology. The complex
structure of the pneumatic actuator is approximated by a
cantilever beam. The relationship between input pressure and
output torque is derived by standard mechanical analysis. The
design problem is formulated as a model-based optimization
problem by treating the input-output mathematical model as
the objective function. By solving the optimization problem, the
optimal design parameters are obtained. Finite element analysis
is applied to preliminarily verify the design parameters without
the time-consuming fabrication of many actuators. Three soft
actuators with different design parameter sets were fabricated
to validate the optimal parameters. This work shows the utility
of surprisingly simple calculations and assumptions for rapid
parametric design studies.

I. INTRODUCTION

The soft robotics is gaining increasing popularity. Unlike
conventional robots, soft robots possess inherent compliance.
This advantage gives soft robots the potential to adapt
to unknown environments [1], [2], ensures the safety of
human-robot collaboration [3], and enables them to deal with
fragile objects in the food and agriculture industry [4]. The
performance of soft robots depends on the gripping force of
soft actuators. Several types of soft actuators include elec-
troactive polymers, cable-driven, shape memory alloy, and
pneumatic actuators [5]. Pneumatic actuators are favorable
for building soft robotic systems [5], [6] because they are
lightweight and low-cost, and provide high power density.
However, their complex geometric shapes and mechanics
present computational challenges in optimal design.

Recent works [7]-[13] applied finite element analysis
(FEA) with optimization methods to explore dimensional
parameters of SPAs. Another common approach is to mimic
structures found in nature [14], [15], such as the octopus
arm-inspired tapered actuator [16], [17], to bypass formal
optimization. Although these design approaches produce
functional outcomes, there remain issues in producing effi-
cient mathematical modeling and effort-saving optimization
formulation for SPA design [9]. For example, optimal design
parameters are often obtained through trial-and-error, numer-
ous simulations, or tedious experiments [9]. These processes
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Fig. 1. The complex structure of the soft pneumatic actuator has
been approximated as a cantilever beam for rapid optimization through
mechanical analysis.

leads to a long development time of new pneumatic actuators
for different use cases.

This paper proposes an efficient model-based optimal
design method for SPAs. Firstly, we treat the complex-shaped
structure of the pneumatic actuator as a cantilever beam, as
depicted in Fig. 1. The approximated structure is analyzed by
standard mechanical methods to get the relationship between
input air pressure and output torque [18]. Then, the design
problem is transformed into an optimization problem, and the
derived mathematical model serves as the objective function.
The optimal design parameters are searched and obtained
by solving the optimization problem. Preliminary tests are
conducted by the FEA simulation. Pneumatic actuators are
then fabricated to validate the modelling method with ex-
periments. These pneumatic actuators achieve more output
torque and bending angles than ones reported in another
recent work [3].

Several pneumatic actuator design approaches have been
proposed recently. Demir et al. [3] utilized a machine
learning algorithm to model the performance of pneumatic
actuators with FEA simulation data. The model was used
to search for the optimal design parameters under different
constraints. In our work, we analyze and find the mathe-
matical relationship between input and output to search for
the optimal parameters. Polygerinos et al. [19] attempted to
relate the pressure change and the output torque of a soft
pneumatic glove; however, the analysis relies on complex
mechanical models, and several material properties need to
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be determined by a uniaxial tensile test. By contrast, we
approximate the structure and treat it as a beam, such that
fewer parameters must be characterized. By simplifying the
model used, we trade off complexity for accessibility. Alici
et al. [20] modelled the relationship between air pressure and
the bending angle of pneumatic actuators. We expand upon
this idea to also predict generated torques for a pneumatic
actuator. Hu et al. [8] implemented the analysis of variance
(ANOVA) approach to explore optimal parameters, while we
mainly use optimization to find the best design parameters.
Wang and Hirai [9] also developed a pneumatic actuator by
searching each dimensional parameter separately. However,
our approach works more efficiently since we propose the
mathematical model-based optimal design for the soft ac-
tuator. Overall, we seek to produce useful insights to SPA
designers in an accessible and fast modeling method by
reducing computational complexity.

