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Soft Lightweight Small-Scale Parallel Robot With
High-Precision Positioning

Qin Fang
Yue Wang
and Haojian Lu

Abstracti—Small-scale (from centimeters down to mi-
crometers) parallel robots with high precision are widely
utilized in various industrial and biomedical settings, while
such superiorities remain challenges for soft parallel robots
(SPRs). In this work, we propose an integrated design and
fabrication strategy to make up a soft lightweight (3.5 g)
small-scale (¢60x40 mm) parallel robot based on the di-
electric elastomer actuator. Then, a hybrid model is es-
tablished to describe the mapping between driving space
and workspace, taking advantage of the robustness and
security of the model-based method and the strong nonlin-
ear fitting ability of the data-driven neural network method.
The stiffness and workspace of the robot are analyzed. The
results of trajectory tracking experiments demonstrate the
accuracy and robustness of the proposed hybrid model.
The average positioning error of the different trajectories
is 13.4—-16.6 pm. Finally, the zebrafish embryo puncture ex-
periment is carried out to show the ability of micromanipu-
lation. This research paves a nhew avenue for designing and
controlling high-positioning SPRs, which is expected to be
applied in the micromanipulation field.
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[. INTRODUCTION

HE parallel robots usually have higher stiffness, greater

load capacity and higher accuracy compared with the clas-
sical serial robots, attracting the extensive interest of researchers
and developing rapidly. The earliest parallel robot was designed
by Gough in 1947, which was used to detect tire wear under
various load conditions [1], [2]. In the following decades, various
parallel robots have been proposed, such as delta robots [3],
[4]. The advantages of parallel robots come from their closed
kinematic structure. The positioning error of one kinematic chain
will be reduced by other kinematic chains rather than accumu-
lated and amplified. At the same time, the parallel configuration
of multiple actuators endows the robot with sufficient rigidity
to restrict external loads. In recent years, parallel robots have
been widely used in various industrial applications, such as food
packaging [5], machining [6], pick-and-place assembly [7], and
SO on.

However, the connecting rods of most parallel robots are
rigid, making it unsuitable for applications requiring high bio-
compatibility. Some control methods could endow these robots
with compliance [8], [9], but they are limited to use in special
scenarios. In contrast, soft parallel robots (SPRs) composed of
soft materials or flexible links have intrinsic compliance to be
used in restricted or interactive environments [10], [11], [12],
[13], [14].

Currently, a variety of SPRs have been developed. Yang
et al. [15] developed a pneumatic robot, which is composed
of three silicone chambers to achieve parallel configuration.
Jiang et al. [16] developed a planar parallel robot based on the
combination of tendon-driven continuum link and rigid link,
which has a large workspace and high repeated positioning
accuracy. Li et al. [17] used shape memory alloy (SMA) to
develop a soft parallel arm made of soft silicone, and it has
good operation and movement ability. Webster III and Jones [18]
developed a 3-DOF soft parallel drawing robot employed with
three tube-type dielectric elastomer actuators (DEAs). Godage
et al. [19] proposed a SPR based on three linear DEAs with
springs inside, which can achieve horizontal, vertical, and cir-
cular motions for the application of robotic eyeballs. However,
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currently developed SPRs typically have relatively large sizes
and weights and have submillimeter positioning accuracy. It is
still challenging to design a 3-DOF SPR with the advantages of
small scale, lightweight, and high precision at the same time.

On the other hand, considering the complex coupling be-
tween material nonlinearity and the kinematic chains of SPRs,
the modeling and control face great challenges. The modeling
methods could be roughly divided into three categories. The
first is the geometric model. The shape of the robot skeleton
is fitted by piecewise constant curvature (PCC) approxima-
tion [20], modal shape function approximation [21], Bessel
curve approximation [22], and other methods, regardless of the
materials and driving characteristics. Due to its high computa-
tion efficiency, it is widely used on various occasions requiring
real-time control [23]. The second is the continuum model,
such as the Cosserat model [24] and Euler—Bernoulli beam
model [25], which considers the coupling of elastic force and
various constraints and can accurately describe the deformation
of the robots. However, due to the almost infinite degrees of
freedom of the SPRs, it is difficult to be applied to the actual
robot control due to the low computation efficiency. The third
is the data-driven model, which learns the hidden rules from
large amounts of data (input and output) without the guidance
of physical models and has received a lot of attention in recent
years [26]. The neural network [27] model is the most commonly
used approximate mapping model. However, it is difficult to
adapt to the time-varying complex environment, which limits
its use.

