
Robotics and Autonomous Systems 174 (2024) 104622

A
0

Contents lists available at ScienceDirect

Robotics and Autonomous Systems

journal homepage: www.elsevier.com/locate/robot

Modelling of Modular Soft Robots: From a Single to Multiple Building Blocks✩

Mohamed G.B. Atia a, Abdelkhalick Mohammad a,∗, Andres Gameros a, Dragos Axinte a,
Iain Wright b

a Rolls-Royce UTC in Manufacturing and On-Wing Technology, The University of Nottingham, NG8 1BB, UK
b Rolls-Royce plc, Derby, DE24 8BJ, UK

A R T I C L E I N F O

Keywords:
Soft robotics
Dielectric elastomer actuators
Building blocks
Modelling
Reconfigurability
Modularity

A B S T R A C T

Despite the advances in soft robots, their modelling is still one of the research challenges due to the complexity
and non-linearity of their soft nature. A novel design of reconfigurable soft robots was recently introduced to
bring more maturity to the field of soft robots. Here, a modelling study of the building blocks and the assembled
soft robot is developed for a deeper understanding of the system and for predicting their behaviours. The
model is validated using several sets of individual and multiple building blocks and the results show good
tracking between the model and the experiments with reasonable errors. Towards adopting the model in
robotic applications, a grasping setup of 2 assembled soft fingers is demonstrated where the model is used
to predict the grasping force and compared to feedback sensing. The force prediction reveals the adaptability
of the model and its robustness.
1. Introduction

Soft robotics is a growing field that can replace conventional robots
[1] in applications where they are ineffective because of their several
limitations such as the collision risk during human–robot interaction,
the inflexibility of their structures for some operations and their re-
liance on conventional rigid materials and bulky electrical motors.
Compared to conventional robots, the soft robots have the advantage of
soft lightweight bodies, simple actuation mechanisms [2,3] (e.g. fluidic
elastomeric actuators (FEAs) [4], shape memory alloy (SMA) [5], soft
electromagnetic actuators [6], dielectric elastomer actuator (DEA) [7])
and ability to generate simple as well as complex movements. These
different actuators provide soft robots with various flexible movements
and alternatives for the same application.

DEA is a promising soft actuator [8] that has been widely used
in soft robotic applications since it has simple design concepts, high
efficiency [9], inexpensive components, and rapid response [10]. Addi-
tionally, DEAs have fast response (< 100 ms) and a resonant frequency
of around 200 Hz [11]. The DEA consists of a thin (e.g. 5–200 μm)
elastomer that is sandwiched between two stretchable electrodes [12].
Upon powering the electrodes with high voltage, the electrodes attract
each other due to the opposite electrical charges, and they push the
DEA towards the thickness and expand its surface area in the minimum
energy directions [13]. In soft robots with DEA, usually, a pre-stretched
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DEA is attached to an elastic backbone and designed to perform a
specific motion when the DEA is powered [14].

The modelling of soft robots with DEAs is an essential part of under-
standing their behaviours and for the sake of better design and control.
The soft materials can develop large strains (e.g., up to 1000% [15])
which are nonlinear in relationship to the applied stresses therefore,
predicting their behaviour is considered one of the main challenges
in the modelling. For an accurate model, the non-linear mechanical
properties of the soft robot need to be defined accurately. Several
material models have been developed over the years to relate the stress
and strain of the material, such as the Ogden model [16], the gent
model [17], the Shariff model [18] and the Mooney model [19]. The
Ogden model is one of the most accurate models and its accuracy
is increased by increasing the number of parameters in the model.
Another advantage is that it can describe the material behaviour along
most of the working range of the material. While the gent model is
much simpler but has less accuracy and working range [20].

Generally, the modelling is divided into analytical modelling [21]
and numerical modelling [22]. Although numerical modelling is a
convenient way to predict the behaviour of the soft robot, it is preferred
to use the analytical model for simple structures as it consumes much
less time compared to the numerical model. The analytical model can
be used in real-time for quick prediction of the robot’s behaviour and
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accurate predictive control [23]. The energy-based analytical modelling
is considered one of the most effective approaches [24] to predict
soft robot behaviours. The energy method is used to describe the
relationship between energies of the system (i.e. DEA strain energy,
DEA electrostatic energy, backbone strain energy, . . . ) [25,26] using
the material models. It has been widely used for modelling different
robotic designs, for example; static modelling to predict and design
the soft robot behaviour, powered by DEA, [27] or for predicting the
effect of the design parameters on the actuation strokes [28]. It can
also be adopted for dynamic modelling such as the systems in [29,
30] which provided a maximum root-mean-square error between the
model and experiments of around 10.78% and 3% respectively. Other
models to predict the dynamic hysteresis of the DEA of a single cone
structure [31] and double-cone [32] DEAs have achieved a maximum
root-mean-squared error of 5.53% and a maximum prediction error of
10.6%, relatively.

In this paper, we present an analytical modelling method for the
reconfigurable soft robots, actuated by DEA, and the building blocks
that were recently developed by the authors in [33] for deeper un-
derstanding and predicting their behaviours. Using the energy method
technique and the Ogden model of the material, the analytical model
is developed not only to predict a robot’s behaviour but also is demon-
strated in specific robotic applications, e.g., a grasping robotic system
to predict the grasping force, to prove the robustness of the system and
its suitability for robotic applications.

This paper is organised as the following: a summary of the building
blocks concept and research gaps are explained in Section 2. The
analytical modelling of single and multiple building blocks is provided
in Section 3. Section 4 presents the validation experiments of the model
and a demonstration of the model using a robotic grasping system.
Finally, the conclusion is summarised in Section 5.

2. Problem definition

2.1. Summary of the building blocks concept

The novel concept of the building blocks (i.e., robotic modules)
was recently introduced by the authors in [33] that can be connected
in series to assemble reconfigurable soft robots of different types and
configurations such as robotic fingers, robotic elephant trunks and
mobile robots.

Each block consists of; (i) a DEA as the main actuator (shown in 1
of Fig. 1(a)), (ii) electrical terminals that are connected to the sides of
the DEA to power it with high voltage (H.V.) for actuation (shown in 2
and 8 of Fig. 1(a)), (iii) 3D-printed linking-caps that represent the robot
structure (shown in 3 and 6 of Fig. 1(a)), (iv) snap-fit features built in
the linking-caps (shown in 4 and 7 of Fig. 1(a)), and (v) two NiTi rods
that represent the backbone (shown in 5 of Fig. 1(a)). Fig. 1(b) shows
an assembled 3D configuration of 3 building blocks in non-actuated and
actuated modes.