The remainder of this paper is organized as follows.
Section 2 describes our simplified assumptions and mechan-
ical modeling of the SPA. Section 3 discusses the optimal
design and fabrication of the SPA. Section 4 demonstrates
the experimental results of the soft actuator, and Section 5
concludes the work.

II. MECHANICAL MODELING OF SOFT ACTUATOR

SPAs are composed of numerous discrete chambers, and
these geometric patterns make their structures irregular.
Thus, there lacks an efficient and useful method to model
their structures. Instead of treating it as a black box problem,
this research considers the soft pneumatic actuator as a
continuous beam. The beam structure is a typical exam-
ple to study bending problems in textbooks [18]. Standard
analytical methods could quickly analyze the approximated
structure. We, therefore, can obtain a mathematical equation
to predict the torques generated by the given input pressures.
Furthermore, the mathematical relationship between input
and output is used as an objective function. The optimal
dimension parameters of the soft actuator can be searched
and obtained concerning the objective function.

The simplified structure of the soft actuator is shown in
Fig. 1. Some assumptions are made before we begin the anal-
ysis process. Firstly, we assume that the actuator elongates
within a certain degree and behaves linearly. Soft materials
usually exhibit nonlinearity. However, if the elongation is not
substantial, the stress-strain curve of general soft materials
still approaches a linear relationship. For example, the stress-
strain curve of soft silicone rubbers such as Ecoflex Dragon
Skin can be approximated as a linear curve at strains below
100 % [21]. Secondly, the soft actuator is mechanically
analyzed when the input pressure reaches a steady-state or a
quasi-static state. The pressure distributes uniformly inside
every chamber in either a steady-state or a quasi-static state.

The mechanical analysis process can be observed in Fig. 2.
Figure 2(a) shows that a chamber (a part of the beam) is
segmented from the soft actuator. In Fig. 2, the segmented
chamber is open on both sides. Since we assume the pressure
distributes averagely inside the chamber, the pressure is

Fig. 2. Mechanical analysis process for the soft pneumatic actuator. (a)
A chamber is segmented from the actuator for analysis. (b) The segmented
chamber is open on both sides. (¢c) The open chamber can be considered a
closed volume since the air pressure distributes averagely in the chamber
and is balanced on the open areas. (d) The air pressure will inflate the
chamber to create torques.

balanced in the open areas as shown in Fig. 2(b). We
simply consider the segmented chamber as a closed room
like Fig. 2(c). Then, as the chamber is pressurized, the
air would deform and expand the closed chamber as the
Fig. 2(d) and makes the structure generate torque. Since the
discrete chambers are approximated as a continuous beam,
the mechanical behavior under pressure is continuous in the
structure. Thus, we analyze this problem by Eq. (1) and
(2)[18]. Equation (1) represents the force balance inside the
chamber in z direction in Fig. 2, and Eq. (2) computes the
torques generated by the input pressure inside the structure:

> F. = / ply)dA )

T:ZTzz/yxp(y)dA )

where F, is the force inside the beam in the x direction, p(y)
is the pressure function inside the beam and changes along
the y direction, 71" is the torque generated by the actuator,
T, is the torque generated by pressure distribution function
p(y), and dA is the small area where the pressure p(y) is
located. Note that p(y) is a constant based on the assumption
we made.

Before implementing Eq. (1) and (2) to analyze the
structure, we need to know the location of the neutral
surface where the force and deformation inside the beam
are zero under bending [18]. The neutral surface serves
as the origin of the generated torques [18]. Unfortunately,
the structure of the soft pneumatic actuator has a highly
complicated geometric shape. The position of the neutral
surface is nonapparent and will vary as the dimensional
parameters change in the design stage. We address this issue
through a specialized construction of the actuator to enforce
a known neutral surface. We embed a sheet of Velostat, a
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Fig. 3. (a) The exploded view of the soft actuator. Both (b) and (c) show
how the upper and lower components are manufactured by two different
molds. The appearance of the soft actuator is shown in (d).

compliant but less extensible material, inside the soft actuator
as in Fig. 3(a) and (c). The location of the Velostat is the
red line in the actuator’s cross-section area as shown in
Fig. 4(a). By doing so, we assume the neutral surface to be
aligned to the black dashed line shown in Fig. 4(a) even if
other dimensional parameters change during the design stage.
The distance between the Velostat and the neutral surface
is around 0.5 mm to account for slight stretching of this
material.

