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Abstract. Soft bending actuators show high adaptability for applications such as rehabilitation or grasping.
Although constant curvature assumption has been extensively used for free motion modeling, these actuators
do not bend circularly when interacting with the environment. In such situation, conventional bending
sensors cannot provide useful information on their shape. In this paper, the Finite Rigid Elements approach
is utilized to model the behavior of a soft pneumatic bending actuator in free motion and contact. With
this method, the variable curvature configuration under different external loads can be modeled. Then, the
contact force between the actuator and an object located in a specific position is estimated utilizing the
Gradient Descent optimization method. Experimental results verified the combinatorial proposed approach
for both force estimation and structure deformation.

Keywords. Soft bending actuator, Static modeling, Deformation analysis, Force estimation, Finite rigid ele-
ments method.
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1. Introduction

Unlike past decades when the soft robotics area was just a topic in laboratories, in recent years,
it has found its way into industries and has become a significant interdisciplinary branch of
science. It involves many fields of engineering such as mechanical, electrical, chemical, etc. The
unique features of soft robots, including compliance, safety, adaptability, and more similarities
to nature [1], make these types of robots attractive to researchers [2]. However, these particular
attributes bring more complexity, and in comparison with conventional rigid robots, modeling
and control of the soft robots are much more complicated and case-dependent.
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The concept of soft robotics encompasses a wide range of robots with flexible bodies actuated
by tendons [3, 4], fluids [5], dielectric elastomers [6], smart materials [7], etc. Among different
types of soft robots, soft actuators with pneumatic actuation have the ability to exert considerable
force while being safe enough. For this reason, they are utilized in various applications, including
manipulators [8, 9], grippers [10, 11], rehabilitation robots [12], bio-inspired robots [13], etc.
Generally, soft pneumatic bending actuators are divided into two categories, i.e. multi-chamber
(PneuNets) [14] and fiber-reinforced actuators [15]. Although both types are functional and can
generate bending deformation, the structure of the latter type provides the feasibility to produce
compound deformations e.g. twisting and elongation added to the bending [16, 17].

However, the nonlinear behavior of the material utilized in these actuators makes the process
of modeling complicated. Polygerinos et al. derived a static model for a fiber-reinforced bending
actuator by neglecting the effect of external constraints and using the Neo Hookean theory for
hyperelastic material [18]. Wang et al. investigated the behavior of the actuator by resorting to the
Lagrange method in free motion as well [19]. Finite-Element Method (FEM) is a suitable approach
to deal with the complexity of analytical methods for nonlinear materials. In this regard, Gharavi
et al. analyzed the behavior of a soft bending actuator using FEM [20].

Despite the fact that the study of free motion behavior brings valuable perspective, there are
usually positional constraints caused by the environment in real applications such as grasping or
rehabilitation. In these cases, the actuator interacts with other objects, and the interaction force
would be a significant term. Several approaches have been proposed to consider the effect of
external forces. In this regard, assuming the actuator as a beam with a large deflection [21] is a
method that has been widely used. Zhou et al. considered a cantilever beam with an intrinsic
curvature that is under the effect of a couple of concentrated fixed forces. They calculated
the effect of external loads on the beam profile using the Euler–Bernoulli beam theory [22].
Namdar et al. developed the previous method and investigated the configuration of a soft fiber-
reinforced bending actuator under the effect of different types of concentrated forces and inlet
pressure [23]. However, none of the above-mentioned research takes the contact situation and
positional constraints into account. In addition, one of the most applied approaches in the field
of soft actuators’ modeling is the Cosserat rod theory [24]. Despite the accuracy and generality of
this method, its high computational cost and complexity limit its application in real-time cases
such as control systems.