For an accurate model of the building block, its working principle
needs to be explained first and it is summarised as follows: First, the
building block structure is formed by attaching and gluing the two NiTi
rods, of diameter 𝐷, into the corresponding holes of the linking-caps so
that the active distance of the NiTi rods is 𝐿 (i.e., the distance between
the linking-caps from the inside). Then, a DEA is stretched planarly of
stretching ratios 𝜆1 and 𝜆2 in the longitudinal and circumferential axes
respectively as shown in Fig. 2(a). This pre-stretched DEA is wrapped
carefully around the building block structure and glued to the linking-
caps surfaces as shown in Fig. 2(b). After relaxation, the building block
develops an initial bending angle 𝜃0 of the building block as a result of
the input energy of the DEA stretching to NiTi rods structure as shown
in Fig. 2(c) and (e). The electrodes are painted over each side of the
DEA and connected to the electrical terminals separately to finalise
the DEA concept as shown in Fig. 2(d) (note, the electrodes are not
shown in the schematic for a clearer view). Once H.V. is applied to the
2

Fig. 1. The design of the building block.

Fig. 2. A schematic of the manufacturing process.

electrical terminals (i.e., the two sides of the DEA), this input energy
increases the strain of the DEA and therefore reduces the strain of
the NiTi rods and the bending angle changes to rebalance the system
energies as shown in Fig. 2(f). Thus, by changing the design parameters
𝐷, 𝐿, 𝜆1 and 𝜆2, different curvatures 𝜃0 of the building blocks can be
obtained. This curvature will change upon the actuation when applying
H.V. to the DEA.

2.2. Limitations and research gaps

Most of the state-of-art analytical models follow simple structure
designs of the DEA such as planer DEAs [29] or conical DEA sys-
tem [32]. Using analytical modelling, the developed models achieve
between 3% to 10.6% maximum root-mean-squared error compared to
the experiments. Usually, complex structures are modelled numerically
using finite element methods for the sake of higher accuracy and to
avoid the complexity of the analytical model.

The building blocks were previously modelled numerically using
Abaqus by the authors [33] and the modelling has the following
limitations; (I) it requires a relatively long time (approximately 30 min)
to model one case of the building block (e.g., under specific stretching
ratio and voltage). (II) The numerical modelling was not used to model
the entire assembled robot, as it’ll consume doubles the processing time
of the individual building block, but was embedded in the kinematics
robot model as individual modules. (III) The weights of the individual
building blocks and the external loads affect the shape of the assembled
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robot due to the system flexibility. These effects were not modelled in
the previously developed numerical model, due to the expected long
processing time. (IV) It is almost impossible to monitor or control a
robotic system online, using the numerical model.

The primary contribution of this research work is developing an
analytical modelling method for the complex structures of the soft
robots assembled by the building blocks. This method is designed to
tackle the mentioned limitations of the numerical modelling as follows:

1. The analytical model has a quick processing time while predict-
ing the behaviour of the individual building blocks (to tackle
limitation I) with maintaining good tracking of the robot be-
haviour comparable to the numerical modelling (The average
error of the analytical model, of this work, is 7.34% while to
the accuracy of the numerical modelling is 5.8% [33]).

2. For the assembled robot, the processing time of the analytical is
also much less compared to the numerical modelling (to tackle
limitation II). For example, an entire robot of 4 building blocks
can consume approximately 0.4s to predict its behaviour using
the analytical model.

3. The external loads and the weights of the building blocks are
added to the analytical model to account for their effects (to
tackle limitation III).

4. The analytical model can be used in different environments of
the assembled robot (e.g., a grasping system) to predict, monitor
or control its behaviour (to tackle limitation IV).

3. Analytical modelling

Here, the analytical modelling strategy of the single building blocks
and the assembled robot is developed and explained. The energy
method is used as the base of this model with the Ogden model to
describe the dielectric elastomer (DE) material behaviour. The energy
method has been widely used for analytically modelling soft robots.
This method relies on defining the total energy of the robot, calculated
as the summation of the energy of each element of the robot structure,
and then solving the derivative of the total energy to the variable
output (e.g., the bending angle).

3.1. Model of single building blocks

The DE is represented by a planar membrane of hyperelastic ma-
terial with the dimensions (𝐿0, 𝑤0, 𝑡𝑜) which is pre-stretched biaxially
with stretching ratios 𝜆𝑝𝑟𝑒1 and 𝜆𝑝𝑟𝑒2 as shown in Fig. 3(a). Then, the
DE is wrapped around the circular structure of the building block and
it is assumed no energy losses occurred during this wrapping process
as shown in Fig. 3(b). The multiplication of the stretching ratios in the
3 directions (𝜆1, 𝜆2, 𝜆3) is equal to 1 due to the assumption of constant
volume of the material as expressed in Eq. (1). Where 𝜆1 is the final
stretching in the longitudinal direction, 𝜆2 is the final stretching in the
circumferential direction, and 𝜆3 is the final stretching in the radial
direction (i.e., thickness direction).

𝜆1𝜆2𝜆3 = 1 (1)

𝜆3 = 1∕(𝜆1𝜆2) (2)

There are two relaxations in the block; one along the 𝜆1 direction
that is the result of the bending of the NiTi rods, and it can be expressed
as in Eq. (3). The second relaxation is along the 𝜆2 which is the result of
the relaxation of the membrane itself as it is not attached to anything
from the sides. Assuming that the deflection along the 𝜆2 is negligible
so it can be expressed in Eq. (4).

𝜆1 = 𝜆𝑝𝑟𝑒1 − 𝑓 (𝜃) (3)

where 𝑓 is a function of 𝜃 and calculated in the following.

𝜆 = 𝜆 (4)
3

2 𝑝𝑟𝑒2
Fig. 3. The analytical model initialisation.

Fig. 4. The building block axes.

The deformation of the DEA along the linking-cap is inhomogeneous
and to simplify the modelling, the average deformation is taking in
consideration instead. In the previous research work [33] of modelling
the building blocks numerically, the average DE thickness was adopted
instead of modelling the thickness on every point of the DE and the
results showed good tracing of the robot behaviour with an average
error of approximately 5.8%. Hence, the average deformation of the
DEA is considered acceptable in this modelling method. Assuming that
the average final length of the DE, in the longitudinal direction, is 𝐿𝑐
and it occurs at the centroid (ℎ𝑐) of the DEA as shown in Fig. 4.

𝐿𝑐 = 𝜆1𝐿0 (5)

𝑤 = 𝜆2𝑤0 (6)

𝑡 = 𝑡0∕(𝜆1𝜆2) (7)

where 𝑤 is the final width of the DE along the circumferential direction
and 𝑡 is the final thickness of the DE which occurs in the radial
direction. These final values occur as a result of 𝜆1 and 𝜆2.