With a known neutral surface, we analyze the segmented
chamber’s free body diagram by slicing it into half as in
Fig. 4(b). By using Eq. (1), we solve for the relationship
between input pressure and the pressure generated in the
wall of the actuator. The free-body diagram of the segmented
chamber is shown in Fig. 4(c). The P, is then described as

(a —t)(w —2t) 3
~ bw + wt + 2at — 22 S
where a is the distance between the neutral surface and the
top of the actuator, b is the distance between the neutral
surface and the bottom of the actuator, w is the width of the
actuator, and ¢ is the wall thickness as shown in Fig. 4(d). Eq.
(2) and Eq. (3) then produce a relationship between P and
generated torque 7. Therefore, the T'(P) can be computed
as

w

T(P)=Tp+Tp, 4)

where Tp is the torque contributed by P, and Tp, is the
torque created by P, as shown in Fig. 4(b). Since P, can
be replaced by Eq. (3), Tp and Tp, are described by using
Eq. (2):

Tp — / y x PdA, ®)

pr:/yx

(a —t)(w — 2¢)
bw + wt + 2at — 2t2

PdA, (6
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Fig. 4. (a) The cross-section of the chamber is displayed. The black dashed
line represents the neutral surface, and the red line is the embedded Velostat.
(b) The segmented chamber is cut into half to get the free body diagram.
(c) The free-body diagram and the pressures act on it can be observed. (d)
The dimension parameters of the cross-section are defined. The dashed gray
lines illustrate the expansion of the chamber wall when pressurized.

where dA. is the arbitrary small area in the cross-section of
a chamber (yellow area) in Fig. 4(a), dA,, is the small area
in the cross-section of the wall of the actuator (light orange
and pink areas in Fig. 4(a)) and y is the location where
the pressure acts. The material above the neutral surface
is assumed to be in tension, producing positive internal
pressures.

In Sec. III, we use the model for T'(P) to optimize and
select a, b, w and ¢ parameters. We note that the cross-section
area of chambers will change significantly with high pressure
as the gray dashed line in Fig. 4(d), and this is a known
limitation of the proposed method. Therefore, we assume
its variation is not significant under limited pressure (< 0.1
MPa). As shown in Sec. IV, we find this idealized assumption
to be valid under 0.1 MPa in experiments.

III. OPTIMAL DESIGN ANALYSIS

A. Optimal Design Formulation

We aim to search for the optimal dimension parame-
ters in this subsection. With the derived model in Sec.
I, we transform the design problem into a model-based
optimization problem [22]. We treat the mathematical model
T(P)(Eq. (4)) as the objective function subjected to dimen-
sion constraints (i.e., a, b, w, and t). The a and b represent
the height of the cross-section of the chamber, w means the
width, and ¢ is the wall thickness of the soft actuator. The
schematic of the dimension parameters in the cross-section
of the actuator is displayed in Fig. 4(d). The optimization is
defined as:
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max T'(P)

abw,t
s.t. P = constant
a1 < a < ag
by <b< by
hi <a+b< hy
w; < w < we
1 <t <o

(7

where P is a constant value and the constraint parameters
a, b, w and t are determined by referencing human fingers’
dimensions [9], [23].

The optimization problem is solved by using the opti-
mization toolbox in MATLAB® with the solver fmincon
with searching step size is 4 x 10~'2. The solution (local
minimum) that satisfies the constraints is found when the
objective function is non-decreasing. That is, the variation of
the objective function is less than the optimality constraint
1075 in all possible searching directions. The optimal design
parameters of a, b, w, and ¢ are shown in Table L.

