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Abstract: The paper proposes a novel data-driven approximation kinematic (DAK) model to estimate
the shape and opening level of a PneuNets soft gripper in relation to the applied pressure signal. The
model offers suitable capabilities for implementing in real-time applications involving soft grasping
planning and size recognition of fragile objects with different sizes and shapes. The proposed DAK
model estimates the free bending behavior of a PneuNets actuator (soft gripper finger) based on a
set of approximation functions derived from experimental data and an equivalent serial mechanism
that mimics the shape of the actuator. The model was tested for a commercial PneuNets actuator with
decreasing chamber height, produced by SoftGripping Co. (Hamburg, Germany). The model validation
is accomplished through a set of experiments, where the shape and elementary displacements were
measured using a digital image processing technique. The experimental data and the estimated
data from the DAK model were compared and analyzed, respectively. The proposed approach has
applicability in sensorless/self-sensing bending control algorithms of PneuNets actuators and in soft
grasping applications where the robotic system must estimate the opening level of the gripper in
order to be able to accomplish its task.

Keywords: PneuNets; soft gripper; regression analysis; bending sensor; soft pneumatic actuators

1. Introduction

Grasping is an important function when it comes to human beings and robots. In
robotics, this function is performed by a grasping device called a gripper. The type of grip-
per depends on the task performed by the robot, and its characteristics are crucial because
it is the part of the robot that is designed to interact with the environment [1,2]. Tai et al. [3]
classified robotic grippers as: (1) industrial grippers for structured and unstructured en-
vironments, (2) grippers for fragile objects manipulation—soft grippers, (3) grippers for
medical applications, (4) micro and nano grippers, and (5) soft fabric grippers. In this paper,
we will address aspects related to soft grasping tasks (fragile object manipulation) using
soft robotic grippers based on PneuNets bending actuators.

Traditional grippers are well established in the literature and are usually made from
rigid elements and joints connected together. Simple parallel finger grippers or more
complex anthropomorphic robotic hands with many degrees of freedom (DoF) are rep-
resentative examples of this category [1,2]. Their development and requirements (DoF,
number of fingers, actuation method, mechanisms used, gripping range and stroke, etc.)
are closely related to industrial automation, and various manufacturers such as FESTO,
SCHUNK, SMC et al. offer many commercial solutions in this matter [3,4].

Soft grippers, on the other hand, are a new class of grasping devices associated with
the field of soft robotics where flexible and compliant materials are used together with new
types of actuators to fulfill the grasping function [5,6]. They have the advantage of being
a promising grasping solution that can be used in unstructured and dynamic working
environments where interaction with soft/fragile (deformable) objects is required [7].
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For example, a pick-and-place operation with a soft gripper on an assembly line can be
considered a task in a structured (known) environment because the position and orientation
of the grasped object are usually predefined. On the other hand, an agricultural harvesting
operation can be considered a task performed in an unstructured (unknown) environment
because the grasping function is performed by the robot under various uncertainties [7–9].

As highlighted by Fantoni et al. in the work of [10], a soft grasping task is a complex
process and can be described by the following phases: (1) approaching the object with
the gripper, (2) getting in touch with the object, (3) increasing the force, (4) securing the
object, (5) moving the object, and (6) releasing the object. The successful completion of all
phases is determined by the soft grasping technology. State-of-the-art technologies in this
field are highlighted in the work of [11–13], respectively. The most used one is based on
soft pneumatic actuators (SPA) such as: inflated silicone elastomer chambers, McKibben
pneumatic muscles, pneumatic bellows, PneuNets bending structures, etc.

However, from all the enumerated SPAs, PneuNets bending actuators have attracted
the attention of many researchers in the last years due to their relative simplicity of design
and fabrication [14–17]. PneuNets are pneumatic actuators that have into their structure
a network of pneumatic chambers (pneumatic cells), which, once pressurized, generate a
preprogrammed type of motion (usually a bending motion). Material type, geometry of the
chambers, and input pressure are key elements in the design of such actuators because these
parameters directly influence their bending and dynamic behavior [18–20]. Figure 1a shows,
for example, a soft gripper with two sensorless PneuNets bending actuators with decreasing
chambers height produced by SoftGripping [21] that can grasp spherical, rectangular, or
cubic objects between 5 and 120 mm and up to 300 g. In this example, the gripper also
includes a vacuum suction cup that improves the soft grasping task. Due to its inherent
compliance, this technology offers new capabilities in robotic applications [22–25].

Actuators 2022, 10, x FOR PEER REVIEW 2 of 18 
 

 

working environments where interaction with soft/fragile (deformable) objects is required 
[7]. For example, a pick-and-place operation with a soft gripper on an assembly line can 
be considered a task in a structured (known) environment because the position and ori-
entation of the grasped object are usually predefined. On the other hand, an agricultural 
harvesting operation can be considered a task performed in an unstructured (unknown) 
environment because the grasping function is performed by the robot under various un-
certainties [7–9]. 