Since the length of the NiTi rod 𝐿 is constant, it can be expressed
as in Eq. (8). The deflection takes a circular curve of radius 𝑅 as shown
in Fig. 4 and expressed in Eq. (9):

𝐿 = 𝐿0𝜆𝑝𝑟𝑒1 (8)

𝑅 = 𝐿
𝜃

(9)

Since 𝐿𝑐 is a shifted circular curve from the NiTi rods, it can be
expressed in Eq. (10):

𝐿𝑐 =
(

𝑅 − ℎ𝑐
)

𝜃 =
(𝐿
𝜃
− ℎ𝑐

)

𝜃 = 𝐿 − ℎ𝑐𝜃 (10)

𝐿𝑐 can be simplified by substituting Eqs. (3) and (8).

𝐿𝑐 = 𝐿0𝜆𝑝𝑟𝑒1 − ℎ𝑐𝜃 = 𝐿0

(

𝜆𝑝𝑟𝑒1 −
ℎ𝑐𝜃
𝐿0

)

= 𝐿0𝜆1 (11)

Then, the final longitudinal stretching (𝜆1) can be expressed in
Eq. (12) [34]. Therefore, 𝑓 (𝜃) = ℎ𝑐𝜃

𝐿0
.

𝜆1 = 𝜆𝑝𝑟𝑒1 −
ℎ𝑐𝜃 (12)

𝐿0
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The Ogden model is used to describe the hyperelastic behaviour of
the DE, and the energy density (𝑊 ) is expressed in Eq. (13).

=
𝑛
∑

𝑖=1

𝜇𝑖
𝛼𝑖
(𝜆𝛼𝑖1 + 𝜆𝛼𝑖2 + 𝜆𝛼𝑖3 − 3) (13)

where 𝜇𝑖 and 𝛼𝑖 are material parameters, while 𝑛 represents the
order of Ogden function as (𝑛 = 1, 2, 𝑜𝑟3). The biaxial stresses in the
directions of 𝜆1 and 𝜆2 are expressed in Eqs. (14) and (15) respectively.

𝜎1 = 𝜆1
𝜕𝑊
𝜕𝜆1

=
𝑛
∑

𝑖=1
𝜇𝑖(𝜆

𝛼𝑖
1 − ( 1

𝜆1𝜆2
)
𝛼𝑖
) (14)

𝜎2 = 𝜆2
𝜕𝑊
𝜕𝜆2

=
𝑛
∑

𝑖=1
𝜇𝑖(𝜆

𝛼𝑖
2 − ( 1

𝜆1𝜆2
)
𝛼𝑖
) (15)

The strain energy of the DEA can be expressed as (𝑈𝑆𝑡𝑟𝑎𝑖𝑛 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑉 𝑜𝑙𝑢𝑚𝑒) as expressed in Eq. (16).

𝑈𝑆𝑡𝑟𝑎𝑖𝑛 =
𝑛
∑

𝑖=1

𝜇𝑖
𝛼𝑖

(

𝜆𝛼𝑖1 + 𝜆𝛼𝑖2 + 𝜆𝛼𝑖3 − 3
)

𝐿0𝐿𝑤0𝑡0 (16)

𝑆𝑡𝑟𝑎𝑖𝑛 =
𝑛
∑

𝑖=1

𝜇𝑖
𝛼𝑖

(

𝜆𝛼𝑖1 + 𝜆𝛼𝑖2 + ( 1
𝜆1𝜆2

)
𝛼𝑖
− 3

)

𝐿0𝐿𝑤0𝑡0 (17)

The electrostatic energy of the DEA can be expressed in Eq. (18).

𝑈𝐸𝑙𝑒 =
𝜀0𝜀𝑟𝑤𝐿𝑐𝑉 2

2𝑡
(18)

where 𝜀0 is the permittivity of free space, 𝜀𝑟 is the dielectric constant
of the DE material, 𝑉 is the applied H.V. to the DEA, and 𝑡 is the
corresponding thickness of the DE at this state. Eq. (7) is used to
substitute the value of 𝑡 as in the following.

𝑈𝐸𝑙𝑒 =
𝜀0𝜀𝑟𝑤𝐿𝑐𝑉 2

2𝑡
=

𝜀𝑤𝐿𝑐𝑉 2𝜆21𝜆
2
2

2𝑡0
(19)

Since the linking-caps are rigid, so the deflection of the structure
occurs only in the NiTi rods and it is expressed as the strain energy of
the NiTi rods 𝑈𝑁𝑖𝑇 𝑖. Although the equivalent reactional moment 𝑀 can
be calculated as expressed in Eq. (20).

𝑀 =
𝐸𝑁𝑖𝑇 𝑖𝐼𝑁𝑖𝑇 𝑖

𝐿
𝜃 (20)

where 𝐸𝑁𝑖𝑇 𝑖 is the Young’s modulus of the NiTi rods, and 𝐼𝑁𝑖𝑇 𝑖 is
the moment of inertia of the cross-sectional area of the two NiTi rods,
of diameter 𝐷, and it is calculated from Eq. (21).

𝐼𝑁𝑖𝑇 𝑖 = 2𝜋𝐷
4

64
= 𝜋𝐷4

32
(21)

The strain energy of the NiTi rods 𝑈𝑁𝑖𝑇 𝑖 is expressed in Eq. (22).

𝑈𝑁𝑖𝑇 𝑖 =
𝑀2𝐿

2 𝐸𝑁𝑖𝑇 𝑖 𝐼𝑁𝑖𝑇 𝑖
=

𝐸𝑁𝑖𝑇 𝑖
2 𝐼𝑁𝑖𝑇 𝑖

2 𝜃2 𝐿
2 𝐿2 𝐸𝑁𝑖𝑇 𝑖 𝐼𝑁𝑖𝑇 𝑖

=
𝐸𝑁𝑖𝑇 𝑖 𝐼𝑁𝑖𝑇 𝑖 𝜃2

2 𝐿
(22)

Finally, the potential energy of the weight of the building block is
(𝑈𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ 𝑍𝑐1). where 𝑍𝑐1 is 𝑍 distance of the centroid of
the building block from the origin as shown in Fig. 4 (as this model for
single building blocks) and can be derived from Eq. (33).

𝑈𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ (𝑍𝑐1) = 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ (𝐿𝑅𝑖𝑔𝑖𝑑 + 𝐿
𝜃
sin( 𝜃

2
)) (23)

where 𝐿𝑅𝑖𝑔𝑖𝑑 is length of the linking-cap, and 𝜃 is the bending angle
of this building blocks. Similarly, if an external load (e.g., vertical
force) is applied to the tip of the building block, its potential energy
is 𝑈𝑙𝑜𝑎𝑑 = 𝑙𝑜𝑎𝑑 ∗ 𝑍1.