Besides the mentioned challenges in the modeling of soft bending actuators in contact, the
lack of position and force sensing systems is still a significant hinder to taking advantage of
soft actuators. A flex sensor, which is a variable resistor, has been widely used by many re-
searchers to measure and control the bending angle of the actuator [25, 26]. But in spite of
being soft, this sensor could not measure a non-constant curvature. To overcome this issue,
Davarzani et al. designed a sensor system with four inertial measurement unit (IMU) sen-
sors to obtain the kinematics of their finger-like soft actuator [27]. The developed system can
determine the curvature of the actuator but significantly reduces its softness. Lu et al. de-
signed and fabricated a soft sensing system using liquid conductive metal, which can mea-
sure the pressure and strain [28]. However, this system cannot determine the non-constant de-
formation of the actuator. Godage et al. utilized a fiber optic shape sensor (FOSS) to achieve
the curvature of the actuator [29]. Despite the softness and high-frequency response, the pro-
posed sensory system has a high-cost implementation and can only measure the curvature
of the actuator, and does not provide any data about external forces. In regards to external
force measurement, most of the research works used load cell, which is not an appropriate
choice in applications such as soft gloves and soft grippers [30–32]. The soft array sensory sys-
tem devised by Navarro et al. is more efficient to detect the contact position and estimate the
contact force [33].
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Figure 1. Actuator element schematic.

Concerning the mentioned challenge, this research proposes the Nonlinear Finite Rigid
Elements (NFRE) methods to cover both the material nonlinearity and actuator behavior in free
motion and contact. By resorting to this method, both non-constant continuous deformation and
contact forces can be determined simultaneously. For this purpose, first, the material nonlinear
behavior is modeled by the energy approach. Then, the NFRE method is utilized to express the
static behavior in free motion and interacting with the environment. This way, the non-constant
deformation of the soft actuator can be determined. Based on the proposed approach, the Gra-
dient Descent optimization method is used to estimate the contact force between the soft bend-
ing actuator and an obstacle located in a specific location. These methods are validated using
empirical tests.

2. Actuator structure and its behavior analysis

The main concept behind the soft bending actuators is the difference between the neutral axis
and the position of the actuation force, which causes a moment that bends the actuator. In
this research, we will use a soft pneumatic reinforced bending actuator in order to validate the
theoretical method; however, the method can be utilized for other types of bending actuators. In
this actuator, a semi-cylindrical chamber which is made of a hyperelastic material constructs the
main part. The chamber deforms in all directions, i.e., longitudinal, radial, and circumferential,
effortlessly while inflating. The radial deformation of the chamber is prevented by wrapping two
helical reinforcing fibers around it symmetrically. In addition, the neutral axis of the chamber is
displaced by attaching a fabric layer to its flat side. Figure 1 shows the actuator’s components and
its configuration in inflated and unpressurized conditions.

In Figure 1, L, r , t1, and t2 are geometrical parameters used to represent the length, the inner
radius, the flat part thickness, and the cylindrical thickness of the actuator, respectively. v , ρ, and
γ are auxiliary coordinates that are used to denote any point on the cross-section of the actuator.
In addition, λl is the longitudinal stretch ratio. The value of λl is one on the constraint layer—
denoted by λl ,min—and increases as it takes distance from the constraint layer. For simplicity
purposes, λl ,bot and λl ,top are used to show the stretch ratio in the flat and cylindrical parts.



46 Mohammad Hadi Namdar Ghalati and Hamed Ghafarirad

Figure 2. Schematic of the actuator in free and constrained conditions. The actuator has
a constant curvature in free motion, while its profile is not circular in the constrained
situation. P denotes the internal pressure, and F is the external force.

In this research, it is assumed that the stretch ratio increases linearly. Finally, R and φ are the
actuator’s curvature radius and angle, respectively.

Due to the homogeneity of the actuator structure, it bends with a constant curvature as long
as there are no external loads and constraints. However, as soon as it reaches an obstacle, the
interaction force between the actuator and the environment disrupts the constant curvature
behavior, and the actuator curvature will not remain constant. Figure 2 depicts the actuator
behavior in free and constrained conditions.

3. Energy-based modeling of the soft actuator in free motion

In the pneumatic soft bending actuators, the pressurized air is the actuation factor. Also, research
has shown that the constant curvature assumption is valid for the bending actuators with a
uniform structure when there is no applied external effect (L = Rφ with L the length of the
actuator, R its bending curvature which is constant when no external load is applied, and φ

its total bending angle). Therefore, the actuator curvature could be defined as a function of
inlet pressure. However, when the actuator is affected by an external load such as gravity or an
obstacle, its curvature would not remain constant. In this case, the soft actuator is a system with
infinite degrees of freedom. Before studying the actuator in the constraint condition, its behavior
in free motion will be reviewed based on the energy approach.