As highlighted by Fantoni et al. in the work of [10], a soft grasping task is a complex 
process and can be described by the following phases: (1) approaching the object with the 
gripper, (2) getting in touch with the object, (3) increasing the force, (4) securing the object, 
(5) moving the object, and (6) releasing the object. The successful completion of all phases 
is determined by the soft grasping technology. State-of-the-art technologies in this field 
are highlighted in the work of [11–13], respectively. The most used one is based on soft 
pneumatic actuators (SPA) such as: inflated silicone elastomer chambers, McKibben pneu-
matic muscles, pneumatic bellows, PneuNets bending structures, etc. 

However, from all the enumerated SPAs, PneuNets bending actuators have attracted 
the attention of many researchers in the last years due to their relative simplicity of design 
and fabrication [14–17]. PneuNets are pneumatic actuators that have into their structure a 
network of pneumatic chambers (pneumatic cells), which, once pressurized, generate a 
preprogrammed type of motion (usually a bending motion). Material type, geometry of 
the chambers, and input pressure are key elements in the design of such actuators because 
these parameters directly influence their bending and dynamic behavior [18–20]. Figure 
1a shows, for example, a soft gripper with two sensorless PneuNets bending actuators 
with decreasing chambers height produced by SoftGripping [21] that can grasp spherical, 
rectangular, or cubic objects between 5 and 120 mm and up to 300 g. In this example, the 
gripper also includes a vacuum suction cup that improves the soft grasping task. Due to 
its inherent compliance, this technology offers new capabilities in robotic applications [22–
25]. 

 

 

(a) (b) 

Figure 1. Soft grippers based on PneuNets bending actuators and their robotic applications: (a) soft 
interaction with fragile juicy fruits such as tomatoes; (b) conceptual design of Python robot 
equipped with a PneuNets-based soft gripper. 

Figure 1. Soft grippers based on PneuNets bending actuators and their robotic applications: (a) soft
interaction with fragile juicy fruits such as tomatoes; (b) conceptual design of Python robot equipped
with a PneuNets-based soft gripper.



Actuators 2022, 11, 58 3 of 18

Gripping range and stroke are two important parameters associated with the perfor-
mance of a gripper in general [1,2]. These parameters define the overall dimensions of the
gripper and are related to the bending behavior of PneuNets actuators (gripper fingers).

A kinematic model that can estimate the curvature (shape) of the gripper fingers, thus
the opening level of the gripper, becomes important for designing the grasping control
algorithm of grippers used in unstructured environments by robotic systems. Moreover,
such a modeling approach can be viewed as a step toward applications involving real-time
control of the opening level of this type of grippers.

In Figure 1b is presented the conceptual design of Python [26], a snake-like robot
equipped with a soft gripper similar to the one presented in Figure 1a. Python was
designed to perform various tasks in unstructured environments that involve navigation
and soft grasping of fragile objects (soft and juicy fruits) of different sizes and shapes.
The model is useful when the robot is approaching a fragile object up to the phase where
gripper fingers get close enough to grasp the object. In this case, it is important to estimate
the opening level of the gripper in relation to the size of the manipulated object. This can
be accomplished by controlling the bending angle of actuators, thus the opening level of
the gripper.

The applicability of the model is related especially to these types of applications where
the robot is equipped with a commercial soft gripper based on sensorless PneuNets. The
shape and opening level of these PneuNets actuators cannot be measured directly due to
the lack of integrated sensors.

In this context, the paper proposes a model that can be used to estimate the shape and
opening level of a PneuNets soft gripper in relation to the applied pressure signal. The
main contribution of the paper is the data-driven approximation kinematic (DAK) model
that approximates the free bending behavior of a PneuNets actuator (gripper fingers).
The proposed model predicts the free bending behavior of the actuator (position and
relative orientation of every pneumatic chamber) using a set of approximation functions
that are derived from data-driven experimentation and an equivalent serial mechanism
that mimics the shape of the actuator. The model is developed for PneuNets actuators
with decreasing chamber height (variable chambers), but it can be used for PneuNets
actuators with constant chamber height too (similar chambers). Through the approximation
functions, the model captures material, and geometrical features of actuators (modulus of
elasticity, hardness, chambers geometry), that are usually very hard to model, especially
for commercial PneuNets actuators in the absence of a comprehensive datasheet.

The model is experimentally tested and validated on a commercial PneuNets actuator
produced by SoftGripping [21] (Figure 1a). Numerical results are successfully compared
with a set of experimental measurements obtained using a digital image processing tech-
nique, therefore confirming the effectiveness of the approach. The proposed approach
is a suitable trade-off between the complexity and performance of the model, as it will
be shown.

The rest of the paper is organized as follows. Section 2 continues with a review
on modeling the bending angle in relation to the input pressure for PneuNets bending
actuators. Next, in Section 3 is described the proposed DAK model and the experimental
setup used for obtaining the approximation functions. Numerical and experimental results
are compared and validated in Section 4. Finally, the paper ends up with the conclusions
and future work.