𝑈𝑙𝑜𝑎𝑑 = 𝑙𝑜𝑎𝑑 ∗ (𝐿𝑅𝑖𝑔𝑖𝑑 + 𝐿
𝜃
sin(𝜃)) (24)

The total energy in the building block is expressed in Eq. (25) as
the summation of the energies of Eqs. (17), (19), (22), (23) and (24).
4

𝑈𝑡𝑜𝑡 = 𝑈𝑆𝑡𝑟𝑎𝑖𝑛 − 𝑈𝐸𝑙𝑒 + 𝑈𝑁𝑖𝑇 𝑖 + 𝑈𝑤𝑒𝑖𝑔ℎ𝑡 + 𝑈𝑙𝑜𝑎𝑑 (25)
The model of single building blocks is the solution of minimising
the first derivative of the total energy in Eq. (26).

dU𝑆𝑡𝑟𝑎𝑖𝑛
𝑑𝜃

−
dU𝐸𝑙𝑒
𝑑𝜃

+
dU𝑁𝑖𝑇 𝑖
𝑑𝜃

+
dU𝑤𝑒𝑖𝑔ℎ𝑡

𝑑𝜃
+

dU𝑙𝑜𝑎𝑑
𝑑𝜃

= 0 (26)

In case of the building block is applying force upon actuation
e.g., blocked force or grasping forces), an additional term 𝑈𝐹𝑜𝑟𝑐𝑒 is
dded to the total energy as shown in Eq. (27). As the force 𝐹 is applied
o the tip point of the linking-cap and is perpendicular to the touch
oint, thus the energy can be calculated as in Eq. (28).

𝑡𝑜𝑡 = 𝑈𝑆𝑡𝑟𝑎𝑖𝑛 − 𝑈𝐸𝑙𝑒 + 𝑈𝑁𝑖𝑇 𝑖 + 𝑈𝑤𝑒𝑖𝑔ℎ𝑡 + 𝑈𝐹𝑜𝑟𝑐𝑒 (27)

𝐹𝑜𝑟𝑐𝑒 = −(𝐹𝑋𝑋1 + 𝐹𝑍𝑍1)

= −(𝐹 cos(𝜃0 + 𝜃1 −
𝜋
2
)𝑋1 + 𝐹 sin(𝜃0 + 𝜃1 −

𝜋
2
)𝑍1)

(28)

where 𝑋1 and 𝑍1 are the 𝑋 and 𝑍 distances of the endpoint of the
building block (as this model for single building blocks). Note, that
Eq. (28) calculates the energy of each component of the force. The
two components of the force are 𝐹𝑋 and 𝐹𝑍 and are calculated as
{𝐹 cos(𝜃0 + 𝜃1 −

𝜋
2 ), 𝐹 sin(𝜃0 + 𝜃1 −

𝜋
2 )}. Therefore, the model equation

can be modified from Eq. (26) to be as in Eq. (29) to predict the robot
building block behaviour.

dU𝑆𝑡𝑟𝑎𝑖𝑛
𝑑𝜃

−
dU𝐸𝑙𝑒
𝑑𝜃

+
dU𝑁𝑖𝑇 𝑖
𝑑𝜃

+
dU𝑤𝑒𝑖𝑔ℎ𝑡

𝑑𝜃
+

dU𝐹𝑜𝑟𝑐𝑒
𝑑𝜃

= 0 (29)

For a given design parameters of a building block (e.g., 𝜆1, 𝐷, 𝐿),
a given external load, and a given input high voltage (𝑉 ), the bending
angle of the building block can be calculated by solving Eq. (29). It
can be solved using MATLAB as a nonlinear function. Additionally, the
model can be solved for any given variables to calculate an unknown
parameter. This model was used to generate the look-up table of single
building blocks that will be discussed in Section 4 and the validation
comparison in Section 4.1.

3.2. Model of assembled soft robot

The robot model relies on the kinematics to define the location
of the affecting loads and the centre of mass, therefore the robot
kinematics [35] is introduced first. To further simplify the model, the
kinematics are simplified for faster execution time.

The centreline of each building block consists of three connected
lines; first a straight line representing the first linking-cap, then a circu-
lar curve representing the shifted bending of the NiTi rods, and finally
a straight line representing the second linking-cap. Although, for the
purpose of simplification, this structure can be further simplified and
expressed by only a continuous curvature shape (i.e., the straight lines
of the linking-caps are excluded and assumed curved). This assumption
is valid because of the small length of the linking-caps compared to the
entire length of the building block (i.e., a linking-cap is round 17%
of the block length) and the respectively moderate range of bending
angles of the NiTi rods (e.g., angles between 0◦–30◦). Thus, the curve
length 𝐷𝑚 at the centre of the building blocking 𝑚 can be expressed in
Eq. (30).

𝐷𝑚 = 𝜃𝑚 ∗ (
𝐿𝑚 + 2𝐿𝑅𝑖𝑔𝑖𝑑

𝜃𝑚
− ℎ) (30)

where 𝜃𝑚 is the bending angle of the building block with the order 𝑚
from the base, 𝐿𝑚 is the NiTi rods length between the two linking-caps,
ℎ is the shifted distance between the curved NiTi rod and the centre of
the building block (h = 8 mm in this design) and 𝐿𝑅𝑖𝑔𝑖𝑑 is the length
of the linking-cap and is equal to 2.5 mm in this design as shown in
Fig. 5.

Due to the assumption of constant curvature of the joining NiTi
elements of the building block, the general transformation matrix of
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Fig. 5. The robot simple kinematics.

building block 𝑚 can be derived as in Eq. (31):

𝑃𝑚 =
⎡

⎢

⎢

⎣

𝑋𝑚
𝑌𝑚
𝑍𝑚

⎤

⎥

⎥

⎦

= 𝑅𝑚

⎡

⎢

⎢

⎢

⎢

⎣

𝐷𝑚
𝜃𝑚

cos(𝜙𝑚)(1 − cos(𝜃𝑚))
𝐷𝑚
𝜃𝑚

sin(𝜙𝑚)(1 − cos(𝜃𝑚))
𝐷𝑚
𝜃𝑚

sin(𝜃𝑚)

⎤

⎥

⎥

⎥

⎥

⎦

+
⎡

⎢

⎢

⎣

𝑋𝑚−1
𝑌𝑚−1
𝑍𝑚−1

⎤

⎥

⎥

⎦

(31)

𝑅𝑚 = 𝑅𝑚−1𝑅𝑜𝑡𝑧(𝜙𝑚−1)𝑅𝑜𝑡𝑦(𝜃𝑚−1) (32)

As (𝑋𝑚, 𝑌𝑚, 𝑍𝑚) is the coordinates of the endpoint of building block
𝑚 and 𝜙𝑚 is the rotating angle of the building block around its local
𝑌 -axis and it is also called the direction angle.

