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Flexible screen possessing a high-contrast ratio to accomplish high-definition display can be attributed to the accuracy of polarizer
assembly. Different from the existing polarizer attached onto a flexible screen, resulting in low-accuracy and nonalignment
attaching behaviors, a unique approach of underactuated bionic scorpion robot arms can be developed to explore the stable
capture and accurate alignment motion operations. Overall structure design and D–H kinematic simulation of bionic scorpion
robot arm can be conducted to analyze virtual three-key typical motions. Motion optimization of structural parameters and
corresponding motion workspaces verification can be adopted to evaluate motion range and ability. Experiments can be utilized to
verify the rationality of theoretical modeling and optimization simulation of bionic scorpion robot arm. Experimental results
illustrate that it is evident to demonstrate that the motion behaviors of bionic scorpion robot arm can be verified to be consistent
with three key states of virtual theoretical motions. The key joints possessing minor errors may also be utilized to illustrate the
relatively excellent dynamic motions existing in bionic scorpion robot arm. Further, advancing the stable motion behaviors of
bionic scorpion robot arm may solve the problems of low-accuracy and misalignment polarizer attachments.

1. Introduction

Flexible screen, regarded as a key device in the flexible dis-
play, can be mainly utilized to accomplish free curved shapes,
which are widely applied in many potential critical situa-
tions, such as flexible liquid crystal display [1], flexible back-
planes [2], biomedical monitoring diagnostics [3], flexible
organic light-emitting diode (OLED) display [4], wearable
device displays [5] and foldable mobile terminals [6], and
so on. Flexible displays are mainly achieved by electronic
paper and OLED technologies. Among them, an effectual
OLED screen can realize flexible [7], ultra-thin [8], ultra-
light, and unbreakable behaviors, so it is broadly employed
to realize the variable and bendable operations [9]. Flexible
display realized by a flexible screen needs to keep the high
contrast [10, 11], which can be attributed to the whole black
effect by an attached polarizer [12, 13]. Obviously, an effec-
tive polarizer attachment becomes more particularly critical
in a polarizer assembly. At present, most of the artificial

attachment of polarizers used in the market may generate
some disadvantages, such as poor alignment accuracy and
low patch efficiency. Moreover, it may cause air outside to
flow rapidly into the pressure-sensitive adhesive layer during
the assembly of the polarizer onto the flexible screen. This
will produce a harmful display containing more shining or
darkening behaviors [14, 15]. Although some attachment equip-
ments produced by professional companies are used in attaching
polarizers onto flexible screen, but manual operation and semi-
automatic facility can lead to low production efficiency, dirt
control, attachment accuracy, and so on. This may result in
high cost and poor assembly effect during several times of
attaching and clipping operations. Additionally, existing
methods may present some limitations and shortcomings
for polarizer attachment onto flexible screens, including low
flexible attaching accuracy, poor alignment, adverse attach-
ment reliability, and poor shape adaptation of application.
Correspondingly, it is an urgent need to attempt to address
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the high quality and adaptive motions for a polarizer attached
onto flexible screens well.

Due to robotic motions having the advantages of high
precision, high resolution, and flexible operation, it can be
utilized to perform assembly behaviors [16]. This may pro-
mote a positive effect on polarizer attachment to realize more
precise positioning operation and higher patching quality.
Generally, existing robotic approaches for polarizer attach-
ment can mainly be divided into an automated robot and
visually guided robot operations, where the automated robot
is usually custom-made designed to fit a screen with a specific
shape, so as to result in the limited screen size, low-accuracy,
and narrow scope of application [17]. Visually guided robots,
with computer vision technique, can position the screen and
the polarizer direction, so as to adjust motions to realize the
precise attachment [18]. This method can achieve the higher
accurate positioning, higher flexibility, and a wide scope of
application. Therefore, considering high precision and flexible
for attaching polarizers, it is required to design an adaptive
robot to satisfy the higher quality attachment motions.

Naturally, scorpions controlled to achieve the accurate cap-
ture of prey, possessing a pair of forceps holders, a tail, and slit
sensillum, can exhibit the characteristics of high stable attack
accuracy [19], high motion acceleration efficiency [20], strong
maneuverability [21] and flexible sensing [22]. Especially, for-
ceps holders can express a highly stable motion behavior to
cooperate achievement of alignment operations. This may be
utilized to enhance the motion performances to explore the
robotic stable capture and accurate alignment behaviors.
Although most of bionic scorpion robots can be often used
in medical surgery with high precision motion, but this may
result in a simple action and large rigidity [23, 24]. As a result,
underactuated motion with rope and pulley drive mode may
possess a high adaptability and flexibility during mechanical
contractile motion [25, 26]. Furthermore, the underactuated
mechanism can also have the fast grasping motion with the
fine shape adaptability [27].

In order to attempt to address the effects of low-accuracy
and nonalignment behaviors on the existing polarizer attached
onto the flexible screen, an approach of underactuated bionic
scorpion robot arms can be proposed to pursue the virtual
stable capture and accurate alignment motion operations.
Theoretical modeling, motion simulations and optimization,
and experimental verification can be individually conducted
to verify the forthcoming motion behaviors and the key virtual
spatial operations. Furthermore, it is deduced to indicate that
it could be solved to achieve high-accuracy and alignment
polarizer attachments using bionic scorpion robot arm.