2. Review on Modeling Bending Behavior of PneuNets Actuators

The bending behavior of PneuNets actuators has attracted interest for many re-
searchers over the last years, and as a result, numerical, analytical, and empirical (sta-
tistical) models were developed to highlight the relationship between bending angle and
input pressure.

Numerical methods consist mainly of finite element modeling (FEM) using software
packages such as Abaqus, Ansys, COMSOL, etc. FEM simulations require much computing
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power, are time consuming, and are not recommended for real-time applications. The
methods can be useful to validate new PneuNets actuators designs prior to the manufac-
turing phase. A typical FEM simulation involves the drawing of the actuator CAD model,
assignment of material properties, meshing, defining boundary conditions and loads, and
analysis of results. For an overview and recent developments of FEM for PneuNets bending
actuators, the reader should consult [27,28].

Analytical modeling of PneuNets is still a challenging task because they are made
entirely from flexible, hyper-elastic materials, and their natural bending curvature and
flexural rigidity vary with the input pressure. Majidi et al. [29] developed a mathematical
relationship between input pressure and bending curvature of a PneuNets actuator with
constant chamber height. The mathematical model was formulated using the principle of
minimum potential energy, and their results indicate that the curvature kp of the actuator
linearly depends on the input pressure P as follows:

kp =
6H2c
Et3x︸ ︷︷ ︸

D

P = DP (1)

where constant D depends on the geometry of the chambers and material properties. It was
considered that the modulus of elasticity E is constant, which is a simplified assumption for
hyper-elastic materials, and that the effect of gravity can be neglected. Another important
contribution in the field is the bending angle model proposed by Alici et al. in the work
of [30]. They developed a relationship to estimate the bending angle of a PneuNets actuator
with constant chamber height as a function of input pressure when the actuator is positioned
as a cantilever beam. By using Euler–Bernoulli beam theory and the assumption that the
actuator bends into a constant curvature shape, the following steady-state relationship
was obtained:

θ(P) =
Li A2e
AwE2 I︸ ︷︷ ︸

C

P2 +
Li Ae
EI︸ ︷︷ ︸
D

P = CP2 + DP (2)

where constants C and D depend on chamber geometry and material. Here, the bending
angle varies in a nonlinear way with input pressure and could be a better choice for model-
ing PneuNets made from hyper-elastic materials since constant C is inversely proportional
with the square of E [30]. Considering the constant curvature assumption, if a PneuNets
actuator is fixed at one end and the other one can bend freely, the bending moment M
generated from the pressure force and inner area of the pneumatic chambers will extend
the actuator from the initial position to a final position. For each input pressure Pi will
result in a different circular shape Ci(Oi,Ri), with center Oi on the Oy axis and radius Ri, as
presented in Figure 2. The coordinates of point Bi(Bix, Biy) at the tip of the actuator can be
calculated by using [30,31]: {

Bix = Ri sin θi
Biy = Ri(1 − cos θi)

(3)

Shapiro et al. [32] used a similar beam deflection model for testing bi-Bellows actuators
with external and internal hoops. They concluded that the model offers suitable results
in predicting the curvature of actuators with external hoops, which are very similar, with
PneuNets bending actuators with constant chamber height. Wang et al. [33] used a line-
segment analytical model to study the dynamics of a 3D-printed SPA. The relationship
between pressure and bending angle was approximated by a linear relationship.

Regarding empirical models, Wang et al. [34] developed an experimental procedure
to determine the shape of three 3D-printed PneuNets actuators (gripper fingers) with
constant chamber height to study the soft grasping capabilities of a soft gripper designed
for automatic lunch box packing. To determine the shape of the fingers, they have integrated
a flex sensor into the lower layer of the actuators, and a linear relationship between bending
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angle and input pressure was derived based on experimental data. Relative standard
deviation (RSD) was, in general, less than 5% for an input pressure between 0 and 0.4 bar.
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Chen et al. [35] used embedded air pressure and flex sensors on a PneuNets soft
gripper for size recognition and adaptive grasping of spherical objects. Experimental data
from the sensors were also used to fit an empirical model of the bending angle vs. input
pressure using a linear relationship.

More recently, Elgeneidy et al. [36] proposed an empirical modeling approach to
control the bending angle of a PneuNets actuator that integrates cheap resistive flex sensors.
Their objective was to accurately estimate positioning in various grasping applications.
Three empirical models were proposed and analyzed using regression analysis based on
the experimental data provided by the sensors. Adjusted R2 varied between 0.880 and
0.998 and standard error S between 1.443 and 2.280 deg. A mean squared error (MSE)
between 1.36 and 4.13 deg2 and a standard deviation (SD) between 1.15 and 1.94 deg was
obtained compared with a set of measurements acquired with a vision system. Artificial
neural networks were also used to capture the bending characteristic of the actuator, and an
MSE of 1.36 deg2 and an SD of 1.15 deg were reported by the authors. They used molding
techniques to fabricate the PneuNets.