Furthermore, the centroid of a building block 𝑚 is located at the
centre and on the centre line at an angle ( 𝜃𝑚2 ). The centroid location
is needed as it’s where the weight of the building block is represented.
Therefore, the coordinates of the centroid (𝑋𝑐𝑚, 𝑌𝑐𝑚, 𝑍𝑐𝑚) of module 𝑚
in the assembled robot can be extracted as expressed in Eq. (33).

𝑃𝑐𝑚 =
⎡

⎢

⎢

⎣

𝑋𝑐𝑚
𝑌𝑐𝑚
𝑍𝑐𝑚

⎤

⎥

⎥

⎦

= 𝑅𝑚

⎡

⎢

⎢

⎢

⎢

⎣

𝐷𝑚
𝜃𝑚

cos(𝜙𝑚)(1 − cos( 𝜃𝑚2 ))
𝐷𝑚
𝜃𝑚

sin(𝜙𝑚)(1 − cos( 𝜃𝑚2 ))
𝐷𝑚
𝜃𝑚

sin( 𝜃𝑚2 )

⎤

⎥

⎥

⎥

⎥

⎦

+
⎡

⎢

⎢

⎣

𝑋𝑚−1
𝑌𝑚−1
𝑍𝑚−1

⎤

⎥

⎥

⎦

(33)

Now, regarding the modelling of the assembled robot. Assuming
that the building blocks {1, 2, . . . , m} are connected in series, the model
of this assembly can derived from Eq. (25) as the summation of the
energies of all the blocks as expressed in Eq. (34).

𝑈𝑡𝑜𝑡 = 𝑈𝑆𝑡𝑟𝑎𝑖𝑛,1 − 𝑈𝐸𝑙𝑒,1 + 𝑈𝑁𝑖𝑇 𝑖,1 + 𝑈𝑤𝑒𝑖𝑔ℎ𝑡,1 + 𝑈𝑆𝑡𝑟𝑎𝑖𝑛,2 − 𝑈𝐸𝑙𝑒,2+

⋯ + 𝑈𝑁𝑖𝑇 𝑖,𝑚 + 𝑈𝑤𝑒𝑖𝑔ℎ𝑡,𝑚 + 𝑈𝑙𝑜𝑎𝑑
(34)

The model of the assembled robot of multiple building blocks is the
solution of minimising the first derivative of the total energy as shown
in Eq. (35).
dUtot
𝑑𝜃1

= 0,
dUtot
𝑑𝜃2

= 0, ....,
dUtot
𝑑𝜃𝑚

= 0 (35)

where the DEA strain energies of each block are calculated similar to
Eq. (17), the electrostatic energy of each block is calculated similar to
Eq. (18), the NiTi rod strain energy in each block is calculated similar to
Eq. (22) and the potential energy of the weights of the building blocks
occur in the middle of each module (i.e., for module 𝑚 its weight occurs
at 𝜃𝑚

2 ) and can be expressed as:

𝑈𝑤𝑒𝑖𝑔ℎ𝑡,1 = 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ 𝑍𝑐1

𝑈𝑤𝑒𝑖𝑔ℎ𝑡,2 = 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ 𝑍𝑐2

⋮

𝑈𝑤𝑒𝑖𝑔ℎ𝑡,𝑚 = 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ 𝑍𝑐𝑚

(36)

Similarly, the potential energy of an external load on the tip
(i.e., the last linking-cap of the module 𝑚) can be expressed as:

𝑈 = 𝑙𝑜𝑎𝑑 ∗ 𝑍 (37)
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𝑙𝑜𝑎𝑑 𝑚
And in the case of forces generated from the building block, Eq. (34)
can be modified by replacing the 𝑈𝑙𝑜𝑎𝑑 by 𝑈𝐹𝑜𝑟𝑐𝑒 similar to the previ-
ously discussed model in Eq. (27). Thus, 𝑈𝐹𝑜𝑟𝑐𝑒 can be defined as in
Eq. (38), as {𝐹𝑋 , 𝐹𝑌 , 𝐹𝑍} are the force components generated on the
robot tip.

𝑈𝐹𝑜𝑟𝑐𝑒 = −(𝐹𝑋𝑋𝑚 + 𝐹𝑍𝑍𝑚 + 𝐹𝑌 𝑌𝑚) (38)

The model in Eq. (35) can be used to predict the behaviour of
the robot assembled by specific building blocks which their design
parameters are known. This model consists of 𝑚 number of equations
so it can calculate a maximum number of unknowns up to 𝑚 using the
nonlinear solvers of MATLAB. For example, if all the robot variables,
including the voltage, are known, the model can be solved to calculate
the bending angles {𝜃1, 𝜃2, . . . , 𝜃𝑚,} of building blocks assembled in the
robot. This case can be shown in validation comparison in Section 4.2.

Similarly in the case of the robot is not moving and generating
forces on a surface. The resulted forces from the robot can be calculated
from the same equations for a given input voltage and a fixed bending
angle. This case will be presented in Section 4.3.

4. Experiments and validation

Here, the validation experiments of the analytical model is discussed
in detail in two sets of experiments; using single building blocks, and
multiple building blocks. The model parameters are tuned to better
track the system performance. The modelling method can be applied in
soft robot application such as for predicting grasping force of assembled
soft fingers. Before going through the validation process, it’s needed to
mention the look-up table obtained from the model.

To guide the assemble of building blocks into different configura-
tions, a look-up table is developed with 84 possible designs to select the
suitable building blocks curvature based on the corresponding design
parameters (𝐷, 𝐿 and 𝜆1). These specific parameters values are selected
to generate a wide range of bending angles (approximately from 3◦ to
30◦) for the building blocks. Note that a constant relationship is estab-
lished between 𝜆1 and 𝜆2 that 𝜆1𝜆2 = 2.5 to reduce the independent
parameters.

As proven by finite element modelling in [33], they are the key
three parameters that affect the curvature, stroke and stiffness of the
building block directly. Their effects can be summarised as follows;
(i) Increasing 𝜆1 increases the initial bending angle, (ii) Increasing the
𝐷 reduces the initial bending angle and reduces the stroke and the
stiffness of the block, (iii) Increasing 𝐿 increases the initial bending
angle and increases the stroke but reduces the stiffness of the building
block.

The design parameters used for generating the look-up table are
listed as follows:

• 𝐿 is the distance between the two linking-caps and it has the
following values {10, 12.5, 15} mm.

• 𝜆1 is the stretching ratio of the DEA in the axial direction and it
has seven values as follows {1.5, 1.6, 1.7, . . . , 2.1}.

• 𝐷 is the NiTi rod diameter and it has four values as follows {0.31,
0.44, 0.62, 0.763} mm.