TABLE I

von Mises (1/m ~2)
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L 7180e+

Fig. 5. The FEA of the soft actuator in SOLIDWORKS. The soft actuator

is fixed at its end, and the tip contacts a sensor.
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THE PARAMETER SETS VERIFIED BY THE FEA

a[mm] b[mm] w[mm] t[mm]
Optimal parameters 3.0 17.0 20.0 1.5
Variance 1 3.0 17.0 20.0 2.0
Variance 2 3.0 17.0 20.0 1.75
Variance 3 3.0 17.0 15.0 1.5
Variance 4 3.0 17.0 17.5 1.5
Variance 5 2.0 18.0 20.0 1.5
Variance 6 4.0 16.0 20.0 1.5

The SPA is designed to contain six chambers whose
geometric shape is a rectangle. The gap between the cham-
bers and the chamber length is set as 4 mm and 10 mm,
respectively. That makes the length of the actuator to be 94
mm, which is approximately the size of a human finger [9],
[23]. Next, the model is produced in CAD to run FEA
analysis, here using SOLIDWORKS software.

The pneumatic actuator is fixed at the end like a can-
tilever beam. The tip of the actuator is placed on top of a
sensor (steel) and set as the contact condition between them
(u = 1). Hence, the FEA simulation estimates contact force
produced by actuation. We assume compliant material to be
an isotropic linear elastic according to our assumption in Sec.
II. The elastic modulus and Poisson’s ratio of the material,
Ecoflex® Dragon skin 20, are set as 0.34 MPa and 0.49 [21],
[24]. Figure 5 demonstrate the FEA results and the force
distribution at the tip, respectively. The mesh sizes are set as
1 mm. On average, the FEA results match true experimental
measurements within 90 % (86~93 %) accuracy. When FEA
estimated the force, the torques are obtained by multiplying
force with the length of the soft actuator:

Ty =F x L, 3

0.16
—z Equation
| |= Optimal Parameters
0.14 Variance 1 <
=V~ Variance 2
0.2 b |= P~ variance 3 Vs
: Variance 4 o
= ®= \Variance 5 P < -
E‘ 0.1} [= 9~ variance 6 ’ -
Z i P
Q -
S 0.08 ’ P e v ﬁ
E 7 /* Phe -
0.06 /e P - -, t_ =
e - - -
. O ke f ==
0.04 PR ’,V _zZ
K200
002t . :{’, %=
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e @
0 .
0 0.05 0.1 0.15 0.2 0.25
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Fig. 6. The FEA results of the pneumatic actuator with the optimal design
parameters. In addition, several parameter sets (changing a, b, w and ¢ )
are tested in FEA, all showing reduced performance as compared with the
optimized parameters.

where T, is the estimated torque, F' is the force, and L, is
the length of the soft actuator.

The FEA results concerning different input pressures are
displayed in Fig. 6, in comparison with our simplified model.
The prediction of torques by the derived equation as the
Eq. (4) (line with circle markers) is higher than the FEA re-
sults (line with star markers), however they differ by around
18%. To test sensitivity of the optimally searched solution,
we vary the geometric parameters of the soft actuator in FEA
analysis to test for better solutions. Six different “variance”
alternatives are shown in Fig. 6. The actuators with varied
design parameters could not perform as well as those with
optimal parameters.

IV. EXPERIMENTAL EVALUATION
A. Fabrication of Soft Actuator

The structure of the proposed soft actuator is shown in
Fig. 3(a). The actuator body is primarily made of liquid
rubber, Ecoflex® Dragon Skin 20. The upper and bottom
components in Fig. 3(a) are fabricated by using two different
molds as in Fig. 3(b) and (c), inspired by [25]. They are
then bonded together by the silicone adhesive, Sil-poxy®.
The nozzle at the end is connected to the rubber tube so
that the air compressor can input air into the chambers. The

Authorized licensed use limited to: Univ of Calif Berkeley. Downloaded on July 26,2023 at 19:53:04 UTC from IEEE Xplore. Restrictions apply.



| Soft Actuator

<

Pressure
Sensor

Arduino Mega Board

Q:Q‘n\éima#c A‘c_t‘uatg L\
\Fixt—ure Weight Scale

Fig. 7.