In this article, we developed a soft lightweight small-scale
parallel robot composed of three symmetrically distributed
DEAs based on the integrated design and fabrication strategy.
A data-driven method based on the neural network is adopted
to analyze the electrodeformation characteristics of DEAs. By
the kinematic model of the robot, the mapping from the driving
space (input voltage) to the task space (position of the robot end
effector) is established. In addition, we also carried out trajec-
tory tracking experiments and micromanipulation experiments
to verify the reliability of the model and the overall motion
performance of the robot. The contribution of this work can
be summarized as follows.

1) An integrated design and fabrication strategy of the 3-
DOF SPR is proposed. The robot is composed of three
DEAs and has a lightweight and compact structure.

2) Taking advantage of the robustness of the model-based
method and the strong nonlinear fitting ability of the data-
driven method, a control strategy is proposed to achieve
high-precision positioning based on the hybrid model.

3) The proposed robot achieves micron-level control accu-
racy as well as micromanipulation capabilities, as demon-
strated in trajectory tracking and zebrafish embryo punc-
ture experiments.

The rest of this article is organized as follows. Section II
describes the integrated design and fabrication strategy to make
up the SPR. In Section III, a hybrid model and an open-loop
controller of the robot are proposed to achieve high positioning
accuracy. In Section IV, the trajectory tracking experiments
and zebrafish embryo puncture experiments are carried out to
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TABLE |
STRUCTURAL PARAMETERS OF THE SUPPORTING FRAME

Parameter Value Parameter Value
L 196 mm d 5 mm
H 70 mm e 10 mm
a 50 mm h 10 mm
b 50 mm r 10 mm
¢ 2 mm t 0.188 mm

analyze the performance of the robot. Finally, Section V con-
cludes this article.

Il. INTEGRATED DESIGN AND FABRICATION

This section presents an integrated design and fabrication
strategy to make up the SPR. Conventional SPRs tend to first
process multiple actuators, and then, assemble them through
the output stage to achieve a parallel configuration. The process
is cumbersome and prone to greater processing errors and as-
sembly errors. In contrast, our proposed design method achieves
the fabrication and assembly of three DEAs simultaneously. The
robot has an ultralightweight, compact structure, and a simplified
manufacturing process.

To obtain the DEAs with superior performance, the manufac-
turing materials are seriously considered. The selection criterion
of the dielectric elastomer (DE) is that the material should be
soft enough to produce large deformation. The selection criteria
of electrodes are low stiffness, lightweight, good adherence (not
easy to slip off from the DE membrane), and maintaining high
conductivity when the DE membrane deforms. These criteria
for selecting materials listed previously can help increase the
deformation ability of DEAs.

As for dielectric elastomer, the VHB material provides several
benefits over silicone membrane material in terms of low price,
good adhesion, and easy fabrication, so we choose VHB 4910
(3 M Company, USA) with an initial thickness of 1 mm as the
DE membrane. And we chose carbon grease (MG chemicals,
USA) as the electrode. As for flexible supporting structures, a
high bending modulus will increase the deformation resistance,
but if the bending modulus is too low, the actuator will quickly
shrink and will not be capable of achieving the desired configu-
ration. As a result, we choose the PET film with a thickness of
t = 0.188 mm as the supporting frame.

After selecting the materials for the main structures, the
fabrication process of the SPR can be started, as illustrated in
Fig. 1(a). The PET supporting frame needs to be cut into a
preset shape on the laser cutter, and the structural parameters
are shown in Table I. We design the electrode area, hollow
area, and bonding area on the flexible supporting structure.
The shape of the electrode area is rectangular, and rounded
corners are designed to reduce concentrated stress. The function
of the hollowed-out area is to disperse the three actuators and
reduce the interaction of the three actuators. Four minor marks
are designed on the bonding area for accurate assembly of the
robot. Then, the VHB membrane is prestretched at the rate of
300% % 300% and is put on the clean bench for about six hours.
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supporting frame. (b) Structural composition diagram of the SPR. (c) Three modes of the SPR and deformation principle. (d) Photos of the SPR

with visual reference.