Other design parameters, such as the outer diameter of the linking-
caps, could be considered but kept constant in this research because
they could change the design fundamentally. If the outer diameter
is considered as a key design parameter, it’ll be hard to connect or
assemble different building blocks together.

4.1. Validation of single building blocks

In these experiments, the analytical model is validated using 9
individual building blocks in terms of the bending angle behaviour
for an applied range of high voltages and external loads. The variable
inputs to the experiments are:
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Table 1
The D-optimal IDs.

ID 𝐷 (mm) 𝐿 (mm) 𝜆1
4 0.31 10 1.8
8 0.31 12.5 1.5
15 0.31 15 1.5
22 0.44 10 1.5
35 0.44 12.5 2.1
39 0.44 15 1.8
43 0.62 10 1.5
53 0.62 12.5 1.8
63 0.62 15 2.1

Fig. 6. The validation setup of single blocks.

• Voltage: which ranges from 0 to 2.8 kV.
• Load: external calibrated weights of {0 g, 2 g, 5 g, 10 g, 20 g} are

used to apply vertical force load. Note that there is an additional
external load of 1 g which is the weight of the VICON markers on
the tip of the building blocks. Therefore the external loads applied
become {1 g, 3 g, 6 g, 11 g, 21 g}.

• Building block IDs: it is challenging to perform the validation
experiments for all the 84 cases in the look-up table, even if
the levels of the three key design parameters (stretching ratio,
NiTi diameter, NiTi length) are reduces to three values only, it
requires 33 cases of experiments. Therefore a design experiment
is performed to optimise the IDs to the most effective IDs that
if used in the experiments will present a full description of the
parameters effects.
Only three levels of the three key design parameters, as below,
are investigated in the optimisation and are implemented in the
Minitab software [36] using the D-optimal approach to reduce the
number of experiments:

– Stretching ratio 𝜆1 : has three values {1.5, 1.8, 2.1}.
– NiTi diameter 𝐷: has three values {0.31, 0.44, 0.62} mm.
– NiTi length 𝐿: has three values {10, 12.5, 15} mm.

The results of D-optimal approach are 9 IDs with the most effect
on the performance without duplicating the effects and they are
shown in Table 1.

The experimental setup is shown in Fig. 6 where VICON measure-
ment system (also in Fig. 11) is used with the markers placed on the
two linking-caps of the building block. The base (one linking-cap) of
building block is fixed vertically while the tip (the other linking-cap) is
attached to the load.

Due to the manufacturing errors, the model has an average error
of 16%. Therefore, additional 3 parameters are identified to tune the
model.
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Table 2
The tuned model parameters.

Parameter Value Definition

𝐸𝑁𝑖𝑇 𝑖 50.2353 GPa NiTi Young’s modulus
𝐴𝜆,1 0.9552307 Stretching ratio 𝜆1 accuracy
𝐴𝜆,2 0.910246 Stretching ratio 𝜆2 accuracy

Table 3
The other model parameters ‘‘Not changed’’.

Symbol Value Description

𝜇1 0.0968 MPa Ogden model parameter
𝜇2 0.149 MPa Ogden model parameter
𝜇3 0.0115 MPa Ogden model parameter
𝛼1 2.8639 Ogden model parameter
𝛼2 3.23882 Ogden model parameter
𝛼3 4.450305 Ogden model parameter
𝜀𝑟 2.0 DEA permittivity (ELASTOSIL 2030)
R 25 mm The outer diameter of the Linking-caps
h 20.5 mm Height of the NiTi rods to the

top of the linking-cap
𝐿𝑅𝑖𝑔𝑖𝑑 2.5 mm Width of the linking-cap

• NiTi Young’s modulus: as the measured values range from 39 GPa
to 53 GPa (using previously performed stress/strain tests), but it
will be tuned here to find an optimised value instead.

• Stretching ratio 𝜆1 accuracy due to the manual stretching errors.
The value of the stretching is updated by multiplication with
constant parameter (𝐴𝜆,1).

• Stretching ratio 𝜆2 accuracy due to the manual stretching errors.
The value of the stretching is updated by multiplication with
constant parameter (𝐴𝜆,2).

The tuned model parameters are summarised in Table 2. The tuning
process [37] is done by optimising these parameters (using Particle
Swarm Optimisation [38,39]) to minimise the accumulative error of all
the points (565 points) of the experiments shown in Fig. 7. The other
untuned parameters are listed in Table 3.

A sample of the comparison between the experiments and the model
with optimised parameters is shown in Fig. 7. The results of the build-
ing block of ID 4 (the smallest NiTi rod diameter) show good tracing
of the whole behaviour along the input voltage but there is a total shift
of the behaviour with a specific angle that increases with increasing
the load. In other words, the error is minimum under no external load,
while it increases with increasing the load. This behaviour can be the
result of the simplified assumptions of the model such as NiTi rods are
elastic and, the ignored effect of the shear forces on the NiTi rods as it
is assumed that only bending occurs. Similarly, the behaviour of IDs 8
(shown in Fig. 7(a)) and 15 as they have the same NiTi rod diameter.

For the case of IDs 22 (shown in Fig. 7(b)), 35 and 39 (shown
in Fig. 7(c)), they have the same diameter and similar behaviour in
terms of the shifting angle between the experiments’ behaviours and the
model behaviour for the different external loads. Similarly, the IDs of
43, 53 and 63 (shown in Fig. 7(d)) have a similar shifting angle which
is almost constant with the different loads. Thus, this shifting angle is
variable for the small NiTi rod diameters and almost constant for the
higher NiTi rod diameters.

The absolute average error of all the points (565 points) of the
model is 7.34% with maximum absolute error of 25% and minimum
error of 0.032%. The main reason of this value of errors is that the
wide range of design cases (i.e., different NiTi diameters and lengths
and different stretching ratios) that is used in the model. Although, this
error can be significantly reduced by tuning the parameters in Table 2
using fewer designs for a smaller range of designs.

Note that for the tuning of the model, only the first set of experi-
ments of single building blocks (single building blocks), not the second
set (multiple building blocks), was used because the measurements
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Fig. 7. The analytical model validation of single building blocks.
Table 4
A sample of the look-up table structure.

ID 𝐷 (mm) 𝐿 (mm) 𝜆1 𝜃0 (◦)

1 0.31 10 1.5 14.84◦

2 0.31 10 1.6 15.83◦

3 0.31 10 1.7 16.74◦

... ... ... ... ...
7 0.31 10 2.1 19.64◦

8 0.31 12.5 1.5 18.55◦

... ... ... ... ...
21 0.31 15 2.1 29.46◦

22 0.44 10 1.5 12.58◦

... ... ... ... ...
46 0.62 10 1.8 9.24◦

47 0.62 10 1.9 10.28◦

... ... ... ... ...
83 0.763 15 2.0 10.18◦

84 0.763 15 2.1 11.37◦

of the second set of experiments may be affected by the clearance
between the assembled building blocks which will lead to an inaccurate
description of the behaviour.