This review emphasizes that analytical models and empirical models are most suited
for real-time applications compared with numerical FEA models. However, analytical
modeling of PneuNets by using material and geometrical parameters is challenging due
to the strong nonlinear dependencies, while empirical (statistical) models use many sets
of experimental data. The majority of analyzed papers deal with PneuNets with constant
chamber height that are laboratory prototyped by using 3D printers or molding techniques
and usually integrate a combination of different types of sensors that simplifies the estima-
tion of bending angle. The constant curvature assumption is generally used to define the
shape of PneuNets actuators, which is true only for actuators with constant chamber height.
However, commercial sensorless PneuNets are becoming very popular and are usually
built with a decreasing chamber height configuration (variable curvature). That means that
the curvature is not constant but decreases gradually and the contact angle at the tip of the
actuator is larger, which increases the grasping stability [17]. In this situation, the shape
of the actuator is a nonlinear deformation curve generated by the deformation of each
pneumatic chamber. If such sensorless commercial actuators are used to build a soft gripper,
the use of the DAK model to approximate the opening level of the gripper in relation to the
applied pressure could be a suitable solution for real-time control applications.
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3. DAK Model and Experimental Setup
3.1. Description of DAK Model

The DAK model is designed to model the deformation of SPA actuators, made of
elastic materials, and characterized by a deformable cellular architecture (cell network),
programmed to execute a bending motion in plane. The model is not applicable for twisting,
extending, or contracting SPAs.

The model associates the SPA actuator (gripper finger) with an equivalent serial mech-
anism, where the angular displacements of the fictitious revolute joints are approximated
by regression functions, which implicitly include all the particularities of this type of actua-
tors, such as: material properties (modulus of elasticity, hardness), manufacturing errors,
unknown or hard to determine parameters such as cell geometry, wall thickness, etc.

Therefore, the DAK model addresses the kinematic modeling of SPA-type actuators
regardless of their structural parameters or architecture, the application of the method
requires the following steps: (a) defining the equivalent mechanism and determining its
geometric parameters; (b) acquiring experimental data used to develop the DAK model;
(c) numerical processing of experimental data and obtaining the DAK model; and (d) verifi-
cation and validation of the DAK model by methods based on image processing techniques.
The paper details the implementation steps for an actuator produced by SoftGripping [21],
but these steps can be similarly applied to any type of SPA actuator with planar bending.

The schematic representation of the proposed DAK model is presented in Figure 3.
The model uses pressure P as input data and returns the displacement of each element of
an equivalent mechanism and the relative angles between two adjacent elements of the
mechanism. The output information can be used to define a particular shape of the actuator
based on the input stimulus. The model was developed considering that the cells of the
actuator vary along its length (actuator with decreasing chamber height).
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The equivalent mechanism is used to model the shape (deformation) of the actuator
(gripper finger). The mechanism consists of a series of kinematic elements connected to
each other by revolute joints that mimic the shape of the actuator. Such an approach is a
suitable trade-off between the complexity of a real PneuNets actuator (nonlinear flexible
structure) and the simplicity of a planar rigid body serial manipulator where the elasticity
of the elements is neglected. Therefore, the number of elements of the mechanism equals
the number of pneumatic chambers of the actuator. In addition, the accuracy of the model
depends on the number of pneumatic chambers.
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In Figure 4, an example of an equivalent mechanism for a PneuNets actuator with
seven pneumatic chambers PCj {j = 1 . . . 7} is presented. Each pneumatic chamber PCj has
a rigid area GPj {j = 1 . . . 7} (gripping pad), which comes in touch with the manipulated
object. Each gripping pad is associated with a kinematic element of the DAK model, both
components having the same orientation ϕj {j = 1 . . . 7}.
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If the lengths li {i = 0 . . . 7} are known, the output values of the DAK model can be
calculated in two phases. First, a set of approximation functions is used to estimate the
absolute angles ϕj {j = 1 . . . 7} that define the orientation of each kinematic element of the
mechanism with respect to the horizontal axis Ox of the global reference system. Then, in
the second phase, these angles are used to calculate the position of each kinematic joint
Ai {i = 0 . . . 7} and the relative angles qi {i = 1 . . . 7} between two consecutive elements,
resulting in this way the approximated shape of the actuator.

Considering the research highlighted in Section 2, the deformation of each element
of the actuator (pneumatic chamber) will be modeled by an approximation function of
the lowest order. In the literature, the estimation errors for the approximation models are
around 5%. In this study, using the DAK model, it is intended to obtain an estimation
error below 3%. The approximation functions are used by the algorithm of the equivalent
mechanism (Figure 3) to calculate the shape of the actuator. Preliminary experimental
results lead to approximation functions of the second order (model M2), but the regression
analysis was performed comparatively also for approximation functions of the first order
(model M1).