This paper aims to attempt to address the problems of low
accuracy and misalignment during the attaching polarizer
under manual operations; an underactuated bionic scorpion
robot arm can be designed with rope-pulley mode. This pro-
posed bionic robot arm can be modeled and made motion
optimization to enhance the movement flexibility and
response speed. Meanwhile, the attachment motion accuracy
can be improved by adding a limiting device at the joint. For
the sake of achieving the objectives of the study, on the prem-
ise of satisfying the range of motion and the feasibility of

action, the structure sizes of bionic robot arm are optimized,
and the flexibility of the bionic scorpion robot arm is reflected
by the operability index, so that it can respond faster to reach
the target position on the premise of satisfying the attachment
accuracy. Moreover, adopting automatic operations can
enhance productivity and reduce uncertainty and errors gen-
erated bymanual attachment of polarizers, thereby improving
product quality and stability [28]. The proposed underactu-
ated bionic scorpion robot arm can enhance the capability of
automated attachment technology.

2. Structure Design of Bionic Scorpion
Robot Arm

During the process of attaching a polarizer onto a flexible
display, it needs to get pursuits of accuracy and stability. The
second pair of appendages of a scorpion, named a pincer, can
have a good ability of stable capture of prey, which can also
carry out more accurate alignment operations to improve
efficiency, and thus, in order to accomplish the rapid, stable
pincer motions of a bionic scorpion, physiological motion
pattern can be simulated using robotic underactuated mode,
to pursue a virtual capture and alignment of polarizer attach-
ment. In particular, spatial motion patterns of robot joints
seem to be consistent with that of a scorpion pincer.

Therefore, overall structures, including the underactu-
ated robot arm, have been developed using rope and pulley
drive mode in Figure 1, containing a base joint at the central
trunk and two bionic scorpion robot arms. Figure 2 shows
the 8-shaped winding principle of an underactuated bionic
scorpion robot arm. Each bionic scorpion robot arm con-
tains three rods, i.e., rod 1, rod 2, and rod 3, where a rotating
joint exists between the two rods to complete the rotation
behaviors. Each bionic scorpion robot arm contains a rotat-
ing joint A, a rotating joint B, a reversing joint C, a rotating
joint D, a fixed joint E, and a rotating joint F. Except for
rotation motion similar to the other joints, joint A can also
perform pitching motion, similar to that of the cross univer-
sal joint coupling. Although polarizers possess a series of size
specifications, they have a certain degree of flexibility. So,
a polarizer attached onto a flexible screen may generate a
bending situation, more or less. Obviously, it can decrease
by a smaller size of polarizers. In order to address a flexible
problem, two grippers simultaneously installed at the end of an
underactuated bionic scorpion robot arm can be utilized to
specially grasp the polarizer. By separately controlling the grip-
per, it can make more precise rotation adjustments for a virtual
alignment. Correspondingly, a polarizer can be adjusted to
accomplish an alignment attachment onto a flexible screen.
In general, this can achieve a reorientation of the polarizer by
the rotation behavior.

Each bionic scorpion robot arm is connected in series by
three connecting rods. One end of the rope is fixed on the
winch mechanism at the end of the rotating motor and fas-
tened by a plum blossom buckle. The states of rotating joints,
including a rotating joint A, a rotating joint B, a rotating joint
D, and a rotating joint F, can be utilized to quantify the
motion behaviors of bionic scorpion robot arm. Rope a and

2 Applied Bionics and Biomechanics



rope b are interconnected in the form of 8-shaped winding
with opposite threading directions. There are two sets of pull-
eys inside double row structure frames of the robot arm. An
extension or bending action of the robot arm can be accom-
plished by the positive and negative rotation of the motor. An
underactuated bionic scorpion robot arm using a rope-pulley
combination can realize the self-adaptive motion by two limit
devices to realize the linkage motion of each rod. Therefore,
because the underactuated bionic scorpion robot arm con-
tains the limit device 1 and limit device 2, it is natural to
enhance a high-accuracy motion with a rapid bionic behavior.
Additionally, two grippers installed at the end of an under-
actuated bionic scorpion robot arm can be utilized to make
more precise rotation adjustments for a virtual alignment.

After a rope is winded with a closed ring connection, the
underactuated bionic scorpion robot arm can be actuated by
changing the tension force and position of the rope to
accomplish the precise control. The rope-pulley underactu-
ated mode can simplify the transmission link and reduce
control difficulty and cost, so the reliability and applicability
of the bionic scorpion robot arm can be improved to enhance
the motion flexibility. Compared with the full-actuated mode,
the rope-pulley underactuated bionic scorpion robot arm can
reduce the number of transmission components, friction, and

inertia. This may enhance the motion accuracy and stability.
Additionally, the attachment accuracy may be improved by
the joint limit devices in the underactuated bionic scorpion
robot arm.

3. Kinematic Modeling and Simulation of
Bionic Scorpion Robot Arm

3.1. Kinematic Modeling. In order to achieve a steady motion
for the polarizer attaching onto the flexible screen, structure
modeling for optimization of an underactuated bionic scorpion
robot arm was conducted by kinematic modeling and analysis.
Because of bionic scorpion robot arms having the same two
structures and its motion paths, the left of which was taken as
an example for kinematic analysis. According to a structural
analysis of the bionic scorpion robot arm, the kinematic coordi-
nate transformation is established, as shown in Figure 3. The
reference coordinate system constructed by each rotating joint in
the robotic arm can be analyzed by the D–H model [29] and
preset parameters, which are expressed in Table 1.