3.1. Generalized force

While the actuator is inflated, the generalized force due to the increase of the inlet pressure can
be determined using Equation (1).

FG = P
∂Vc

∂φ
(1)

where FG , P , Vc , andφ are generalized force, inlet pressure, chamber volume, and bending angle,
respectively. The volume of the chamber can be calculated by the difference between the total
(VT ) and elastomer (Ve ) volumes, see Equation (2)

Vc =VT −Ve . (2)
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According to the incompressible assumption, the elastomer has a constant volume in any condi-
tion. Therefore,

∂Vc

∂φ
= ∂

∂φ
(VT −Ve ) = ∂VT

∂φ
. (3)

In addition, based on the constant curvature assumption, by inflating the actuator in the absence
of external effects, the actuator has a constant curvature. Besides, the reinforcement fibers and
fabric layer force the cross-section of the actuator to remain unchanged under different pressure.
So, by using Pappus’s theorem, the total volume can be determined. To do so, the cross-section is
divided into two parts, i.e., top and bottom.

Atop = π

2
(r + t2)2

d top = L

φ
+ t1 + 4

3π
(r + t2)

(4)

Abot = 2t1(r + t2)

d bot =
L

φ
+ t1

2

(5)

where Atop and Abot are the areas of the top and bottom sections, and dtop and dbot the dis-
tances between the center of these areas and the rotation axis along the y-axis shown in Figure 1.
All other parameters are illustrated in Figure 1 and defined in the paragraph below that. Conse-
quently, the total volume can be calculated using Equation (6).

VT =φ∑
Ai d i =

[
2

3
(r + t2)3 + πt1

2
(r + t2)2 + t 2

1 (r + t2)

]
φ+

[
πL

2
(r + t2)2 +2Lt1(r + t2)

]
. (6)

Finally,

FG =
[

2

3
(r + t2)3 + πt1

2
(r + t2)2 + t 2

1 (r + t2)

]
P =CP P. (7)

3.2. Potential energy

If the actuator deforms in the horizontal plane, the only potential energy stored in the actuator
is strain energy. Based on the Neo-Hookean model for incompressible hyperelastic material, the
strain energy of the elastomer can be obtained using Equation (8)

Es =
∫

Ve

µ

2
(I1 −3)dV (8)

where µ is the shear modulus which depends on the material, I1 = ∑3
i=1λ

2
i is the first invariant

of stretch tensor, and λi -s are the principal stretch ratios. By assuming the actuator as a thin-
walled tubeλ1,λ2, and,λ3 are longitudinal (λl ), circumferential (λc ), and radial (λr ), respectively.
Reinforcement fibers around the actuator resist the variation of the actuator radius which means
that λc = 1. Using the incompressible material assumption (

∏3
i=1λi = 1), we can write that

λr = 1/λl . The stretch ratio on the fabric layer is one, since it is an inextensible material. A
function whose value is one on the fabric layer and increases linearly by distancing from the layer
is a decent approximation for the longitudinal stretch ratio function. For simplicity, the stretch
ratio function is defined as a piecewise function Equation (9) with two sub-functions for the top
and bottom parts, i.e., semi-cylindrical and rectangular sections.

λl ,top = 1+ (t1 + (r +ρ)sinγ)φ

L
, ρ ∈ [0, t2]

λl ,bot = 1+ νφ

L
, ν ∈ [0, t1].

(9)
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Therefore,

Es,top =µL
∫ t2

0

∫ π/2

0

[(
1+ (t1 + (r +ρ)sinγ)φ

L

)2

+
(
1+ (t1 + (r +ρ)sinγ)φ

L

)−2

−2

]
(r +ρ)dγdρ

(10)

Es,bot =µL(r + t2)
∫ t1

0

[(
1+ νφ

L

)2

+
(
1+ νφ

L

)−2

−2

]
dν. (11)

Equations (10) and (11) can be simplified by the use of the following expansion.