M1 : ϕ̂j = b01 + b11P (4)
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M2 : ϕ̂j = b02 + b12P + b22P2 (5)

where b01, b11, and b02, b12, b22 are regression coefficients of both models that can be
calculated using linear and polynomial regression analysis based on the experimental
data acquired from a real PneuNets actuator. Then, Equation (6) is used to calculate the
cartesian position of points Ai {i = 1 . . . 7} (it is considered that the coordinates of point A0
are known): {

Axi = Axi−1 + li cos ϕ̂i−1
Ayi = Ayi−1 + li sin ϕ̂i−1

(6)

and Equation (7) to compute the relative angles qi {i = 1 . . . 7} (where ϕ0 = 0) between two
consecutive elements:

qi = ϕ̂i − ϕ̂i−1 (7)

3.2. Experimental Setup

The experimental setup used to acquire the experimental data for obtaining the DAK
model is presented in Figure 5. In Table 1, the main components are detailed. The exper-
imental setup includes the PneuNets actuator (9) with seven pneumatic chambers (with
decreasing height) produced by SoftGripping [21] that is actuated by a pneumatic control
box (3) that regulates the input pressure P. The compressed air is supplied by a compressor
(1) and filtered by an air service unit (2). A soft, flexible capacitive sensor (8) produced by
BendLabs [37] is used to measure the absolute angles ϕj. This type of sensor can measure
the angular displacement between its extremities without being influenced by its own
elastic deformation, thus having the property of path independence [37]. The precision
of the measurements provided by the sensor is 0.18 deg. The sensor was attached succes-
sively to each gripping pad GPj {j = 1 . . . 7} of the actuator, and the angular displacements
ϕj {j = 1 . . . 7} (Figure 4) were measured with respect to the input pressure P. In Figure 5 is
presented the setup for measuring the angular displacement ϕ7 when the sensor is mounted
on GP7 (the seventh element of the equivalent mechanism). In this case, the measured
angle ϕ7 includes the deformation of all pneumatic chambers PC1 up to PC7. Therefore,
every angle ϕj {j = 1 . . . 7} accounts for the cumulative deformation effect of chambers PC1
up to PCj {j = 1 . . . 7}. The relative angles qi {i = 1 . . . 7} between two consecutive elements
(the bending angle of each pneumatic chamber) are determined by Equation (7).
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Table 1. The main components of experimental setup.

No. Component Details

1 Air compressor JUN-AIR Model 6–25
2 Air service unit FESTO LFR-D-3/8-S-B
3 Pneumatic control box Control Box SG.CB.2V.C1 [21]
4 24V power supply FESTO TN 162416
5 DAQ system Bend Labs Connect software
6 LiPo battery 3.7v 500mAh LiPo
7 Microcontroller-based board Removable BLE module
8 Flexible bending sensor 1-Axis Soft Flex Sensor [37]
9 PneuNets bending actuator SoftGripping Finger SG.F60S [21]

10 Fixed frame 20x40 aluminum profile

Data acquisition is accomplished with Bend Labs Connect DAQ software (5) through
a Bluetooth communication interface. The microcontroller board (7) communicates with
the flexible sensor (8) through a serial communication interface.

The lengths of the elements that define the equivalent mechanism are: l0 = 16.75 mm, l1
. . . l6 = 8.5 mm, and l7 = 10.75 mm, and the element of length l0 refers to the fixed frame (10).
All dimensions were measured on the PneuNets actuator presented in Figure 5 with respect
to the equivalent mechanism shown in Figure 4.

4. Numerical Simulations and Experimental Results
4.1. Numerical Simulations

Using the experimental setup presented above, a set of measurements were performed
to obtain the absolute values of angles ϕj {j = 1 . . . 7} with respect to the fixed frame
based on input pressure. As shown in Figure 6, one end of the flexible bending sensor
was attached successively to each gripping pad GPj {j = 1 . . . 7} of the actuator chambers
PCj {j = 1 . . . 7} and the other one to the fixed element.
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positioned on the 1st pneumatic chamber (GP1).

For each position of the sensor, 13 measurements were made by changing the input
pressure from 0 to 1.2 bar (working range of the actuator specified in datasheet [21]) with
an increment of 0.1 bar. The procedure was repeated three times for each experiment, and
after that, a mean value was calculated. The final numerical values are presented in Table 2.
Based on these data, through a linear and polynomial regression analysis, the models M1
and M2 were obtained. The accuracy of both models was evaluated based on two metrics:
adjusted coefficient of determination R2 and standard error S deg.
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Table 2. Experimental data for modeling approximation functions ϕ̂j(P).