Where parameter i in Table 1 represents the rod between
the coordinate system {i−1} and coordinate system {i} in
Figure 3. In special, parameter i= 1, 2, 3 in Table 1 represents
the rod between the coordinate system {0} and coordinate
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FIGURE 2: Winding principle of an underactuated bionic scorpion robot arm.
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FIGURE 1: Overall structures of bionic scorpion robot arms with underactuated motion using rope and pulley drive mode.
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system {1}, the coordinate system {1} and coordinate system
{2}, the coordinate system {2}, and coordinate system {3},
respectively.

For the sake of more reasonable to conduct theoretical
modeling, coordinate transformation relationships of the
overall structure can be modeled from the base joint at the
central trunk to joint A on rod 1. Further, i= 6 in Table 1
represents the rod 3 between the coordinate system {5} and
coordinate system {6}, but θ6 represents the rotation of joint F
in Figure 3. In other words, because joint angle θi represents
the intersection angle between two common normal lines in
an established coordinate system, so θ6 in Table 1 refers to the
rotation angle rotated around axis z6 from axis x5 to axis x6.

Based on the coordinate transformation law of the
robotic arm, a homogeneous transformation matrix between
two connection rods can be expressed as follows:

ii−1T ¼ Rot X; αi−1ð ÞTrans X; ai−1ð ÞRot Z; θið ÞTrans Z; dið Þ

¼

cos θi −sin θi 0 ai−1

sin θi cos αi−1 cos θi cos αi−1 −sin αi−1 −di sin αi−1

sin θi sin αi−1 cos θi sin αi−1 cos αi−1 di cos αi−1

0 0 0 1

2
66664

3
77775
:

ð1Þ

Combined with the rod parameters given in Table 1, the
joint space change matrix of the robotic arm can be obtained.
Accordingly, the homogeneous the transformation matrix of
the robot end relative to the base coordinate system can also
be obtained by multiplying the transformation matrix of
each rod, i.e., the kinematic equation is as follows:

0
6T ¼ 0

1T
1
2T

2
3T

3
4T

4
5T

5
6T ¼

nx ox ax px

ny oy ay py

nz oz az pz

0 0 0 1

2
66664

3
77775; ð2Þ

where ½ nx ny nz �T ; ½ ox oy oz �T ; ½ ax ay az �T are
the projection components at axis of x, y, and z from robot
arm end effector relative to the base coordinate system,
respectively. ½ px py pz �T can be expressed by translation
from the end effector relative to the base.

The elements are represented as follows:

nx ¼C1C2C3456 − S1S3456,
ny ¼ −C1C2S3456 − S1C3456,
nz ¼ S2C3456,
ox ¼ −C1C2S3456 − S1C3456,
oy ¼ − S1C2S3456 þC2C3456,
oz ¼ − S2S3456,
ax ¼ −C1S2,
ay ¼ − S1S2,
az ¼C2,
px ¼C1C2ðL3C345 þ L2C34 þ L1C3Þ : þ aC1 − L3S1S345 −
L2S1S34 þ L1S1S3,
py ¼ S1C2ðL3C345 þ L2C34 þ L1C3Þ : þ aS1 þ L3C1S345 þ
L2C1S34 þ L1C1S3,
pz ¼ S2ðL3C345 þ L2C34 þ L1C3Þ :.
Where Ci ¼ cos θi; Sj ¼ sin θj; Cij ¼ cos ðθi þ θjÞ :; Sij ¼
sin ðθi þ θjÞ :.
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FIGURE 3: Kinematic coordinate transformation modeling of a bionic scorpion robot arm.

TABLE 1: D–H parameters of a bionic scorpion robot arm.

i Torsional angle αi−1 (°) Rod length ai−1 (mm) Joint angle θi (°) Joint offset di (mm)

1 0 0 θ1 0
2 90 a θ2 0
3 −90 0 θ3 0
4 0 L1 θ4 0
5 0 L2 θ5 0
6 0 L3 θ6 0
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3.2. Typical Motion Simulation. In order to verify the correct-
ness of kinematic solutionsmore conveniently and intuitively,
robotics toolbox in MATLAB is used for typical motion
simulations of bionic scorpion robot arm by the improved
D–H parameters [30, 31]. Similarly, it is expedient to take
the left arm as an example for motion simulation. Three
typical motion simulations of bionic scorpion robot arm
are illustrated in Figure 4, including initialized straight state,
virtual cooperative capture, and alignment of the polarizer.

When each intersection angle of 0° inputs between bionic
scorpion robot arm and the base, the spatial position and
pose obtained by MATLAB simulation are consistent with
the kinematic calculation result. At this moment, coordinate
T0= (250, 0, 0) at the initialized straight state in Figure 4(a).
Moreover, coordinates of desired space positions and poses

for virtual cooperative capture and then alignment of polar-
izer, as shown in Figures 4(b) and 4(c), are T1= (210.925,
−54.500, 54.228) and T2= (210.925, −54.500, −54.228),
respectively. Because the series arm possesses a characteristic
of self-adaptation, each joint angle can be fixed after the
robot arm has researched the specified position. Therefore,
an optimal solution during the position and pose transfor-
mation can be found by rod size optimization.