Prestretching can suppress the electromechanical instability and
alleviate the high viscoelasticity of the DE membrane, which is
the main reason for the SPR to obtain fast response speed and
stable strain under an external electric field. Then, the electrode
mask is necessary for machining standard shape electrodes. A
laser cutter cuts the electrode mask on the release paper. It is
worth noting that there should be a distance of 2-3 mm from the
edge of the electrode to the edge of the supporting frame because
alarge strain will occur at the edge when a high voltage is loaded.
After confirming that the supporting frame is well bonded with
the DE membrane, carefully cover the mask on the supporting
frame, coat the carbon grease electrode, and remove the mask to
obtain an electrode with a predesigned shape [the photo is shown
in Fig. 1(b)]. Cutting the DE membrane in the hollow areas,
and then, the three actuators will be separated. After carefully
connecting the bonding area along with the minor preset marks,
three actuators are evenly distributed along the circumferential
direction of the robot. The front view and top view photos of the
robot are shown in Fig. 1(d).

When high voltage is applied, the saddle-shaped DEA ex-
pands gradually, increasing the length of the actuator, and then,
the whole robot bends. When high voltage is applied to the
three DEAs simultaneously, the SPR elongates along its axes,
as shown in Fig. 1(c). Theoretically, the robot could bend in
any direction by adjusting the voltage on the three actuators.
The frequency of elongation or bending of the robot depends on
the driving voltage frequency and the DE membrane’s material
characteristics. To the best of our knowledge, the 3-DOF SPR
based on the DEAs with lightweight and small scale is proposed
for the first time. Next, we will carry out kinematic modeling of
the robot.

[ll. HYBRID MODELING AND CONTROL METHOD
A. Learning-Based Electromechanical Modeling

It is necessary to characterize the electrical deformation abil-
ity of DEAs. Most of the previous research on the electric
deformation of DEAs is based on the nonlinear large deforma-
tion theory of soft materials and the electromechanical coupling
characteristics between the dielectric elastomer and supporting
structure. However, it is difficult to accurately predict the ef-
fective output deformation of the actuator due to the following
factors.

1) The complex structure and nonuniform deformation: The
DE membrane forms a complex spatial structure due to
the synergistic interplay between the elastic supporting
frame and the electric field. At the same time, the strain
distribution across the DE membrane surface is hetero-
geneous, with the peripheral strain of the DE membrane
surpassing the strain at the center [28].

2) Material nonlinearity: The DE material demonstrate a
highly nonlinear behavior [29], characterized by a sub-
stantial increase in elastic modulus as strain increases.

3) Electric field nonlinearity: As stretch rate increases, the
relative permittivity of DE material decreases [30], and
the uneven thickness of carbon grease electrodes may fur-
ther contribute to a nonuniform electric field distribution.

4) Electromechanical coupling: There is a strong coupling
between electrical and mechanical properties. The ex-
ternal electric fields induce deformation in the thin DE
membrane and the support frame, which in turn affects
the distribution of electric fields, further exacerbating the
nonlinearity of DEA [31].
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In summary, considering the complex electromechanical de-
formation of DEAS, developing a precise analytical model for
DEAs remains challenging. Consequently, we chose to employ
the learning-based method to model the electromechanical de-
formation behavior of DEAs. A neural network model is utilized
to characterize the mapping relationship, circumventing the need
to consider the mechanical and electrical properties of the DE
membrane, support frame and compliant electrodes, and has
been demonstrated to be accurate and efficient in subsequent
experimental verification.

A typical neural network framework usually includes an input
layer, hidden layers, and an output layer. The nonlinearity of
neural networks is mainly reflected in neurons. Each neuron
contains the weight w; and bias b as well as an activation function
o. The output y of a neuron satisfies the following equation:

n
y=o b+ zw; (M
i=1
where x; represents the neuron input.

For the SPR, the input of the neural network is the elongation
of DEAs and the output is the actuation voltage. Before training
the neural network model, the dataset was divided into the
training set, verification set, and test set by the ratio of 0.7: 0.15:
0.15. The optimization algorithm is Levenberg—Marquardt, the
nonlinear activation function is the sigmoid function, and the
training loss mean squared error (MSE) is as follows:

m

MSE = 3 (Vi - V) @)

mia
where V; is the actual voltage, and V; is the predicted voltage
by the neural network.

We make the following assumptions: The first is that the three
DEAs have almost consistent electromechanical characteristics.
The second is that the electrodeformation model of DEAs does
not change with the deformation of the robot. When applying
the same voltage to the three DEAs at the same time, the upper
plane of the robot will remain horizontal during the elongation
process. The elongation is acquired by a high-precision laser
displacement sensor (HG-C1030, Panasonic Industry (China)
Co., Ltd., Shanghai, China) with a resolution of 10 ym and a
dynamic range of £5 mm. It is noteworthy that in the process of
collecting electrodeformation data, a thin cap (2.5 g) is placed
on the robot for reflecting the laser and a marked paper sheet is
placed on the cap for subsequent trajectory tracking experiments.

