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Abstract. This study presents a novel cable-driven parallel robot integrated with rigid–flexible coupling and
a variable stiffness system, specifically designed to replicate the motion characteristics of the human cervical
spine. Kinematic control of the robot is achieved by establishing a functional relationship between its configu-
ration space and actuation space, where cable length variations are constrained within ±40 mm. Furthermore,
this work explores static and dynamic modeling methodologies, highlighting their critical role in evaluating the
robot’s performance under operational poses. A detailed analysis is conducted to investigate the synergistic ef-
fects between the rigid–flexible coupling structure and the variable stiffness system. By incorporating adjustable
stiffness parameters, a dynamic model is developed to reveal the robot’s behavioral characteristics under differ-
ent poses. Simulation results demonstrate that the robot achieves a maximum bending angle of 30° under cable
tensions from 0 to 80 N, while its operational stiffness can be dynamically modulated from 3900 to 4700 N m−1

(with a tuning bandwidth of up to 100 %). These quantitative findings confirm the validity of the proposed model
and illustrate the capabilities of the robot in flexible bending motion and stiffness regulation, providing a valuable
reference for the design and analysis of other cable-driven flexible mechanisms.

1 Introduction

With the rapid advancement of industrial technology,
human–robot collaboration has become a crucial driver of
technological innovation and productivity enhancement (Cao
et al., 2025; Yin et al., 2026). The continuous progress in
robotics has significantly liberated human labor, reducing the
burden of monotonous and strenuous physical tasks. Fur-
thermore, robotics has demonstrated extensive application
potential and exceptional value in industrial manufacturing,
healthcare, education, and training, as well as in specialized
scenarios. As an important direction in robotics research,
bionics provides a solid theoretical foundation and techni-
cal support for building flexible and efficient robotic systems
by mimicking biological structures and functions (Liu et al.,
2022; Wang et al., 2024). In the field of humanoid robotics,
research on structural design and motion control is particu-

larly critical (Ding et al., 2022). Specifically, bio-inspired de-
signs for flexible human body parts, such as the human cervi-
cal spine, leverage their characteristics of multiple degrees of
freedom (DOF) and high-precision motion control to exhibit
outstanding advantages in performing complex tasks (Gian-
naccini et al., 2018). These designs open up new directions
and technological pathways for the research and application
of humanoid robots.

In recent years, bionic human neck robots have gained
widespread attention and undergone in-depth research in the
fields of bionics and robotics (Yang et al., 2020). As an es-
sential component of the human body, the neck plays a cru-
cial role in maintaining balance, performing complex tasks,
and perceiving the external environment due to its unique
flexibility and multi-degree-of-freedom motion characteris-
tics (Kang et al., 2013). The cervical spine consists of seven
vertebrae, and through the coordinated action of joints, lig-
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aments, and muscles, it is capable of executing diverse and
highly flexible movements, including flexion, extension, lat-
eral bending, and rotation (Bhalkikar et al., 2024). Studies
have shown that the unique structure of the cervical spine,
along with the coordination between adjacent joints, enables
precise and agile movements (Thorapalli Muralidharan et al.,
2026). In biomechanics research, finite element modeling
and experimental analysis have revealed the motion charac-
teristics of the cervical spine under various loading condi-
tions, while also highlighting the critical role of muscles and
ligaments in maintaining stability during movement (Kuo et
al., 2019). In the design of bionic neck robots, the currently
developed structures are primarily classified into serial and
parallel mechanisms. Serial mechanisms are widely applied
due to their high flexibility and ease of control, whereas par-
allel mechanisms are favored for their higher rigidity and
lower inertia, making them suitable for specific scenarios
(Song et al., 2023). Parallel mechanisms offer more distinct
advantages in handling high loads and low inertia, which are
key factors in simulating human neck movements (Renda et
al., 2012; Song et al., 2025).