P = 0.1
(bar)

P = 0.2
(bar)

P = 0.3
(bar)

P = 0.4
(bar)

P = 0.5
(bar)

P = 0.6
(bar)

P = 0.7
(bar)

P = 0.8
(bar)

P = 0.9
(bar)

P = 1.0
(bar)

P = 1.1
(bar)

P = 1.2
(bar)

ϕ1 (deg) 4.85 6.36 7.37 8.26 8.93 9.66 10.56 11.72 12.74 13.64 14.40 14.83

ϕ2 (deg) 5.96 9.19 11.62 15.09 18.90 21.24 22.77 24.41 26.12 27.70 28.96 30.20

ϕ3 (deg) 7.91 12.51 17.81 23.47 28.37 31.87 36.39 41.08 44.79 48.03 50.20 52.28

ϕ4 (deg) 8.94 14.83 20.72 26.18 32.92 39.86 45.41 50.81 54.62 57.79 60.77 61.90

ϕ5 (deg) 10.10 20.51 30.28 38.05 45.62 53.54 59.74 65.26 69.85 73.93 77.46 80.42

ϕ6 (deg) 11.06 20.95 30.40 40.94 49.93 58.09 64.95 71.41 76.81 81.84 85.99 89.15

ϕ7 (deg) 11.54 21.14 31.44 42.37 51.38 60.74 67.42 74.78 80.85 86.86 90.32 93.24

The best-fits of approximation functions ϕ̂j(P) {j = 1 . . . 7} using model M2 are pre-
sented in Figure 7, while the regression coefficients together with adjusted R2 and S are
presented in Table 3.
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Table 3. Regression analysis statistics for models M1 and M2.

b01 b02 b11 b12 - b22 Adjusted R2 S (deg)

M1 M2 M1 M2 M1 M2 M1 M2 M1 M2

ϕ̂1 3.205 1.986 10.468 17.118 0 −5.542 0.924 0.951 1.161 0.932

ϕ̂2 4.245 0.944 23.970 41.98 0 −15.008 0.951 0.995 2.112 0.631

ϕ̂3 4.272 0.579 43.483 63.629 0 −16.789 0.981 0.998 2.339 0.615

ϕ̂4 4.678 −0.256 53.068 79.986 0 −22.432 0.975 0.996 3.239 1.212

ϕ̂5 7.830 −0.210 67.047 110.91 0 −36.549 0.965 0.999 4.940 0.329

ϕ̂6 7.315 −0.726 75.181 119.050 0 −36.554 0.972 0.999 4.962 0.581

ϕ̂7 7.127 −1.003 79.413 123.77 0 −36.962 0.973 0.999 5.056 0.880
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A value of adjusted R2 close to 1 means that the variation of angle ϕj {j = 1 . . . 7} is
well predicted, but, in this case, both models have comparable values (higher than 0.95 in
general). However, S deg offers a better view of the approximation quality.

Based on the data presented in Table 3, standard error S for M1 is 1.24 up to 8.54 times
higher than M2 which shows that the second model provides a better prediction in this
case. Linear increase in S for model M1 suggests that a simple linear relationship cannot
account for large deformations of the actuator with variable chamber height. Because the
95% prediction interval equals roughly 2 S [38,39], the model M1 can predict the bending
angle from as low as ±2.32 deg up to ±10.11 deg, while model M2 from as low as ±0.65 deg
up to ±2.42 deg. Therefore, 95% of estimations made by model M2 fall between a ±2.5 deg
in general over the entire experimental data. If we consider the maximum value of ϕj(P)
{j = 1 . . . 7} from Table 2 (93.24 deg, maximum deformation), the relative estimation error
(±2.5 deg interval) is below 3%.

Based on the regression analysis results, model M2 is used to obtain the approximation
functions ϕ̂j {j = 1 . . . 7} that estimate the orientation of each kinematic element of the
equivalent mechanism.

The DAK model was implemented in MATLAB/Simulink and simulated for different
input pressures that cover the whole functional range. The model provides the positions
of the joints Ai {i = 0 . . . 7} and relative angles qi {i = 1 . . . 7} between two consecutive
elements of the equivalent mechanism, which are used to draw the bending shape of the
actuator (nonlinear bending curve with variable curvature). The simulation results are
presented in Figure 8.
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4.2. Experimental Results

To validate the DAK model, a set of experiments that use image processing mea-
surements were performed. To evaluate the PneuNets actuator deformation, a number of
eight markers (circular shape) were added on the actuator body and one marker on the
actuator fixed base. Each marker on the actuator was positioned on the strain-limiting layer
(inextensible fiber) of the actuator at the point of tangency between the strain-limiting layer
and the circular arc that connects two adjacent chambers (see Figure 9a).
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Figure 9. Image processing steps for P = 0.3 bar: (a) original image with markers (b) identification of
marker positions (c) markers’ cartesian coordinates (in pixels) (d) coordinates of Ai points in relation
with the actuator reference system.

Using a high-resolution camera, the actuator deformation was recorded (images)
for different input pressures: P1 = 0.3 bar, P2 = 0.6 bar, P3 = 0.9 bar, P4 = 1.1 bar. The
images were then processed by using MATLAB functions in order to identify the markers
(Figure 9b) and their cartesian coordinates (Figure 9c). A scale factor fk {k = 1 . . . 4} that
defines the correspondence between the pixel dimension and real distances on the actuator
was calculated. This scale factor is used to determine the markers position (coordinates of
points Ai {i = 0 . . . 7}) in relation to the actuator reference system (Figure 9d). The results
obtained through the image processing method (measured bending curve of the actuator
for different input pressures) are shown in Figure 10 and are used to evaluate the accuracy
of the DAK model.
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Figure 10. Image processing results for different input pressures: (a) P = 0.6 bar; (b) P = 0.9 and
(c) P = 1.1 bar.