(1+ z)−2 = 1−2z +3z2 −4z3 +·· · . (12)

Consequently,

Es = Es,top +Es,bot = c1φ
2 + c2φ

3 (13)

c1 =
4µt 3

1 (r + t2)

3L
+ 4µ

L

∫ t2

0

∫ π/2

0
(t1 + (r +ρ)sinγ)2(r +ρ)dγdρ (14)

c2 =−µt 4
1 (r + t2)

L2 − 4µ

L2

∫ t2

0

∫ π/2

0
(t1 + (r +ρ)sinγ)3(r +ρ)dγdρ. (15)

3.3. Equilibrium equation

According to the principle of virtual work, which relates the potential energy (U ) to the general-
ized force FG that produces a curvature φ, a static model is obtained as Equation (16), knowing
that the only potential energy stored in the actuator is the strain energy (U = Es ).

δU = FGδφ→ aφ+bφ2 = P (16)

where a = 2c1/CP and b = 3c2/CP with CP defined in Equation (7).
As stated before, the constant curvature assumption is valid until the actuator bends in the

absence of any external constraint. Consequently, the derived equation, i.e., Equation (16), is
deficient in constraint situations. Therefore, to model the effect of external loads on the actuator
curvature, an approach based on the Nonlinear Finite Rigid Elements method will be presented
in the next section.

4. Nonlinear finite rigid elements method for free motion and contact

Finite Rigid Elements Method is usually utilized to model the continuum structures [34]. By
discretizing the actuator into a series of n links with nonlinear torsional springs in the joints, and
using the Denavit–Hartenberg method, a model for the elements’ position could be derived in the
static situation. Figure 3 shows the schematic of the actuator as well as the defined parameters
and coordinates.

It should be noted that the nth coordinate is located at the tip point and is parallel to the
(n −1)th coordinate. In order to derive the static model for the actuator, the Denavit–Hartenberg
parameters for the consecutive coordinates are defined in Table 1.

Table 1. DH parameters for the actuator

i ai−1 αi−1 θi di

1 dl 0 θ1 0
2 dl 0 θ2 0
... dl 0 θi 0

n −1 dl 0 θn−1 0
n ≥ 2 dl 0 0 0
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Figure 3. Schematic of the actuator under the effect of internal pressure, modeled as a
moment (MP ), and concentrated forces Fx and Fy at the tip.

Where dl is the elements’ length, and θi − s are the relative angle of the consecutive coordi-
nates, shown in Figure 3. According to the DH parameters, the matrix that transforms each coor-
dinate axis to the inertia coordinate (0Ti ) could be determined using Equation (17),

0Ti =



cθ′i −sθ′i 0 dl
i−1∑
t=0

cθ′t

sθ′i cθ′i 0 dl
i−1∑
t=0

sθ′t

0 0 1 0
0 0 0 1


, i = 1,2, . . . ,n, θ′0 = θ0 = 0 (17)

where cθ = cosθ and sθ = sinθ. In addition, θ′i is the absolute angle of each coordinate (θ′i =∑i
j=0θ j .) Therefore, the Jacobian matrix, defined in the base coordinate, (0 Ji ) can be calculated

as well.

0 Ji = dl


−

n−1∑
t=i

sθ′t

n−1∑
t=i

cθ′t

0

 , i = 1,2, . . . ,n −1. (18)

It should be mentioned that the Jacobian matrix includes both position and orientation terms in
general. However, for a planar serial robot with revolute joints, the last row of the Jacobian matrix
would be a vector of ones. Therefore, the orientation section of the Jacobian could be omitted,
and the related terms added separately (see Equation (20)).
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While the actuator is inflated, the inlet pressure could be considered as an equivalent force
applied to the end wall of the actuator at its center of area (CoA), shown in Figure 3. Due to the
difference of the neutral axis and CoA position, the force acts as a moment at the end tip of the
actuator as expressed in Equation (19).

Mp = kP P (19)

Mp is the moment created at the tip of the actuator due to the inlet pressure, and kp is a constant
value that converts inlet pressure to the moment. Moreover, the effect of the contact between the
actuator and the obstacle could be modeled as a couple of horizontal and vertical fixed direction
forces (Fx ,Fy ) at the end tip. This means that the interactive force between the actuator and the
environment has a constant direction and does not depend on the orientation of the actuator.