In order to further improve the generalization ability of neural
networks, the neural network with different numbers of hidden
neurons was trained over 50 times, respectively. The root means
square error (RMSE) and the regression coefficient R were
calculated and compared, as shown in Table II. It is observed
that the training error decreases, and then, increases with the
increase in the number of neurons. This can be attributed to the
increasing complexity of the neural network, which eventually
leads to overfitting. Therefore, it is of great significance to select
the appropriate number of neurons. By the results, a neural
network comprising ten hidden neurons is chosen, given its
minimal RMSE of 0.6332 'V, and its training results are detailed
in Section IV.
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TABLE Il
TRAINING RESULTS OF DIFFERENT NUMBER OF HIDDEN NEURONS

Neurons RMSEmin (V) RMSEean (V) RMSEqax (V) Ripean
4 0.6588 0.6611 0.6663 0.999890
6 0.6496 0.6535 0.6626 0.999891
8 0.6458 0.6580 0.6935 0.999894
10 0.6332 0.6519 0.6797 0.999896
12 0.6395 0.6595 0.7176 0.999893
14 0.6395 0.6595 0.6986 0.999892
16 0.6458 0.6708 0.7036 0.999887
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Fig. 2. Diagram of kinematic model of the SPR.

o Tt T T T T T ~ N ,/ ____________ ~ N

Analogy
Voltage Generator

Trajectory Points
Generator

~
-

A 4
J

+ (X Yo 2) * low voltage
) ™\
Inverse Kinematic High-voltage
Model amplifiers

y (hhl) ’

Neural Network
Model J[CB

+ high voltage
N

Soft Parallel Robot

A e

W
=
_—e e ——

—— = = ——

! _ J
— — (X’:y’ 2 v image
‘P[ OSIZES ]l;iesc;lir;tlon < : T High-speed Camera
J 1 [ J
\\ - PC . /’ |‘ R Peripheral devices . /

Fig. 3. Control strategy of the SPR.

B. Kinematic Modeling

After obtaining the mapping relationship between the actua-
tion voltage and the elongation of DEAs, the kinematic model
between the elongation and the motion of the center point on
the top plane of the SPR is necessary to be derived. According
to Fig. 2, three DEAs are fixed to the support frame at a radius
d from the center at the distribution of 27 /3 radian. Due to the
restricted arrangement of the DEAs, the robot either exhibited
pure extension or curved arcuately when a driving voltage is
applied. The configuration space is defined by three spatial pa-
rameters: circle radius A € (0, 00), bending angle 6 € [—m, 7],
and the angle of the bending plane with respect to the X-axis,
¢ € [0,2m). The lengths of the three actuators are denoted as [,
l», and [3, respectively.

First, we establish the robot coordinate systems as shown in
Fig. 3. The {OXY Z} reference frame is fixed on the center of
the bottom plane of the SPR, and the {O;X;Y;Z;} reference
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frame is fixed on the center of the top plane. The transformation
between the two reference frames could be obtained by the
following steps. At first, rotate the {OXY Z} reference frame
by ¢ along the Z-axis. Next, translate the reference frame by
X along the X-axis. Next, rotate the new reference frame by
0 along the Y-axis. Finally, rotate the coordinate system in the
opposite direction of the first two steps, and the transformation is
finished. By these steps, the original reference frame {OXY Z}
is coincident with the coordinate system {O;X;Y;Z;}. This
process could be described as follow:

T.(q) =Rz (¢)Px (M) Ry (0)Px (—2)Rz (—¢)

_ [Rocl(j) Pcl(‘I)] 3)

where Rz € SO(3), Ry € SO(3) are homogeneous rotation
matrix, respectively, along the Z- and Y-axes, Px € R is the
homogeneous translation matrix along the X-axis, R. € SO(3)
and p,. € R? are the rotational and translation components of
the transformation matrix T., and g = {A, ¢, 8} is the spatial
curve parameters unnumbered equation shown at the bottom of
this page.

Finally, we could solve the complete transformation matrix
T.. The aforementioned transformation matrix describes the
mapping relationship between the spatial curve parameters and
the pose of the center on the top plane of the robot.