The schematic of the experimental setup.

bottom component has a piece of Velostat embedded inside
to control the position of the neutral surface, inspired by
the [19]. The thickness of the thin layer of silicone between
the Velostat (red line) and the desired neutral surface (black
dashed line) in Fig. 4(a) is controlled to a thickness of 0.5
mm during fabrication. The soft pneumatic actuator is shown
in Fig. 3(d). The dimensions of the pneumatic actuator are
20 mm high, 20 mm wide, and 94 mm long.

B. Experimental Setup

The experimental setup is demonstrated in Fig. 7. The
soft actuator is actuated by the air compressor (Porter-Cable,
Jackson, TN), and the compressor has 4 gallons tank and
can generate up to 135 psi (0.9308 MPa). The compressor
also has a built-in air pressure regulator. A pressure sensor
(Walfront, Lewes, DE) with a sensing range of 0 to 80 psi is
implemented to monitor the air pressure and is synchronized
with Arduino MEGA 2560 (SparkFun Electronics, Niwot,
CO). The microcontroller is based on the Microchip AT-
mega 2560. The microcontroller is also synchronized with
a computer to log sensing data.

C. Test of Torque

The soft pneumatic actuator is designed to optimize the
output torque. The fabricated soft actuator is fixed at the
end of its structure as in the lower part of Fig. 7. The tip
of the soft actuator is contacted on a digital weight scale
(Etekcity, Anaheim, CA) with a resolution of 0.01 g and a
range of 5 kg. As the air pressure is pumped into the actuator,
the actuator inflates and exerts a force on the weight scale.
The torque is computed by using Eq. (8). The results in
Fig. 8(a) show that the optimized fabricated design (“Design
1) matches closely with modeled results (“Formula”). The
maximum torque of the optimal design is 0.144 Nm at the
pressure of 0.25 MPa, with other state of the art soft fingers
provide 0.085 Nm at the same pressure [3].

(a)

Equation vs Experiment(Torque)
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Fig. 8. (a) The experimental validation of optimal designed soft actuator

(design 1). A softer material is used in Design 2 and other parameters are
the same. Compared to Design 1, Design 3 has a larger length of chamber
room. (b) The experimental results of Design 1 without the Velostat. Its
performance deviates from the predictions of the derived formula.

Once again, we test alternative designs as a preliminary
check for suboptimality (“Design 2” and “Design 3”). Design
2 has a lower Young’s modulus of 0.26 MPa (Ecoflex®
Dragon skin FX-Pro) as compared with Design 1. Because
it is softer, it buckles under higher loads and torque plateaus
at 0.046 Nm. The chamber length L of Design 3 is 12
mm larger than that of Designs 1, so L, is also longer.
Its performance drops significantly as the pressure increases,
with torque plateauing at 0.090 Nm. All designs perform
similarly up to 0.1 MPa of pressure, indicating that the
optimization is most useful for higher load applications.

Because we embed a piece of Velostat to manage the
position of the neutral surface during fabrication, we make
another Design 1 without the Velostat inside and test its
performance as shown in Fig. 8(b). Performance deviates
more from the estimations of the derived mathematical
equation. We suspect that the error arises from a change in
the neutral surface of the finger without Velostat, in addition
to changes in surface bulging.