The moment and forces that are exerted on the actuator make the torsional springs in the
joints twist and create reaction torque. Equation (20) determines the torque (τ) created in each
joint as the effect of inlet pressure as well as external contact, and Equation (21) calculates the
reaction torque of springs in that joint.

τi = 0 J T
i F +Mp (20)

τi = k1θi +k2θ
2
i . (21)

As was mentioned below the Equation (18), in this method, the orientation section of the Jacobian
matrix, which is a vector of ones, is omitted, and the effect of the moment (Mp ) has been added
separately in Equation (20).

In Equation (21), k1 and k2 are the coefficients of the nonlinear spring that is used to model
our actuator, with the hypothesis that its nonlinear behavior can be represented as a second or-
der polynomial. This nonlinearity is caused by the instinct nonlinear behavior of the utilized ma-
terial, i.e., silicon rubber. Indeed, the energy-based modeling, presented in Section 3, experimen-
tal data, and the model described in [23] validate this assumption. However, this nonlinearity de-
pends on many parameters such as material shore, the ratio of hardener, the curing procedure,
etc. Although in special cases, a specific actuator may show lower nonlinearity, a 2nd order poly-
nomial is a more general function that covers most designs.

Finally, using Equations (18) to (21) the configuration of the actuator in contact with an
obstacle can be derived as expressed in Equation (22).

k1θi +k2θ
2
i +Fx dl

n−1∑
t=i

sθ′t −Fy dl
n−1∑
t=i

cθ′t = kP P i = 1,2, . . . ,n −1. (22)

According to Equation (22), in the absence of the obstacle (Fx = Fy = 0), the relation between the
inlet pressure and the joints’ angle is a second-order polynomial function. In addition, due to the
constant curvature assumption, θi -s are equal, and θ′n =φ. Consequently,

k1

(
φ

n −1

)
+k2

(
φ

n −1

)2

= kP P. (23)

The values k1/(n −1)kP = a and k2/(n −1)2kP = b show the resistance of the actuator against
deformation, and obviously should not depend on the number of elements. Therefore, a torsional
spring with constant coefficients K1 and K2 is defined as the equivalent elasticity of the springs
system, these coefficients being defined as a function of the elements’ number and equivalent
elasticity as expressed in Equation (24).{

k1 = K1(n −1)

k2 = K2(n −1)2.
(24)
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Figure 4. Schematic of the actuator under the effect of internal pressure, modeled as a
moment (MP ), and concentrated forces Fx and Fy exerted along the actuator.

According to Equation (17), the tip position can be determined using Equation (25).
xtip =

n−1∑
t=0

dl cθ′t

ytip =
n−1∑
t=0

dl sθ′t .

(25)

Remark. The contact between the actuator and the environment may happen not only at the
end-tip but also at another point on the actuator, as shown in Figure 4. In this condition, the
actuator can be divided into two parts: The first part is an actuator with a force at its end-tip, and
the second part is an actuator which is pressurized in the absence of the external constraints and
attached to the first part. Making the assumption that a fixed force is exerted on a point located
somewhere other than at the end-tip of the actuator, e.g., on the j th joint, the following couple of
equations can be utilized to model the situation.k1θi +k2θ

2
i +Fx dl

j−1∑
t=i

sθ′t −Fy dl
j−1∑
t=i

cθ′t = kP P i = 1,2, . . . , j −1

k1θi +k2θ
2
i = kP P i = j , j +1, . . . ,n −1.

(26)

5. Force estimation and configuration detection for position constraints

So far, a static model is derived for the actuator, i.e., the actuator’s configuration can be obtained
in the presence of the inlet pressure and external forces. However, in some applications the
obstacle position (xobs) is determined and the actuator should exert the desired force on the
object, e.g. soft grippers. In these cases, to estimate the force exerted by the pressurized actuator
on the obstacle, the inverse model has to be solved. The following method can estimate the
force (F ) that an actuator with a certain inlet pressure (P ) exerts on a vertical frictionless wall
located in a specific horizontal position. In addition, the frictionless assumption does not limit
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Figure 5. Force estimation method diagram.

the generality of the method since, in applications where the vertical force is nonzero, its value
is known or can be calculated easily. For instance, while the actuator is utilized in a gripper, the
vertical force is the object’s weight.