4. Size Optimization of Bionic Scorpion
Robot Arm

The bionic scorpion robot arm possesses a position adjust-
ment mechanism for capture and alignment of polarizer
attachment, and thus, it is obvious that motion performances
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FIGURE 4: Typical motion simulations of bionic scorpion robot arm: (a) initialized straight state; (b) desired space position and pose for virtual
cooperative capture of polarizer; (c) desired space position and pose for virtual cooperative alignment of polarizer.
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and structural parameters will affect the dexterity of the
robotic arm movement and the adaptability of different
operations. Therefore, it is necessary to optimize the
sizes of structural parameters to improve the dexterity for
smooth operation and fast arrival.

4.1. Objective Function Construction. An indication of dex-
terity for evaluating motion performances can be con-
structed by singular values of a robot Jacobian matrix,
which is utilized to optimize the number of structural steps
of the robot. A robot Jacobian matrix describes a linear space
relationship of the robot mapped from the joint space veloc-
ity to the operation space velocity, which can be expressed as
follows:

ẋ

ẏ

ż

wx

wy

wz

2
6666666664

3
7777777775
¼ J

q̇1
q̇2
⋮
q̇n

2
66664

3
77775: ð3Þ

For a robot with n joints, its Jacobian matrix J (q) is a
matrix of order 6× n, where the first three rows can transmit
the end linear velocity, and the last three rows are related to
the end angular velocity. A Jacobian matrix of bionic scor-
pion robot arm can be expressed in the form of block
matrixes as follows:

v

w

" #
¼ Jl1 Jl2 ⋯ J ln

Ja1 Ja2 ⋯ Jan

" # q̇1
q̇2
⋮
q̇n

2
66664

3
77775; ð4Þ

where Jli and Jai represent differential movement and rota-
tion of the end caused by the independent differential move-
ment of joint i, respectively.

A Jacobian matrix of the robot can be construed by vec-
tor product according to the motion coordinate system. So, a
linear velocity ν and angular velocity w of robot end are
related to joint velocity q̇. As for a rotating joint i, it can
be expressed as follows:

v

w

" #
¼ zi−1 × 0pi−1n

zi−1

" #
q̇i; Ji ¼

zi−1 × 0pi−1n

zi−1

" #
; ð5Þ

where 0pi−1n ¼ 0
i−1R

i−1Pi−1
n , it can represent a position vector

in the base coordinate system {0} of origin of coordinates
relative to the coordinate system {i−1}. zi−1 is a Z-axis single
vector in coordinate system {i−1}, expressed in the base
coordinate system {0}.

In summary, the Jacobian matrix can be obtained as
follows:

J ¼ J1 J2 J3 J4 J5 J6ð Þ; ð6Þ

where

J1 ¼

−S1C2 L3C345 þ L2C34 þ L1C3ð Þ − aS1 − L3C1S345 − L2C1S34 þ L1C1S3

C1C2 L3C345 þ L2C34 þ L1C3ð Þ þ aC1 − L3S1S345 − L2S1S34 − L1S1S3

0

0

0

1

2
6666666664

3
7777777775
; ð7Þ

J2 ¼

−C1S2 L3C345 þ L2C34 þ L1C3ð Þ
−S1S2 L3C345 þ L2C34 þ L1C3ð Þ
C2 L3C345 þ L2C34 þ L1C3ð Þ

S1

−C1

0

2
6666666664

3
7777777775
; ð8Þ
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J3 ¼

−C1C2 L3C345 þ L2C34 þ L1C3ð Þ − L3S1S345 − L2S1C34 þ L1S1C3

−S1C2 L3C345 þ L2C34 þ L1C3ð Þ þ L3C1S345 þ L2C1C34 þ L1C1C3

−S2 L3C345 þ L2C34 þ L1C3ð Þ
−S1C3 − C1C2S3

C1C3 − S1C2S3

−S2S3

2
6666666664

3
7777777775
; ð9Þ

J4 ¼

−C1C2 L3S345 þ L2S34ð Þ − L3S1C345 − L2S1C34

−S1C2 L3C345 þ L2C34ð Þ þ L3C1S345 þ L2C1C34

−S2 L3S345 þ L2S34ð Þ
−C1S2

−S1S2

C2

2
6666666664

3
7777777775
;

ð10Þ

J5 ¼

−C1C2L3S345 − L3S1C345

−S1C2L3S345 þ L3C1C345

−S2L3S345

−C1S2

−S1S2

C2

2
6666666664

3
7777777775
; ð11Þ

J6 ¼

0

0

0

−C1S2

−S1S2

C2

2
6666666664

3
7777777775
: ð12Þ

Due to an operability of the mechanism, it can not only
comprehensively evaluate the motion ability but also mea-
sure its overall flexibility [32]. Therefore, an index called
operability, W¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
detðJJTÞ

p
defined by Yoshikawa, can be

taken as the optimization objective function of the mecha-
nism, which can directly reflect the degrees of the mecha-
nism away from the singular position (W= 0) and the
indefinite position (W⟶∞).