In order to intuitively describe how the position of the top
plane is influenced, we also need to establish the relationship
between the lengths of DEAs (I, 1»,3) and the spatial con-
figuration parameters q. Based on the PCC model, the spatial
configuration parameters of the robot can be solved by the
following formulas.

1
l=§(ll+lz+l3) “4)
V3 (I3 + 1y —21)
= tan~! 5
’ < 30— 1) ©
_ d(ly +1+13) )
2VEB+B+B— Ll — Ll — bl
0=1/x @)

Through the forward kinematics established previously, we
can obtain the position of center on the top plane of the robot
according to the lengths of DEAs. Furthermore, we derive the
inverse kinematics of the robot as follows:

¢ = arctan g (8)
x

mz+y2+zz

N

A= )
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R )
f = arccos <)L f +y ) (10
o T 2(i—1)
li=1—0d-cos <¢+6 3 7r> 11

where [;,7 = 1,2, 3 represents the length of the ith DEA.

With the aforementioned equation, we could quickly compute
the length of each DEA by the desired position of the robot
center.

To sum up, in Section III-A, we obtain the mapping relation-
ship between the elongation of DEA and the driving voltage
by the electrodeformation model. In Section III-B, the forward
and inverse kinematics between the lengths of the DEAs and
the position coordinates of the robot are established. Combining
the aforementioned two models, we can solve the lengths of
the DEAs by the end position, and then, get the corresponding
driving voltage. This is the foundation for controlling the robot
to track desired trajectories accurately.

C. Control Strategy

Asshown in Fig. 3, the control strategy of the SPR is designed.
Through the user-defined interface, we can select different de-
sired trajectories. The trajectory coordinate generator is used to
generate the dense coordinate sequence of the desired trajectory
(2, yt, z¢) in the workspace. Then, the elongation and the length
of the three actuators (1,15, 13) could be solved by the inverse
kinematic model. According to the neural network model, the
related analogy control voltages could be obtained. Next, the
voltage generator provides the voltage sequence (v, vy, v3)
and amplified by the high-voltage amplifiers. The high control
voltages are applied to the SPR to obtain the desired motion.
With the high-speed camera, the motion trajectory of the robot
(x,y,2) could be captured and shown with the desired trajectory
(¢, yt, z¢) in real time.

IV. RESULTS
A. Experiment Setup

In order to test the performance of the designed SPR, an
experimental system is established, as shown in Fig. 4(a). This
system consists of the following parts. The NI controller module
(NI 9174; National Instruments, Austin, TX, USA) is used to
communicate with the PC and three voltage output boards (NI
9263; National Instruments, Austin, TX, USA) for generating
the low analog voltage sequence range from 0 to 5 V. In or-
der to check whether the control voltage is correct during the
experiment, a voltage acquisition module (USB-31110, Smacq
Technologies. Co., Ltd., Beijing, China) is used to monitor the

cos? p(cos @ — 1) + 1

Te(q) = —cos ¢sin

0

sin ¢ cos ¢(cos @ — 1)
sin g cos p(cosf — 1) cos? ¢(1 — cos) +cos singsin® Asing(1 — cosf)
—sin¢sinf

cospsin® Acosd(l — cosb)

cos 6 Asin 6
0 1
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Experiment Setup. (a) Robot system consists of the NI controller to generate the low analog voltage, a high-voltage supply module to

amplify the low voltage to high control voltage, an industrial camera to capture the motion of the soft robot and a voltage acquisition module to
measure the control voltage. (b) SPR with an end cap and two shape-stabilized bases and aluminum foil pasted. (c) Software consists of the
voltage output chart, image recognition window, and the trajectory drawing chart.

voltage generated by the NI controller in real time. A high-
voltage supply module (P103-1FU1, Dongwen High Voltage
Power Supply Corp, Tianjin, China) is used to amplify (2000
times) the analog voltage generated by the NI controller to
actuate the DEAs. Moreover, an industrial camera (LT-H8179,
Qingdao Blue Sky Technology Co., Ltd., Qingdao, China) is
used for capturing the motion of the robot.

Fig. 4(b) shows the SPR, two shape-stabilized bases, and
an end cap. The flexible conductor is pasted on the two bases
through aluminum foil. A small cross mark is designed on the
end cap for image recognition and real-time motion display.
Besides, we designed a front panel based on LABVIEW for
operation and display, as shown in Fig. 4(c). The front panel
consists of the voltage output chart to show the actual actuation
voltage, an image recognition window to track the designed cross
mark based on the template matching method, and a trajectory
drawing chart to plot the actual and desired trajectories. To
ensure the accuracy of the experiment, we adjusted the camera
view, and the observable region is about 16 mm x 12 mm, while
the resolution is 1600 x 1200, so the pixel accuracy is about
10 pm.