Figure 5 depicts the block diagram of the inverse static model. In this approach, for a given
input pressure, the value of the external force should be explored in which the position of the end
tip (xtip) coincides with the obstacle position (xobs). The exploration would be accomplished by
an optimization algorithm.

By defining the cost function as Equation (27) and the error as Equation (28), the algorithm
was designed to minimize the cost function.

W = 1
2 E 2 (27)

E = xtip −xobs. (28)

According to the gradient descent method, the force can be determined iteratively using Equa-
tion (29).

∆Fx =−η∂W

∂Fx
=−η∂W

∂E

∂E

∂Fx
=−ηE

∂E

∂Fx
, η> 0 (29)

where
∂E

∂Fx
= ∂xtip

∂Fx
= ∂

∂Fx

[
n−1∑
t=0

dl cθ′t

]
=−dl

n−1∑
t=0

∂θ′t
∂Fx

sθ′t . (30)

Therefore,

∆Fx =−ηE
∂E

∂Fx
= ηdlE

n−1∑
t=0

∂θ′t
∂Fx

sθ′t . (31)

As a result, the applied force can be determined as follows:

F ′
x = Fx +ηdl

(
n−1∑
t=0

dl cθ′t −xobs

)
n−1∑
t=0

∂θ′t
∂Fx

sθ′t . (32)

6. Experimental results

In order to examine the validity of the theoretical model, an experimental setup consisting of a
soft bending actuator and all necessary sensors was developed. The setup consists of pneumatic
items, including a 16-bars air compressor and a Festo 5/3-way proportional solenoid valve to
inflate the soft actuator. In addition, three sensors, including a Festo digital pressure sensor
(SDE1) with 0.01-bar accuracy, an Intel RealSense-SR300 digital camera, and a load cell, were
utilized to measure the actuator inlet pressure, its curvature, and external force, respectively.
Finally, a computer receives sensors’ data and sends commands to the solenoid valve using a NI
data acquisition card (PCI-6052E). Figure 6 shows the different parts of the experimental setup
and the signal flow.
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Figure 6. Block diagram and signal flow of the experimental setup. (A) Pressure sensor,
(B) soft actuator, (C) load cell, (D) load cell indicator.

The actuator which was fabricated for the experimental tests is a soft fiber-reinforcement
bending actuator with a length of 170-mm (L = 170 mm), an inner radius of 6.6-mm (r = 6.6 mm),
and a thickness of 2-mm (t1 = t2 = 2 mm). The main part of the actuator is a semi-cylindrical
chamber with a closed head which is cast by RTV-325 silicone rubber with the shore grade
20A and 4% of hardener. To make the chamber, silicone rubber was poured into a mold that
had been printed using a 3D printer (with a 0.4-mm nozzle) with PLA filament. Next, two
synthetic silk threads were bound around the chamber in two helical paths with a 3.6-mm pitch
vice versa. Finally, a layer of Tergal fabric was attached to the flat side of the chamber as the
inextensible layer. Besides, an intermediary 3D printed part was used to connect the chamber to
the pneumatic tube.

In the next two sections, the experimental results will be presented and explained.

6.1. Free motion results

As it has been discussed, while the actuator bends in an unconstraint situation, its curvature
should be constant, which means that the actuator is a circle segment; and the inlet pressure
has a second-order polynomial relationship with the angle of this segment as modeled in Equa-
tion (16). Figure 7 depicts the experimental results of the actuator in different inlet pressures and
no external effects, including weight, force, etc.

By using the experimental data, the constant value for the free motion model was identified
as: a = 2.1×104 (Pa/rad) and b =−10 (Pa/rad2).