4.2. Design Variables and Constraint Conditions. In order to
achieve a flexible attachment motion operation, optimization
design variables of bionic scorpion robot arm include each
rod length L1, L2, and L3. Here, it takes joint angles θ3, θ4, and
θ5 as presetting controlled variables. Correspondingly, con-
straint conditions contain three parts, such as position
ranges between joint A and joint F, minimum and maximum
motion ranges of the robot arm, and its minimum required
arm size. Specially, it is simplified to set rod L2= L3. Limited
by the arm motion range, these can be expressed as follows:

−12 ≤ L1 cos θ3 þ L2 cos θ3 þ θ4ð Þ þ L3 cos θ3 þ θ4 þ θ5ð Þ ≤ 133

−112 ≤ L1 sin θ3 þ L2 sin θ3 þ θ4ð Þ þ L3 sin θ3 þ θ4 þ θ5ð Þ ≤ 112

90 ≤ L1 þ L2 þ L3 ≤ 133

20 ≤ L1 ≤ 50

30 ≤ L2 ≤ 50

30 ≤ L3 ≤ 50

L2 ¼ L3

8>>>>>>>>>>>><
>>>>>>>>>>>>:

:

ð13Þ

4.3. Evaluation of Optimization Parameters. In order to
improve the dexterity, an optimization algorithm, Fmincon,
provided by sequential quadratic programing algorithm
(SQP) in MATLAB, is used to optimize bionic robot arm
parameters. But, from the analysis of the Jacobian matrix, it
can be seen that the rod parameters and joint variables will
affect the arm dexterities. Because of the required self-
adaptive motions, rod parameters can be optimized by the
common joint motion angles of θ3 ϵ (−π/4, π/4), θ4 ϵ (−π/4,
π/4), and θ5 ϵ (−π/4, π/4). However, if taking the limit devices’
motions as joint limited situations, joint motion angles can be
actually restricted to be preset θ3 ϵ (−15°, −10°), θ4 ϵ (20°,
25°) as the joint variables based on the robot arm virtual
working process. Therefore, rods optimizations of bionic
robot arm are listed by the joint variables, as shown in
Table 2. Therefore, rod parameters of robot arm can be
optimized by different combinations of joint variables, that is,
L1=33mm, L2= 50mm, and L3=50mm.

Based on the optimized rod parameters, distributions of
the arm operability evaluation indexes at different rod
lengths are shown in Figure 5. Under the current position
and pose, the bionic robot arm does not have a singular
position (W= 0) and indefinite position (W⟶∞). If W>0,
the bionic arm may have a nonsingular position. By comparing
the previous rod length with its optimizations, it can be dem-
onstrated that an optimized robot arm can also possess the
spatial motion ability. Additionally, before the optimization
of arm rods, the operability is W1= 5.35× 104. But, it is
W2= 7.47× 104 after optimization to increase by 39.6% of
the operability index. Therefore, it can be seen that the opti-
mization objective has been achieved to enhance better oper-
ability and dexterity.

5. Workspace Verification

Due to small, tight, and light underactuated bionic scorpion
robot arms possess higher dexterity, its workspace can
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evaluate motion range and ability. Here, a workspace of the
left arm has been described by optimized rod lengths using
the Monte Carlo method [33]. Figure 6 shows some random
motion positions of the left arm in Cartesian coordinates,
including the whole workspace and its projections in 3D
directions. Specially, three states of initialized straight T0,
virtual capture of polarizer T1, and virtual alignment of
polarizer T2 can be selected as the typical working positions
of bionic scorpion robot arm, respectively.

In order to achieve the virtual capture and alignment of the
polarizer, the real 3D work ranges can be required to design as
x× y× z= [210, 250]× [−54.5, 0]× [−54, 55] mm3. Actually, it
can reach the design requirement in a 3Dmotion workspace. In
a word, the optimized bionic robotic arm can reach the require-
ments of practical motion ranges and has a high degree of
operability.

6. Experimental Verification of Bionic Scorpion
Robot Arm

6.1. Experimental Scheme. During the polarizer attachments
were conducted by bionic scorpion robot arm, it needed to
pursue high-accuracy motions for capture and accurate
alignment operations. In order to verify the rationality of
theoretical modeling and simulation analysis, experiments
can be utilized to analyze the positioning motions and errors.
Figure 7 illustrates an experimental platform for motion

verification of bionic scorpion robot arm, and a top view
of the bionic scorpion robot arm is exhibited on the top
left corner. Taking expedient measurement of joint angles
into account, a vision inspection system having image acqui-
sition can be adopted to localize the positions of bionic scor-
pion robot arm end. Specially, for pursuing the balance
between the rapidity and stability of the moving joints in
lightweight robot arms, bionic scorpion robot arms were
printed for fabrication by a 3D printer. A vision inspection
system (MV-CH120-20GC, Hikvision, China) was used for
image capture of high-precision plane coordinate recognition
and angle detection, and matching parameters were extracted
by the LABVIEW platform and vision assistant. During the
experiment, by combining the image processing module with
the LABVIEW platform, the image features of the key joint
motions can be recognized, detected, and located in sequence
by running the image signal acquisition and processing
programs. Meanwhile, the motion poses were exhibited on
the monitor panel in real time, and the motion parameters
were displayed accordingly. Thus, experimental joint motion
positions data of bionic scorpion robot arm were gathered to
compare with simulations when conducting the virtual
capture alignment motions.