Using the same input pressures (P1 . . . P4), the DAK model is used to estimate the
displacement of each element of the equivalent mechanism (parameters Â1 . . . Â7). The
numerical values of estimated (Â1 to Â7) vs. measured (A1 to A7) results and the specific
errors (RE, MRE, AE, MAE) are summarized in Tables 4–7.

In Figure 11 are presented the measured and estimated shapes of the actuator. The
obtained errors depend on the successful implementation of each step of the proposed
method, being related to the following: the accuracy of the sensory measurement system
of angles and input pressures, the algorithms used for approximation functions, markers’
positioning, image processing techniques, camera resolution, camera lens distortion.
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Table 4. Validation of results for P = 0.3 bar.

Estimated Positions
(mm)

Measured Positions
(mm)

RE
(%)

AE
(mm)

Âxi Âyi Axi Ayi δAxi δAyi eAxi eAyi

A1 25.19 10.98 24.57 10.82 2.53 1.45 0.62 0.15

A2 33.50 12.77 33.00 12.55 1.50 1.75 0.49 0.22

A3 41.57 15.42 40.89 14.74 1.66 4.57 0.68 0.67

A4 49.47 18.57 48.49 17.82 2.01 4.18 0.97 0.74

A5 56.85 22.79 56.41 21.62 0.76 5.41 0.43 1.17

A6 64.08 27.26 63.27 25.99 1.27 4.88 0.80 1.26

A7 73.12 33.08 72.12 32.00 1.37 3.37 0.99 1.08

MRE/MAE - - - - 1.59 3.66 0.71 0.76

Table 5. Validation of results for P = 0.6 bar.

Estimated Positions
(mm)

Measured Positions
(mm)

RE
(%)

AE
(mm)

Âxi Âyi Axi Ayi δAxi δAyi eAxi eAyi

A1 25.11 11.51 24.61 11.86 2.01 2.97 0.49 0.35

A2 33.06 14.52 32.78 15.12 0.85 3.99 0.28 0.60

A3 40.21 19.11 39.82 19.27 0.97 0.82 0.38 0.15

A4 46.75 24.54 46.16 24.61 1.28 0.27 0.59 0.06

A5 51.84 31.35 52.11 31.17 0.51 0.55 0.26 0.17

A6 56.41 38.52 56.30 38.15 0.18 0.97 0.10 0.37

A7 61.79 47.82 61.16 47.68 1.02 0.29 0.62 0.13

MRE/MAE - - - - 0.97 1.41 0.39 0.26

Table 6. Validation of results for P = 0.9 bar.

Estimated Positions
(mm)

Measured Positions
(mm)

RE
(%)

AE
(mm)

Âxi Âyi Axi Ayi δAxi δAyi eAxi eAyi

A1 25.03 11.89 24.74 12.80 1.16 7.09 0.28 0.90

A2 32.63 15.69 32.59 17.13 0.13 8.37 0.04 1.43

A3 38.72 21.63 38.85 22.51 0.33 3.93 0.13 0.88

A4 43.76 28.47 43.94 29.24 0.39 2.64 0.17 0.77

A5 46.67 36.46 47.94 37.25 2.64 2.14 1.26 0.79

A6 48.61 44.73 49.64 45.26 2.06 1.17 1.02 0.53

A7 50.40 55.33 50.91 55.91 1.01 1.02 0.51 0.57

MRE/MAE - - - - 1.1 3.77 0.49 0.84
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Table 7. Validation of results for P = 1.1 bar.

Estimated Positions
(mm)

Measured Positions
(mm)

RE
(%)

AE
(mm)

Âxi Âyi Axi Ayi δAxi δAyi eAxi eAyi

A1 24.99 12.07 24.83 13.23 0.61 8.75 0.15 1.15

A2 32.43 16.18 32.63 17.95 0.63 9.86 0.20 1.77

A3 37.86 22.72 38.59 23.77 1.88 4.42 0.72 1.05

A4 42.03 30.13 43.16 30.94 2.62 2.63 1.13 0.81

A5 43.86 38.43 46.40 39.35 5.46 2.34 2.53 0.92

A6 44.45 46.91 47.10 47.59 5.61 1.44 2.64 0.68

A7 44.38 57.66 46.87 58.32 5.31 1.14 2.49 0.66

MRE/MAE - - - - 3.16 4.37 1.41 1.01
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4.3. Discussion

For DAK model efficiency analysis, four error metrics were used: relative error (RE),
mean relative error (MRE), absolute error (AE), and mean absolute error (MAE). The ob-
tained results (presented in Tables 4–7) demonstrate that the proposed model approximates
the bending deformation of the actuator through a nonlinear curve, the deviation from
validation data set (captured through image processing) being characterized by the follow-
ing errors: for input pressure P = 0.3 bar the MRE is 3.66% and the MAE is 0.76 mm, for
input pressure P = 0.6 bar the MRE is 1.41%, and the MAE is 0.39 mm, for input pressure
P = 0.9 bar the maximum MRE is 3.77% and the MAE is 0.84 mm, and for input pressure
P = 1.1 bar the MRE is 4.37%, and the MAE is 1.41 mm.
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The DAK model allows the modeling of the nonlinear deformation of the SPA actu-
ators, the method implementation steps (see Section 3.1) being accompanied by specific
features, advantages, and disadvantages in relation to other methods in the field.