D. Test of Bending Angle

The bending angle is another index used to gauge the
performance of a soft actuator [8], [9], as soft actuator output
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Fig. 9. The bending angle measurement method is disclosed in (a), and
the bending angle test results of Designs 1, 2, and 3 are demonstrated in

(b).

torque and bending angle are often discussed in tandem.
The bendability of the soft actuator is believed to influence
the output torque; if the actuator has a large bending angle
with fixed input pressure, it is possible to generate more
torques [8], [9]. Thus, we also test the bending angle of our
design, even though our actuator is optimally designed based
on output torque. We define the bending angle as shown in
Fig. 9(a) and record it by marking the positions of the tip
and end of the actuator on grid paper. By doing so, we can
measure the soft actuator’s bending angle. In Fig. 9(b), the
bending angle test shows that Design 2, with softer material,
has the best bending ability. The maximum bending angle
of Design 2 is around 221 degrees, while Design 1 and 3
are 214 and 208 degrees, respectively. The bending angle
performance of all three designs outperforms recent work [3],
which achieved approximately 120 degrees.

V. DISCUSSION

Based on the results in Fig. 8(a) and Fig. 9(b), the linear
model assumption appears valid when pressures are less than
0.1 MPa. Although the actuator begins to exhibit nonlinearity
with higher pressures, the derived equation Eq. (4) still helps

determine a feasible set of parameters. As shown in Sec.
IV-C and IV-D, we find a design which outperform both
torque and bending angle as compared to an alternative SPA
within the same parameter space of interest. In particular,
the presented method provides a computationally efficient
method to discover soft actuator designs as compared to ma-
chine learning and FEA methods. While the assumptions that
enable the optimization — a known neutral surface, moderate
actuation pressures, no large material deformations outside
the linear range — limit the utility across all soft actuator
applications, we believe that this rapid modeling method can
assist designers interested in this chamber topology to get
started quickly and find feasible, useful designs.

An important assumption is the known neutral axis, and
we find that the removal of the Velostat layer reduces model
accuracy. But the Velostat plays a potential secondary role.
In future work, a flex sensor can replace the passive Velostat
inside the actuator to measure bending angle. Like in [26],
this may be useful if this actuator is utilized to make soft
grippers. Various bend sensors are made of thin and largely-
inextensible sheeting material.

The equation derived through mechanical derivation does
not include the Young’s modulus and so it cannot predict the
effects of nonideal material properties. As seen with the soft
Design 2, this method is less accurate when materials start to
experience more buckling and bulging as pressure increases.
To test whether the optimal geometry still holds across
different softer actuators, we simulated the performance of
varying Designs in FEA, all with softer material (Dragon
skin FX-Pro). The results are similar to that in Fig. 6, where
the optimized parameters continue to outperform selected
alternatives as an initial assessment. In addition, the proposed
model can be scalable under the assumption of linearity. The
optimization algorithm will search the local optima if the
constraint space is changed (larger or smaller). Other soft
actuator geometries that have more complex chamber shapes,
for example, may need to modify the model. Overall this
method of testing for real optimality, with a sparse subset
of alternatives, is not exhaustive; future work will seek to
further test the validity of assumptions.

Ultimately, this method will likely need to be paired with
finite element methods to understand performance during
higher actuation pressures or with more complex contact
conditions. Manufacturing imperfections may influence per-
formance of the model. In order to test this effect, another
two prototypes of Design 1 were fabricated. Bending angle
varied by approximately + 5 degrees and torque varied by +
0.025 Nm across all three Design 1 prototypes. Regardless,
the present results provide compelling evidence to motivate
the use of simple physical models, that can out-perform
certain data-driven methods, to guide early soft actuator
selection in particular applications.

VI. CONCLUSIONS

This work presents a modeling and control strategy for
soft pneumatic actuators. Since we simplify the actuator to
be a cantilever beam, mechanical analysis can be performed
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to model a relationship between pressure and torque. Then,
the developed mathematical model serves as the objective
function to search for optimal design parameters. The opti-
mal parameters obtained determine the dimension of the soft
actuator, which is tested in both FEA and experimentation.
The derived optimal design is compared against two other
fabricated soft pneumatic actuators, showing that this pro-
posed method can accurately predict and inform improved
performance. Moreover, the resulting optimized soft actuator
can generate torque up to 0.144 Nm and 214 deg, performing
better than a recently developed pneumatic actuator through
data-driven design. It is the goal that this mechanically-
informed method provides a helpful and efficient tool for
rapid design.
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