6.2. Experimental Analysis of Bionic Scorpion Robot Arm Key
Motion States. During experiments, bionic scorpion robot
arm can be first adjusted to realize the initialization operation

TABLE 2: Optimized parameters of bionic robot arm rods.

Number Presetting joint angle Optimized rod length

j θ3 (°) θ4 (°) θ5 (°) L1 (mm) L2 (mm) L3 (mm)

1 45 45 45 33.0195 49.9902 49.9902
2 0 45 45 33 50 50
3 0 0 (0, 45] 33 50 50
4 0 [20, 25] 45 33 50 50
5 [−15, −10] 45 45 33 50 50
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FIGURE 5: Distributions of the bionic robot arm operability evaluation indexes: (a) combined effects of operability evaluation index at rod L1
and L2; (b) projection of operability evaluation index at rod L1.
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to become the straight state, and then, according to the rela-
tive position relationship for conducting polarizer attach-
ment, it is required to control the bionic scorpion robot
arm to accomplish the bending operation to move upward,
to achieve the desired space position and pose for virtual

cooperative capture of polarizer.While virtual alignment is pro-
ceeding, the bionic scorpion robot arm can be controlled to
move downward to reach the desired space position and pose
for virtual cooperative alignment of the polarizer. Naturally, for
the sake of verifying key motion states containing initialized
straight state, virtual cooperative capture, and alignment of the
polarizer, experimental results can be compared with motion
simulations of bionic scorpion robot arm. By detecting and
locating the motion features using image processing modules,
spatial coordinates at the end of the robot armweremeasured to
extract joint angles of key motion states. For expediently quanti-
fying bionic robot arm joint angles, each joint at a different state
was indicated to analyze the motion behaviors. Specially, the left
arm of bionic scorpion robot was designated as an example of
quantitative analysis.

Based on visual experimental results of the key motion
states, robot arm joint angles can be obtained quantitatively
by planar imaging. At the motion state of initialized straight,
projection coordinates F (213.64, 121.25) were obtained in
plane X–Y. Correspondingly, joint angles at positions F and
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B can be individually measured to 178.79° and 182.35°,
which seem to be close to 180° under the simulations. In
addition, at the motion states of virtual capture and align-
ment, coordinates of joints A, B, C, D, E, and F were also
extracted by two imaging views, respectively, and thus, coor-
dinate values of experimental joint positions at joints A, B, C,
D, E, and F can be drawn as compared with the theoretical
simulations, as illustrated in Figure 8. It is worth mentioning
that x, y, and z indicate the relative spatial location value
along 3D directions of robot arm base, respectively. Viewed
from Figure 8(a), it was obvious that Z-direction heights
become increasing from joint F to joint A, which illustrated
that bionic scorpion robot arm possessed the trend to
upward behavior at the virtual capture state. On the contrary,
viewed from Figure 8(b), bionic scorpion robot arm pos-
sessed the trend to downward behavior at virtual alignment.
Obviously, it also exhibited a relatively stable motion char-
acteristic from virtual capture to alignment. By quantitative
experiments, it is evident to demonstrate that the motion
behaviors of bionic scorpion robot arm can be verified to
be consistent with three key states of virtual theoretical
motions.

Additionally, for the sake of quantifying the key joint
angles at joint B and joint D, spatial vector quantity can be
analyzed by space coordinates. That is, if ~a¼ðx1; y1; z1Þ :;
~b¼ðx2; y2; z2Þ :, there is,

cos < ~a; ~b> ¼ ~a ⋅ ~b

~aj j ~b
��� ���¼

x1x2 þ y1y2 þ z1z2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x21 þ y21 þ z21

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x22 þ y22 þ z22

p :

ð14Þ

So, key joint angles at joint B and joint D can be calcu-
lated, as shown in Table 3. These were close to the theoretical

simulation angles of joint B 165° and joint D 135°, respec-
tively. Therefore, it can also be used to verify a rationality by
experimental analysis of the key joint angles at the virtual
motion states.

As a result, joint motion position errors between experi-
ments and simulations can be shown in Figure 9 to illustrate
joint deviations at the states of virtual capture and alignment
of bionic scorpion robot arm. Viewed from Figure 9(a), joint
F motion exhibited the largest relative error along the X
direction, while other joints possessed minor errors. Viewed
from Figure 9(b), all of joint motion errors were in a con-
trollable minor range. By contrastive analysis, it is concluded
to obtain that the maximum motion position error of bionic
robot arm is not more than 3mm in plane Y–Z, while it is
also not more than 5mm along the X direction. This may be
interpreted by the effects of gravity and installation errors on
motion dynamic properties at flexible joints. On the whole,
the minor motion errors of joint positions can be deduced to
verify that bionic scorpion robot arm possesses the relative
stable motion behaviors. In addition, different from the rela-
tively poor similarities of passive motion generated by wrist-
joint plane motions without regard to the effects of finger
extensors and flexors [34], the spatial physiological move-
ment characteristics of bionic scorpion robot arm can be
imitated to achieve the relatively complex interactive effects
to gain 3D stable and accuracy motions. Furthermore, it can
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FIGURE 8: Experimental joint positions comparing with simulations at joints A, B, C, D, E, and F located at the motion state of (a) bionic robot
left arm virtual capture and (b) virtual alignment.

TABLE 3: Experimental joint angles of bionic scorpion robot left arm.