One of the most relevant methods for modeling the kinematics of SPAs actuators uses
the Euler–Bernoulli (E-B) beam theory [30]. The method based on E-B theory (E-B method)
is applied for actuators with equal deformable cells (identical cells: the same geometry and
equal sizes), respectively for a given pressure, it provides, as a result, a circular deformation
shape (curve) with constant curvature (constant radius). Thus, for a given pressure Pi,
the method E-B provides a circular deformation curve to approximate the shape of the
actuator, for example: pressure P1 determines -> C1(O1,R1); pressure P2 determines ->
C2(O2,R2), where O1 and O2 are the origins of circles, respectively R1, R2 are the radii of
circles (see Figure 2). The alternative proposed method based on the DAK model (DAK
method) aims to model the kinematics of SPA actuators with different deformable cells
(different cells: similar geometry but different sizes), respectively for a given pressure Pi
the method provides a nonlinear deformation curve with variable curvature.

On the other hand, the E-B method assumes that the cells are deformed identically;
the angle θ that measures the arc of the deformation curve is estimated through a parabolic
law θ(P) (implicitly, the deformation curve is a circular arc) [30]. The DAK model provides
the angles ϕj {j = 1 . . . 7} of an equivalent mechanism respectively; the approximation of
each angle is estimated by a parabolic approximation law (see Figure 4).

Therefore, the E-B method is recommended to be used for actuators with identical
cells, while the DAK method is designed to be applied to actuators with different cell sizes.
However, if the DAK method is applied to actuators with identical cells, the approximation
functions ϕ̂j {j = 1 . . . 7} will generate equal relative angles qi {i = 0 . . . 7} between kinematic
elements, respectively the equivalent mechanism will have the vertices Ai {i = 0 . . . 7}
inscribed on a circular arc, the same resulting from the E-B method. In this situation, the two
methods, even if different, will provide similar results, the differences being determined by
the ways of applying the methods and by the specific errors of each method. However, if the
E-B method is applied to actuators with different cells, it would approximate the nonlinear
deformation of the actuator by a circular arc (constant curvature curve) respectively; the
E-B method is characterized in this case by a higher theoretical error than the DAK method.

The implementation of each method is accompanied by its own sources of errors that
make the comparative analysis of the results questionable, but referring to the principles
(mathematical approximation) behind the methods, based on the previous analysis, the
following conclusions are drawn: (1) if the actuator cells tend to be the same size (identical
cells), the results of the two methods converge to the same result, but the E-B method
involves a simpler approach than the DAK method; (2) if the actuator cells tend to be very
different, the results of the E-B method deviate from the truth value, while the results of
the DAK method keep the accuracy of the approximation; (3) both methods have sources
of errors that can affect the accuracy of the results. The error sources are related to the
quality of the sensory system used to measure the deformation and the input pressure,
the algorithms used in approximation, positioning errors of markers, and other specific
constraints of each method.

5. Conclusions

The paper proposed a new data-driven kinematic (DAK) model, which approximates
the shape of PneuNets bending actuators in relation to input pressure and thus the opening
level of PneuNets-based soft grippers. The DAK model is a combination of empirical
(statistical) and analytical techniques and was developed for PneuNets with decreasing
chamber height (the shape of the actuator is a nonlinear deformation curve). The model was
validated on a commercial PneuNets actuator produced by SoftGripping. The validation
procedure involved the comparison of estimated values provided by the DAK model with
the experimental values provided by a digital image processing technique when the actuator
was pressurized under different input pressures. MRE errors were less than 5%, and MAE
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errors were less than 1.5 mm, therefore confirming the effectiveness of the approach. The
obtained results offer the premise of using the DAK model in the implementation of real-
time self-sensing bending control algorithms for soft grippers that integrate commercial
sensorless PneuNets actuators with nonlinear deformation. Nevertheless, the model can
also be used for other SPA actuators with planar bending.

The proposed approach is a suitable trade-off between complexity and performance
because it captures material and geometrical features of PneuNets actuators that are usually
hard to model. The advantage of the DAK model resides in its practical utility in real-time
soft grasping applications where the robotic system must estimate the opening level of the
gripper in order to be able to accomplish its task.

The proposed DAK model can estimate the shape and opening level of a PneuNets-
based soft gripper, in relation to the applied pressure signal, up to the phase when gripper
fingers get in touch with the manipulated object. When contact is accomplished, a grasping
force control strategy of PneuNets-based grippers requires the control of input pressure
and the development of other types of estimation algorithms, which are planned to be
developed as future work.
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