6.2. Contact results

To evaluate the validity of the proposed NFRE method in contact, a load cell that was located
in a certain location and orientation was utilized as the obstacle. The actuator is inflated until
it reaches the obstacle. Finally, the interaction force exerted by the actuator was measured by
the load cell and compared with the value estimated using the algorithm. Furthermore, the
configuration of the actuator, which was derived using the rigid elements method, was validated
with experimental results. Figures 8 and 9 depict the theoretical and experimental results of the
actuator in the free and constraint conditions. The value of kP = 5.3× 10−7 (m3) was identified
using the constraint tests as well.
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Figure 7. Experimental results while the actuator is inflated in the unconstrained
condition.

Figure 8. Experimental and theoretical results in free condition (measured input pressure
is shown in the figure).
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Figure 9. Experimental and theoretical results while the actuator is in contact with the
obstacle (measured input pressure and external force are shown in the figure).

Figure 10. The convergence of the force estimated by the algorithm.

In addition, Figure 10 depicts the convergence speed for the estimation algorithm in different
cases.

Figure 10 shows that in all cases, the algorithm converged in almost less than 40 iterations. This
value is even fewer (about 20 iterations) for those with a force equal to or lower than F = 0.31 (N ).

While the force error (%EF ) could be simply calculated by the difference between the
measured and estimated force, defining an error for the actuator curvature is rather tricky.
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Figure 11. Error parameters definition.

Table 2. Error values

Pressure (bar) Measured force (N) Estimated force (N) %EF %Et %Em

0.7 0.155 0.151 2.7 0.5 4.0
0.73 0.174 0.187 7.3 0.3 4.2
0.8 0.219 0.234 6.8 0.1 5.3
0.85 0.264 0.268 1.5 1.2 3.6
0.9 0.312 0.302 3.1 2.5 3.4
0.95 0.341 0.317 6.9 4.0 5.7

In this regard, two points on the actuator, i.e., the actuator tip and extremum point (the point
with the maximum x value) are chosen to compare the experimental and theoretical curvature
(see Figure 11). Therefore, %Et is determined using the difference of the ytip in theoretical and
experimental data, and %Em is calculated using the Euclidean distance between the theoretical
and experimental extremum points.

Table 2 represents the errors of the force and configuration estimation.
The results show a decent accuracy of the proposed model for the estimation of the contact

force and actuator curvature (error <8%).

7. Discussion

The Finite Rigid Element Method (FREM) is a conventional analytical approach for continuous
systems. The use of nonlinear springs makes this method a proper approach for modeling



Mohammad Hadi Namdar Ghalati and Hamed Ghafarirad 57

systems with nonlinearity, such as soft robotic systems. In addition, in contrast to FEM, where
elements are elastic members, the elements in FREM are rigid, and the elastic behavior of the
system is modeled using linear or nonlinear springs. This feature provides the proper capability to
utilize the standard conventional robotic theories for continuum structures, as proposed in this
research. The proposed method allows modeling the behavior of soft actuators without involving
high-cost computational boundary value problems which occur when using continuum methods
such as the Cosserat theory. The approach proposed in this article is not limited to the static
behavior of a planar bending actuator. It could be extended for modeling a 3D soft manipulator
with multiple chambers in dynamic deformation. Using the achieved models, researchers can
design a more accurate model-based controller for soft robots which could be used in real-time
systems, unlike the continuum models. Finally, it should be mentioned that a greater number of
elements can result in more accurate information in this method but it also increases the cost of
computation. However, a higher number of elements would not affect the outcome significantly
from a certain step. In practice, the number of elements should be adjusted according to the need.
In this paper, all the identifications and simulations are accomplished using n = 1000 elements.
The results showed that a higher number of elements does not decrease the error significantly.

8. Conclusion

Soft bending actuators’ usage is more and more being extended to grasping or manipulation
of objects owing to their ability to exert high forces while being safe and compliant. However,
it is difficult to measure their configuration and the contact forces between an actuator and
the environment due to its complex deformation. In this paper, the behavior of a soft fiber-
reinforced bending actuator was investigated under the effect of concentrated external forces.
In addition, a closed-loop algorithm utilizing the gradient descent method was proposed to
estimate the external force. Finally, the experimental results were used for validation. Although
a fiber-reinforced actuator was considered in this research, this method could also be applied to
any other type of soft bending actuator with a few modifications. The small error of experimental
results, lower than 8%, confirmed that this method has enough potential to estimate interaction
force with acceptable accuracy.
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