State
Joint angle

Joint B Joint D

Virtual capture 163.35° 133.29°
Virtual alignment 165.23° 136.34°
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promote a positive effect to quantify the whole motion
dynamic properties of bionic scorpion robot arm.

6.3. Experiments Analysis of Bionic Scorpion Robot Arm
Motion Projection. In order to enhance the motion accuracy,
limit device 1 on rod 1 and limit device 2 on rod 2 can be
adopted to realize the rapid motions coupled with the accu-
rate motions. The self-adaptive motion can be realized by two
limit devices in an underactuated bionic scorpion robot arm
using a rope-pulley combination to achieve the linkage
motion of each rod. So, the initial operation presents the
straight state, and then the bionic scorpion robot arm is con-
trolled to conduct virtual capture motion and alignment
motion by means of rope-pulley actuations. Accompanying
with operations occurring, jointD begins rotating tomake rod
3 gradually approach to the limit device 2, and afterward joint
B begins rotating to make rod 2 gradually approach to the

limit device 1. These operation processes exhibit relatively
stable motion characteristics, which can also be guaranteed
by the two limit devices during relative joint position mea-
surement using the images from the camera. Due to under-
actuated flexible joints motions applied in bionic scorpion
robot arm, controlling variate methods can be adopted to
investigate the position accuracy of key joint motions in plane
X–Y. In order to verify the rationality of the key joint D and
joint B, projection coordinates of motion positions of bionic
scorpion robot arm joint D and joint B can be drawn at
different angles based on experiments and simulations,
as shown in Figure 10. Experimental results demonstrated
that the experimental motion positions of key joints were
smaller than that of simulations, which may be mainly attrib-
uted to the flexible connections during the bionic robot arm
virtual motions. In addition, the relative minor deviations
from simulations can demonstrate that bionic scorpion robot
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arm can perform high accuracy of motions. This may be used
to interpret flexible joint movements in series that are reason-
ably applied in bionic scorpion robot arm.

In addition, experimental motion position errors of bionic
scorpion robot arm joint D and joint B at different angles can
be drawn in Figure 11, as compared with simulations. It
should be pointed out that the experimental position errors
of robot arm key joints can indicate the relative deviations
from motion simulations at different joint angles. Here, an
indicator error ratio, as an error metric, represents the per-
centage value using the relative motion position deviations
between the experiments and simulations to compare with
the corresponding joint simulation values, and then, the error
ratio can be utilized to visually and quantitatively express the
relative change of key joint motion error. By analyzing the
joint motion errors, it’s natural to indicate that joint D has an
error ratio with maximum 4.08% at the X-direction and joint
Bwithminimum 2.72% at the Y-direction, respectively. These
two error ratios at the key joints along different directions can
be utilized to analyze the joint sequential motion relations.
This seems to be consistent with the state of motion between
the joints during the whole operations of bionic scorpion
robot arm. Furthermore, according to typical attachment
motion requirements, global errors may be restrained to
decrease by limit device 1 coupled with limit device 2. Assum-
ing the joint flexibility is not restricted well, the position errors
may result in relatively poor motion effects by possible joint
flexible deformations after stopping motions without reason-
able compensations from structure ormovement control [35].
Comparatively speaking, the effects of key joint flexibility may
be greatly improved by designing the two limit devices to
guarantee the stability for visually grasping manipulations.
Correspondingly, the key joints possessing minor error ratios
may also be utilized to illustrate the relatively excellent
dynamic motions existing in bionic scorpion robot arm.

Furthermore, advancing the stable motion behaviors of bionic
scorpion robot arm may solve the problems of low-accuracy
and misalignment polarizer attachments.

7. Discussion

In this paper, an underactuated bionic scorpion robot arm
can be classified into a kind of automatic attaching robot.
The bionic robot arm adopting rope-pulley actuated mode
possesses higher flexibility, and the limit device added at the
joint can be utilized to improve the attachment accuracy.
This can adapt to a certain range of shapes and sizes of the
screen, with a certain degree of versatility and flexibility.
Specially, machine vision technology can be further intro-
duced to assist the underactuated bionic scorpion robot arm
to complete the attachment process, which can improve the
attachment accuracy and efficiency.

Although this method can achieve a smooth motion to
guarantee the adhesion behaviors [36], but in fact, it is undeni-
able that some potential issues or challenges may also be gen-
erated assuming the practical implementation of the proposed
approach. First, there may be a certain transmission error and
friction loss in transmission links, which may result in a slight
deviation of the attachment position and angle. Therefore,
attachment accuracy may be affected, assuming that the polar-
izer attaching motions occur. This may be addressed by apply-
ing the preload forces to enhance the motion accuracy of the
underactuated bionic scorpion robot arm. Second, stable opera-
tions of underactuated rope-pulley motions can be achieved by
the precision parameter setting and equipment adjustment.
However, some manufacturing deviations and deformations
affectingmotion effects may be limited by the reasonable debug-
ging. Third, once the transmission link is faulty or worn, the
robot arm may fail. Therefore, motion security and reliability
testing of the underactuated bionic scorpion robot arm may be
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considered to increase the operational stability. In conclusion,
the proposed approach can be utilized to improve the attach-
ment effects. However, it could be continuous optimization and
improvement to overcome the practical implementation.