B. Stiffness Analysis

In this section, we test the axial stiffness and bending stiffness
of the proposed SPR, respectively, as shown in Fig. 5(a). The
digital force gauge (WD-2/0.2, Wenzhou WeDo Electronics Co.,
Ltd., Wenzhou, China) has a measuring range of + 0.2 N and

a measuring accuracy of +0.5%. Fig. 5(b) shows the bending
stiffness of the SPR in different directions. The red, blue, yellow,
and green curves represent the stress curves when the robot’s
edge is compressed by 2, 4, 6, and 8§ mm. It can be seen
that the forces in all directions are basically the same under
the same compression, so the bending stiffness of the SPR is
almost uniform in all directions. In order to further quantitatively
analyze the bending stiffness of SPR, we chose two special
directions, ¢ = 90° and ¢ = —90°. As shown in Fig. 5(d), it can
be seen that the curves are approximately straight, demonstrating
that a proportional increment in force corresponds to an increase
in edge compression.

Fig. 5(c) shows the relationship curves between the force and
displacement in the process of compression and extension at the
center of the SPR. It can be seen that the axial stiffness is greater
than the bending stiffness by comparing with Fig. 5(d). The
two curves closely resemble linear relationships, and the tensile
and compressive stiffness are roughly equivalent. According to
the least-square method, the axial stiffness of the robot is about
0.11 N/mm.

C. Training Result of the Neural Network Model

In this part, we train our neural network model with the
collected dataset and plot relative results shown in Fig. 6. As
mentioned previously, we use the neural network method for
electromechanical modeling due to its excellent nonlinear fitting
and generalization ability. In order to show the training accuracy,
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Fig. 5. (a) Stiffness Analysis experimental settings. (b) Bending stiff-

ness analysis of the SPR in different directions. (c) Axial stiffness analy-
sis of the SPR. (d) Bending stiffness analysis of the SPR in two special
directions.

we plot several curves to show the relationship between the
elongation and the actuation voltage [see Fig. 6(a)]. When the
voltage is lower than 1 kV, there is no obvious elongation of
the actuator. As the voltage gradually increases, the length of
the actuator is also elongated gradually, and the elongation
growth rate also increases. It is because the thickness of the DE
membrane is getting smaller, and according to the deformation
principle of the DEA mentioned previously, the stress of the DE
membrane is increased. The target and output curves are almost
coincident on the training set, validation set, and test set. To make
the errors between curves more observable, Fig. 6(b) shows the
error distribution curves of different datasets. The maximum
error does not exceed 15 pm, and the large error mainly occurs
in the initial stage of deformation as the elongation is less than
0.5 mm. When the elongation exceeds 0.5 mm, the error is
greatly reduced and gradually stabilized within a small range.

In order to further analyze the predicted error of the neural
network, we plot the error histogram with 20 bins [see Fig. 6(c)].
It is observed that more than 70% of errors are in the bin that
less than 1um. Besides, the curves in Fig. 6(d) also show that
the neural network has great fitting accuracy with a regression
coefficient of 0.9999. The overall results verify that the neural
network could be able to learn the nonlinearity deformation of
the SPR and establish a solid foundation for robot control.

D. Workspace Analysis

In this subsection, we analyze the workspace of the robot
based on the forward kinematics model. Under the maximum
safe energization voltage of 6 kV, the SPR could reach the
elongation of 4 mm with the original height of 40 mm (including
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Fig. 7. Workspace analysis. (a) 3-D kinematic workspace of the SPR.
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the length of the two shape-stabilized bases). The initial height
of the DE membrane is 20 mm, so the elongation rate is 20%.
Taking the original length and the elongation of the DEA into
the forward kinematics, we could obtain the workspace of the
SPR, as shown in Fig. 7(a). The workspace volume is 12 mm?.
We also analyzed the Z-axis cross-sectional area relative to the
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Fig. 8. Actual and desired boundary curves, and different trajectories
within the boundary.

Z-axis height, as shown in Fig. 7(b). The results show that when
the height is 42 mm, the section area is the largest at 6.8 mm?,
providing a theoretical guide to choosing the trajectory plane.

We design several different trajectories on the maximum cross
section of the workspace, including triangle, circle, and square,
shown in Fig. 8. We also carried out experiments to obtain
the actual boundary and compared it with the target boundary.
The results show that the two boundary curves almost coincide,
verifying the accuracy of the proposed hybrid model.