A sample of the look-up table structure is shown in Table 4 gener-
ated from the analytical model with the optimised parameters.

4.2. Validation of multiple building blocks (soft robot)

To validate the robot structure consisting of multiple building blocks
assembled together, three configurations (𝐶𝑜𝑛𝑓63,35,4, 𝐶𝑜𝑛𝑓43,39,15 and
𝐶𝑜𝑛𝑓63,43,39,22,15,4) of the previous single blocks are experimented and
evaluated in terms of the bending angle for the same defined external
calibrated loads. The experiments of these configurations are compared
to the analytical model with the optimised parameters.

Configuration 𝐶𝑜𝑛𝑓63,35,4 consists of 3 building blocks connected in
a series of IDs {63, 35, 4} from the base to tip, similarly configuration
𝐶𝑜𝑛𝑓43,39,15 consists of 3 building blocks but of different IDs {43, 39,
15} from the base to tip. These specific IDs are selected from Table 1
7

to have different NiTi rod diameters, lengths and stretching ratios at
the same configuration to cover a wide range of the model validation.
Configuration 𝐶𝑜𝑛𝑓63,43,39,22,15,4 consists of 6 blocks connected in a
series of IDs {63, 43, 39, 22, 15, 4} from the base to the tip as shown
in Fig. 11. These specific IDs contain the largest and smallest lengths
for each NiTi rod diameter to have a variety of design parameters in
this configuration.

The inputs to the experiments and the model are the same as the
previous experiments of the single blocks validation. These inputs are;
voltage from 0 to 2.8 kV, an external load of {1 g, 3 g, 6 g, 11 g, 21 g}
and the selected building blocks IDs based on the D-optimal approach
(discussed in the previous section). The output of these comparisons is
the (accumulative) bending angle of the entire assembled robot.

The comparisons between the experiments and the model of con-
figurations 𝐶𝑜𝑛𝑓63,35,4, configuration 𝐶𝑜𝑛𝑓43,39,15, and 𝐶𝑜𝑛𝑓63,43,39,22,15,4
are shown in Figs. 8(a), 9(a) and 10(a), respectively. In configuration
𝐶𝑜𝑛𝑓63,35,4, the model behaviour matches the experiment behaviour of
the robot but is shifted with an error angle as shown in Fig. 8(b).
This shift resembles the accumulative error of each building block and
it increases by increasing the external load (e.g., there is an increase
of 1◦ between the error of adding more external loads). Similarly,
configuration 𝐶𝑜𝑛𝑓43,39,15 shows good tracing behaviour but the error
increases with increasing the input voltage (e.g., it has about −2◦ error
at no voltage input but has around −5.5◦ error at 2.8 kV under 3 g load
as shown in Fig. 9(b)) due to the accumulative error of each building
block, unlike configuration 𝐶𝑜𝑛𝑓63,35,4. Configuration 𝐶𝑜𝑛𝑓63,43,39,22,15,4
has a good tracing along the voltage but the error increases with
the increased voltage (e.g., the error increases approximately 6.6◦

when applying 2.8 kV). The average error of configurations 𝐶𝑜𝑛𝑓63,35,4,
𝐶𝑜𝑛𝑓43,39,15, and 𝐶𝑜𝑛𝑓63,43,39,22,15,4 is 10.6%, 5.36% and 3.55% respec-
tively. It is worth mentioning that the assembly error of the snap-fit is
not included in the model which has mechanical clearances that can
affect the total error of the assembly.

The increasing error of the three configurations with increasing
voltage is expected due to the increased resistance of the robot which
increases the energy consumption which was not included in the model
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Fig. 8. The analytical model validation of configuration 𝐶𝑜𝑛𝑓63,35,4.
Fig. 9. The analytical model validation of configuration 𝐶𝑜𝑛𝑓43,39,15.
Fig. 10. The analytical model validation of configuration 𝐶𝑜𝑛𝑓63,43,39,22,15,4.
Fig. 11. The experimental set up of the analytical model validation of assembled
modules.
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for simplifying the system model. For example in the experiment,
adding more building blocks to the robot reduces the working voltage
of the added block as the power is affected by the total resistance of the
previous blocks. Therefore the power (effective voltage) transferred to
the added blocks is reduced and thus the behaviour is different, but it is
assumed to be neglected as the building block number in the robot used
in the verification is 3–6 blocks. Furthermore, the electrode thickness
have a negative effect on the robot’s behaviour which was not included
in the model because of the difficulties of measuring their thicknesses
in the 3D structure of the building block.

Overall, the analytical model provides a good tracing of the single
building block structures and the different assembled configurations of
multiple building blocks connected in a series (e.g., 3 building blocks
and 6 building blocks configurations).

4.3. Case study: Prediction of grasping force

An application of the reconfigurable robot is soft fingers for grasp-
ing [33]. A crucial advantage of this concept is the capability of
being assembled into different configurations with different payload
capacities. Hence, a robot configuration can be built for desired payload
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Fig. 12. The grasping system (using 2 soft fingers) for predicting the grasping forces.

to the application for an energy efficient solution. An 8 g object has
been selected in this case study to simulate the case of grasping delicate
objects.

The analytical model is used for predicting the assembled robot
forces for further control or system monitoring (i.e., manipulation
forces). In this experiment, 2 soft fingers are assembled and each finger
consists of 2 building blocks of IDs 36. Delicate force sensors (singletact
sensor 1N force) are attached to the tip of each soft finger, to measure
the actual grasping forces to evaluate the model measurements as
shown in Fig. 12.

The model is solved using MATLAB as a nonlinear system. The
grasping force is calculated following the flowchart in Fig. 13 (similar
to [40]). First, using the design parameters of the soft finger are used
to identify its initial bending angles using the analytical model at Zero
voltage. Then, the voltage is incremented while checking from the
model that the output 𝑃𝑡𝑖𝑝2 doesn’t collide with the object’s surface.
To calculate 𝑃𝑡𝑖𝑝2, the bending angle is calculated from Eqs. (39) and
(40) then, the 𝑃2 is calculated according to the robot kinematics from
Eq. (31) then, the body tip point 𝑃𝑡𝑖𝑝2 can be calculated easily based on
the linking-cap rigid structure.