With regard to the criteria and measurement approach to
evaluate the accuracy and alignment of the polarizer attach-
ment, it is necessary to be reasonably designed. During the
polarizer attachment process, it is required to rotate the polar-
izer to adjust its polarization direction to align with the linear
polarization direction of the upper and lower light sources
[37]. The effects of polarizer attachment on the accuracy
and alignmentmainly include two factors: positional accuracy
and angular accuracy. Thus, these are used as the criteria to
evaluate the accuracy and alignment of the polarizer attach-
ment by utilizing the underactuated bionic scorpion robot
arm, where position accuracy refers to how accurately the
polarizer is attached to the target position, and angular accu-
racy refers to the error between the polarizer’s polarization
direction and the target angle. Furthermore, the accuracy and
alignment of the polarizer attachment can be advanced by
real-time stable adjusting the attitude and angle of the under-
actuated bionic scorpion robot arm. Bymeans of the real-time
imaging of the visual device, the motion positions and angles
can be extracted to achieve the real-time alignment measure-
ment. Furthermore, motion behaviors may be detected to
realize the real-time feedback and attitude adjustment, which
can achieve the high accuracy and alignment of the polarizer
attachment by utilizing the underactuated bionic scorpion
robot arm.

In this paper, the underactuated bionic scorpion robot
arm can be utilized to improve the stable and rapid motion
properties for the virtual attaching polarizer. However, some
limitations may be generated by some relative restriction
conditions. First, the weight of the underactuated bionic
scorpion robot arm can reduce the effect of the arm’s inertia
on the positioning accuracy. But it may also produce the
vibration and deformation during the attachment motions.
Second, the underactuated rope-pulley motion can increase
the flexibility of bionic scorpion robot arm. However, this
flexibility may result in the nonlinear variation of the arm’s
trajectory in the motion process to influence the positioning
accuracy of bionic scorpion robot arm. Third, the dynamic
response ability of bionic scorpion robot arm may be affected
by the joint friction, which can decrease the end’s positioning
accuracy. Additionally, the transmission errors of the arm’s
joints may be accumulated in the process of motion trans-
mission, which will lead to the lower motion accuracy.

During the polarizer attachment motion process, attach-
ment accuracy and speed can guarantee the quality and yield,
respectively. There are some potential areas for future direc-
tions where improving themotion range and ability can exhibit
more significant areas to optimize the motions of the under-
actuated bionic scorpion robot arm. For instance, improving
the arm’s structure to optimize the joint arrangement can
change the transmission mode of joint. It can improve the
flexibility and stability of the underactuated bionic scorpion
robot arm and thus also expand the motion range and ability.
Adopting more advanced control algorithms can boost the

arm’s sensing ability and accuracy to enhance the control abil-
ity and adaptability of the underactuated bionic scorpion robot
arm. Bymeans of utilizing intelligent methods, the bionic scor-
pion robot arm can be improved to adapt various scenes to
accomplish a polarizer attachment more precisely.

In addition, it may also be explored to expand some other
applications for underactuated bionic robot arms. For example,
(1) The application of electronic products manufacturing. With
the continuous popularization and development of electronic
products, the application of robots in the field of electronic pro-
ducts manufacturing become more extensive. The application of
this underactuated bionic robot arm in the polarizer attachment
has been certain of research and application value. In the future,
this bionic robot arm can be used in the manufacturing and
assembly process of flexible screens, such as the attachment of
touchpads, OLED screens, etc. (2) Biomedical applications. The
stable, rapid, and light underactuated bionic robot arm can
explore some applications in the surgical robots, assisted rehabili-
tation equipment, bionic artificial limbs, and other fields. These
are utilized to advance some more accurate, safe, and efficient
medical services.

8. Conclusion

For the sake of trying to figure out the low-accuracy and non-
alignment problems in regard to the existing polarizer attach-
ments, a method of underactuated bionic scorpion robot arms
can be proposed to pursue the virtual stable capture and align-
ment behaviors. Overall structure design and D–H kinematic
modeling and simulation of bionic scorpion robot arm can be
adopted to analyze three key typical motions. It is obvious that
an optimal solution during the position and pose transforma-
tion can be found by rod size optimization. Then, size optimi-
zation of bionic scorpion robot arm structural parameters can
be conducted to improve the dexterity for smooth operation
and fast arrival, and motion workspaces verification can be
utilized to evaluate motion range and ability. It can be seen
that optimization objectives have been achieved to enhance
better operability and dexterity after increasing by 39.6%.
The optimized bionic robotic arm can reach the requirements
of practical motion ranges and has a high degree of operability.
Experiments can be utilized to verify the rationality of theoreti-
cal modeling and simulation analysis of bionic scorpion robot
arm. Experimental results illustrate that it is evident to demon-
strate that the motion behaviors of bionic scorpion robot arm
can be verified to be consistent with three key states of virtual
theoretical motions. It can also be used to verify a rationality by
experimental analysis of the key joint angles at the virtual
motion states. The relative minor deviations from simulations
can demonstrate that bionic scorpion robot arm can perform
high accuracy of motions. The key joints possessing error
ratios, with 4.08% at X-directional joint D and 2.72% at
Y-directional joint B, may also be utilized to illustrate the rela-
tively excellent dynamic motions existing in bionic scorpion
robot arm. Furthermore, advancing the stable motion beha-
viors of bionic scorpion robot arm may solve the problems of
low-accuracy and misalignment polarizer attachments.
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