E. Trajectory Tracking Performance

In Section III, a control strategy is proposed based on the
hybrid model for the SPR. To evaluate the control accuracy,
trajectory tracking experiments are carried out. The robot is
controlled to track three patterns (see Fig. 8) at different speeds
and under different loads. The three patterns have the same
circumscribed circle with a radius of 1.3 mm. The starting
point of the three trajectories is (0, 1.3 mm), and the movement
direction is counterclockwise. During the experiments, a 2-D
camera is used to capture the position of the robot center in
real time. It is worth mentioning that the maximum inclination
angle of the robot’s upper plane is 0.0619 rad when moving
along different trajectories. The origin length of the “cross”
mark is 2 mm, so the maximum change in length caused by the
inclination is about 0.00383 mm, which is almost negligible.
Therefore, a 2-D camera can meet the accuracy requirements
for trajectory tracking.

First, set the velocity to 0.375 mm/s without load, and the
control voltage sequences are generated to actuate the DEAs.
The experimental results are shown in Fig. 9(a), where the solid
black line is the desired trajectory, and the green line is the
actual trajectory. It can be seen that the two trajectories basically
coincide, indicating that the robot has good motion performance
at this velocity. The tracking error distribution is shown as a
green bar in Fig. 9(d). The errors mainly source from two aspects.
The first is the neural network model error and the assumption
based on the constant curvature. The second is the fabrication
error, which can be caused by different electrodeformation
characteristics of the DE membrane and the uneven area and
thickness of the hand-painted carbon grease electrode.

Next, the load capacity of the robot is tested. 14 and 21 g
(4 times and 6 times the weight of robot) loads are installed,
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respectively, on the upper plane of the robot, and trajectory
planning experiments are carried out for the three patterns.
The results are shown in Fig. 9(b), where the black line is the
desired trajectory, and the orange and purple lines are the actual
trajectories with the load of 14 and 21 g, respectively. It can be
seen that when the load changes, the robot’s trajectory coincides
with the preset trajectory, indicating that the increase in load does
not reduce the robot’s tracking performance. This is because the
robot is designed in a parallel configuration. Compared with the
serial robot, the stiffness is greater. Even under the external load,
the robot can still produce preset deformation, indicating that the
robot has a good load capacity.

Next, the control performance of the robot at different tracking
velocities is also tested. The results are shown in Fig. 9(c), where
the black line is the desired trajectory, and the red and blue lines
are the actual trajectories with the velocity of 0.75 and 1.5 mm/s,
respectively. It can be seen that when the velocity increases,
the motion range of the robot becomes significantly smaller.
As the tracking velocity of the robot increases gradually, the
charging and discharging speed of the DEA increases. Due to
the hysteresis of the DEA, the deformation of the robot cannot
reach the preset goal in real time.

Finally, to quantitatively analyze the trajectory tracking error,
the mean error and standard deviation are calculated and plotted
in Fig. 9(d). When the speed of the robot is 0.375 mm/s without
any additional load, the mean positioning error of different
trajectories is 13.4—-16.6 ym. When the external load increases,
the error of the robot increases, but it still maintains a high
positioning accuracy. With loads of 14 and 21 g at a speed of
0.375 mm/s, the mean errors are 14.8-17.6 and 15.9-18.2 yum,
respectively. When there is no additional load, the mean errors
of three trajectories with the velocity of 0.75 and 1.5 mm/s are
98.2-103.4 pm and 231.8-236.2 pum, respectively. It can be seen
from Fig. 9(c) that although the range of the three trajectories
becomes smaller, there is no significant distortion in shape.

F. Micromanipulation Experiment

To further verify the micromanipulation capability of the SPR,
amicroneedle is mounted in the upper plane of the robot, and ze-
brafish embryo puncture experiments are carried out, as depicted
in Fig. 10. The puncture procedure includes the following steps:
first, the SPR is controlled to bring the microneedle close to
the zebrafish embryo; second, the surface of the embryo begins
to deform after being touched by the microneedle; third, the
microneedle advances until it penetrates the zebrafish embryo;
and finally, the microneedle is withdrawn from the embryo and
return to the initial position. The experimental results demon-
strate that the proposed robot has high control accuracy and the
potential for application in the field of micromanipulation.