𝑈𝑡𝑜𝑡 = 𝑈𝑆𝑡𝑟𝑎𝑖𝑛,1 − 𝑈𝐸𝑙𝑒,1 + 𝑈𝑁𝑖𝑇 𝑖,1 + 𝑈𝑤𝑒𝑖𝑔ℎ𝑡,1 + 𝑈𝑆𝑡𝑟𝑎𝑖𝑛,2 − 𝑈𝐸𝑙𝑒,2+

𝑈𝑁𝑖𝑇 𝑖,2 + 𝑈𝑤𝑒𝑖𝑔ℎ𝑡,2
(39)

dUtot
𝑑𝜃1

= 0,
dUtot
𝑑𝜃2

= 0 (40)

When the soft finger tip touches the object surface, the angles 𝜃1, 𝜃2
are kept fixed with their last values and the grasping force 𝐹𝑔𝑟 is
calculated from Eq. (42) as its the only unknown in this equation. Note
that the strain energy of the grasping 𝑈𝑔𝑟𝑎𝑠𝑝 is added to the total strain
energy as expressed in Eq. (41) similar to Eq. (29).

𝑈𝑡𝑜𝑡 = 𝑈𝑆𝑡𝑟𝑎𝑖𝑛,1 − 𝑈𝐸𝑙𝑒,1 + 𝑈𝑁𝑖𝑇 𝑖,1 + 𝑈𝑤𝑒𝑖𝑔ℎ𝑡,1 + 𝑈𝑆𝑡𝑟𝑎𝑖𝑛,2 − 𝑈𝐸𝑙𝑒,2+

𝑈𝑁𝑖𝑇 𝑖,2 + 𝑈𝑤𝑒𝑖𝑔ℎ𝑡,2 + 𝑈𝑔𝑟𝑎𝑠𝑝
(41)

dUtot
𝑑𝜃1

= 0,
dUtot
𝑑𝜃2

= 0 (42)

𝑈𝑔𝑟𝑎𝑠𝑝 = −(𝐹𝑔𝑟𝑋2 cos(𝜃0 + 𝜃1 + 𝜃2 −
𝜋
2
) + 𝐹𝑔𝑟𝑍2 sin(𝜃0 + 𝜃1 + 𝜃2 −

𝜋
2
))

(43)

where 𝜃0 is the rotation angle of the robot base, 𝜃1 and 𝜃2 are the initial
bending angles of the first and second modules respectively from the
top and 𝐹𝑔𝑟 is the grasping force.

The grasping force is satisfied once the 𝐹𝑔𝑟 is equal to or greater
than 𝐹𝑟𝑒𝑞 which refers to the required force to grasp an object and it
can be calculated from the contributed weight of the object (i.e., if two
9

Fig. 13. Calculation of the grasping force.

Fig. 14. The soft gripper path using the robot manipulator during the experiment.
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Fig. 15. Comparison between the model vs. measurements of the sensor.

fingers are used for grasping, then each finger holds half of the weight)
and the friction coefficient 𝜇𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 is as expressed in Eq. (44).

𝐹𝑟𝑒𝑞 =
𝑂𝑏𝑗𝑒𝑐𝑡𝑊 𝑒𝑖𝑔ℎ𝑡

𝑁𝑓 𝜇𝑓𝑟
= 0 (44)

where 𝑁𝑓 is the number of fingers contributed to grasping the object
and 𝜇𝑓𝑟 is the friction coefficient between the finger and the object at
the grasping region.

This demonstration experiment of the grasping force is performed
using the robot manipulator and the two-fingers robot to investigate the
robustness of the grasping system for a time period of approximately
30 s (as shown in Movie S0, Supporting Information). The path of
the soft fingers (i.e., soft gripper) during the experiment is shown in
Fig. 14. Fig. 15 shows the grasping force of the assembled soft fingers
and the filtered measurements using the Lowess Smoothing filter during
the grasping. It shows the experiment and the model behaviour of the
grasping force 𝐹𝑔𝑟 with a good match. It has been noted that there is a
peak force just before the grasping when the fingers are surrounding
the object and another peak during placing the object due to the
disturbance from the object holder. Also, it reveals that the peak of the
grasping force in the experiment occurs when the robot manipulator
changes its position along the 𝑍-axis (gravitational axis), which hap-
pens due to the object inertia component in this direction. This can be
seen at the seconds of 5, 12, 32 and 37 as the acceleration/deceleration
affects the weight of the object and therefore the grasping forces. Since
the model is static, it can’t predict these changes, but this will be part
of the future work.

Fig. 16 shows snapshots during the demonstration as follows. First,
the robot manipulator is on top of the object (its home position at po-
sition 𝑃𝐴) while the soft fingers are deactivated as shown in Fig. 16(a).
Then, the robot manipulator approaches the object at position 𝑃𝐵 as
shown in Fig. 16(b), after that, the soft fingers are actuated according
to the flowchart in Fig. 13 while the robot manipulator not moving
(stand still at position 𝑃𝐵) as shown in Fig. 16(c). Once the soft robot
has reached its desired force, the robot manipulator moves upwards to
position 𝑃𝐴 as shown in Fig. 16(d). Additionally, the robot manipulator
moves discrete displacements into different positions 𝑃𝐶 , 𝑃𝐷 and 𝑃𝐸 ,
as in Fig. 16(e), (f) and (g), and moves with rotation angles to another
position 𝑃𝐹 such as in Fig. 16(h) and it returns to the initial position
𝑃𝐴 as shown in Fig. 16(i). These additional movements (𝑃𝐶 , 𝑃𝐷, 𝑃𝐸 and
𝑃𝐹 ) show how robust it is. Then, the robot manipulator moves to the
object holder position 𝑃𝐵 to place it as shown in Fig. 16(j) and waits
till the soft fingers are deactivated to release the object (Fig. 16(k)).
Finally, the robot manipulator returns to its home position 𝑃𝐴 as shown
in Fig. 16(l).

5. Discussion and conclusion

This research work introduces an analytical modelling strategy of
building blocks and assembled reconfigurable soft robots which was
10
Fig. 16. Snapshots of the robot manipulator positions during grasping demonstration.

recently presented by the authors. The developed model is validated
using two sets of experiments where the building blocks are under
different high voltage values and different gravitational loads. The
first set consists of 9 individual building blocks and they were used
for tuning the model parameters to minimise the average error up to
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7.34%. The second set consists of three configurations assembled of 3
building blocks, other 3 building blocks and 6 building blocks where
the average error was 10.6%, 5.36% and 3.55%, respectively.

Furthermore, the analytical model is implemented in a grasping
system to validate its accuracy and adaptability for robotic applications.
Two grasping soft fingers, with delicate commercial sensors for feed-
back, are targeted to pick up and place an 8 g object. The comparison
between the model and the feedback sensing is reasonable predictabil-
ity and shows its opportunities for future applications (e.g., continuum
soft robots and mobile robots). The future work will include dynamic
modelling of the building blocks and the soft robot to deeply investigate
and accurately control its dynamic behaviour. This dynamic modelling
also includes the modelling of the different DEA viscoelastic materials
(i.e., Acrylic based such as VHB 4910).
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