G. Discussion

Compared with the conventional soft serial robots, the SPRs
have great application prospects in micromanipulation, mi-
croassembly, and microsurgery due to their higher stiffness,
greater load capacity, and higher precision. This work presents
a lightweight (3.5 g) small-scale (¢60x40 mm) SPR made up
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Fig. 10.

Trajectory tracking experiments. (a) Tracking trajectory of circle, triangle, and square patterns at the velocity of 0.375 mm/s without load.
(b) Tracking trajectory of circle, square, and triangle patterns at the velocity of 0.375 mm/s with the load of 14 and 21 g. (c) Tracking trajectory of
circle, square, and triangle patterns at the velocity of 0.75 and 1.5 mm/s without load. (d) Tracking error distributions of circle, square, and triangle
patterns, respectively, under different conditions [one-to-one correspondence with the same color in Fig. 9(a)—(c)].
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of three symmetrically arranged DEAs and a lot of experiments
have been carried out to analyze the performance of the robot.
The results show that the robot has high control accuracy and
the potential to be applied in the field of micromanipulation.

In order to further demonstrate the performance of robots,
Table III shows the comparison between the proposed SPR
and other existing SPRs. Few SPRs can achieve micron-level
precision control. In terms of driving method: pneumatic SPRs
often need to be equipped with multiple silicone chambers and
solenoid valves, resulting in bulky and complex robot systems,
and the response speed is usually limited by the ability to pump
air in and out of the actuator [15], [32]; tendon-actuated SPRs
are usually limited to planar motion for better control accuracy
and need to occupy a large area [16], [33]; SMA-actuated
SPRs are slow in response, and the temperature dependence
makes it difficult to control [17], [34], [35]; DE-actuated SPRs
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TABLE IlI
COMPARISON BETWEEN THIS WORK AND SOME SPRs

Reference Link type Size! NOA? Accuracy Actuation method
SPR [15] flexible ~~ ¢200x150mm 3 6.4-9.2cm Pneumatic
Wrist rehabilitation robot [32] flexible ~ ¢$100x440mm 6 —_— Pneumatic
Extracorporeal ultrasound robot [37] flexible ~ ¢170x130mm 3 0.39mm Pneumatic
Planar continuum robot [16] flexible & rigid >»580mm 3 1.8mm Tendon-actuated
Reconfigurable continuum robot [33] flexible >$200mm 6 3.3mm Tendon-actuated
Soft parallel Stewart platform [34] flexible ~ ¢170x90mm 6 SMA-actuated
Multi-DoF continuum robot [35] flexible »80x345mm 9 1.42mm SMA-actuated
Soft robotic arm [17] flexible $26x80mm 3 0.16mm SMA-actuated
Bionic eyeball motion actuator [19] flexible ~ ¢50x150mm 3 1.086-1.719mm DE-actuated
Drawing robot [18] flexible ~$200x160mm 3 _ DE-actuated
Cone actuator [36] flexible & rigid $60x50mm 8 +4.45 mm DE-actuated
ours flexible $60x40mm 3 13.4-16.6pm DE-actuated

! The overall size not clearly provided in the literature is estimated based on the scale and the given size.

2 NOA: Number of actuators.

have fast response speed and compact structure. However, the
existing DE-actuated SPRs need to be equipped with additional
structures inside for support and restoration, such as spring [19]
and connecting rod [36], which increases the weight of the
robot and limits its application. Moreover, an integrated design
and manufacturing method is proposed. The actuators can be
fabricated and assembled simultaneously rather than fabricating
several actuators individually, and then, assembling them with
connectors. The integrated method overcomes the limitations of
conventional manufacturing methods, take advantage of lower
material costs and processing time costs, reduces processing
errors, endows the robot with a compact structure and ultra-
lightweight mass, and lays the foundation for high-precision
positioning.

This study opens up a new path for the design and control
of the soft lightweight small-scale parallel robot with high-
precision positioning. In the future, the closed-loop control of
the robot will be further studied to compensate for the inevitable
errors in manufacturing and modeling.

V. CONCLUSION

Due to the great application potential in the industrial produc-
tion and biomedical field, this article proposed a DE-actuated
soft lightweight small-scale parallel robot. With the integrated
design and fabrication strategy, the robot has a compact struc-
ture, low manufacturing cost, and a simplified manufacturing
process. A hybrid-model-based open-loop controller is estab-
lished, and the proposed robot achieves high trajectory track-
ing accuracy. The average positioning error of the different
trajectories is 13.4-16.6 ym. The zebrafish embryo puncture
experiments have proved that the robot has micromanipulation
capabilities.
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