The ASIMO robot by Honda and the HRP-2 robot both
feature a serial neck structure with two degrees of freedom
(pitch and roll), enabling basic head movements (Liu et al.,
2023; Song et al., 2024). To achieve more complex motion
capabilities, the Dav robot, Albert Hubo, and iCub robot have
expanded their serial neck design by adding a yaw degree
of freedom, further enhancing the movement abilities (Jones
and Walker, 2006). The four-degrees-of-freedom serial neck
design proposed in Falkenhahn builds upon the three exist-
ing degrees of freedom and adds a nodding freedom, result-
ing in more flexible movement (Falkenhahn et al., 2015).
In contrast to serial structures, parallel neck structures typi-
cally follow the principles of parallel manipulators, allowing
for pitch and roll movements, while yaw motion is achieved
through additional mechanisms (Trivedi et al., 2008). For ex-
ample, the design of the SAYA robot combines a spring spine
with pneumatic artificial muscles, bringing head movements
closer to the functionality of human muscles, though the sen-
sitivity still needs improvement (Camarillo et al., 2008). The
iCub robot has further explored parallel neck structures, in-
cluding a combination of a spring spine and cables, as well as
a parallel manipulator with three degrees of freedom. The lat-
ter design enhances stability through a central passive spher-
ical support. The head structure of the James humanoid robot
is similar to the first parallel neck design of the iCub robot.
Additionally, the literature introduces a parallel neck design
based on cable-driven elastic limbs and passive body parts
(Falkenhahn et al., 2017; Renda et al., 2018). This innovative
structural layout enhances the performance and adaptability
of the bionic neck. However, the design still lacks sufficient
compliance to simulate the bending motion of the cervical
spine, failing to fully replicate the motion characteristics of
the human neck.

In summary, while existing neck robot designs have
achieved improvements in motion performance and adapt-
ability, they are still constrained by inherent limitations. Par-
allel neck designs enhance motion capabilities but fail to ad-
equately address the compliance required for bending mo-
tions, preventing them from fully replicating the flexibility
and multi-degree-of-freedom movements of the human cer-
vical spine. Although some designs have increased the num-
ber of degrees of freedom and introduced greater complexity,
issues of sensitivity and biomimicry remain unresolved.

Based on an in-depth analysis of biomimetic human cer-
vical robots and key functional requirements, this paper pro-
poses a novel stiff–flexible coupling variable stiffness paral-
lel robot (as shown in Fig. 1). The robot uses a cable-driven
unit that combines rigid and flexible components (Sadati et
al., 2021; Yang et al., 2021). It also incorporates a variable
stiffness system that simulates the muscle adjustment func-
tion of the human cervical spine. This design allows the robot
to more closely resemble the motion of the human cervical
spine and meets human anatomical movement requirements.
Compared to the cable-driven parallel robot with a spring-
based spine designed by Gao and Song, the proposed robot
features an evaluated workspace distribution for its rigid–
flexible coupling mechanism (Grazioso et al., 2019). By ap-
plying torque balance theory based on Newton’s second law
and the conservation of angular momentum, it redefines the
range of bending and azimuth angles (Luo et al., 2024; Yang
et al., 2024). This improvement allows for a more accurate
simulation of the motion characteristics of the human cervi-
cal spine. In addition, inspired by the working mechanisms
of human cervical muscles and ligaments, the robot features
an innovative rotational structure (Godage et al., 2015). This
structure adjusts the radius of the external flexible support
system through rotational motion. As a result, it dynamically
regulates the cable driving force and alters the robot’s over-
all stiffness characteristics. Consequently, the neck structure
proposed in this study seeks to optimize both motion free-
dom and compliance, improve sensitivity, and more accu-
rately mimic the natural movement of the human cervical
spine, with the goal of overcoming the limitations inherent
in current designs.

The structure of this paper is arranged as follows: Sect. 2
provides a brief introduction to the overall structure of the
stiff–flexible coupling variable stiffness parallel robot and
analyzes its general kinematic model; Sect. 3 delves into
the static and dynamic characteristics of the robot and estab-
lishes a classical dynamics model; Sect. 4 verifies the effec-
tiveness of the design through simulations and evaluates the
stiff–flexible coupling and variable stiffness system; Sect. 5
presents a critical analysis and discussion of the results; fi-
nally, Sect. 6 summarizes the main research findings of this
paper.
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Figure 1. Design framework of the cable-driven, rigid–flexible coupled variable stiffness parallel robot for the cervical spine.

2 Configuration design and kinematic analysis of
the parallel robot

2.1 Configuration design of the parallel robot

Figure 2 illustrates the configuration design of a cable-driven,
rigid–flexible coupling parallel robot with variable stiffness.
The robot comprises five main components: the moving plat-
form, the fixed platform, the six-bar spring system, the rotat-
ing mechanism, and the external flexible support system. It
is driven by three cables with negligible mass and diameter.
The structural design incorporates a rigid–flexible coupling
structure, where the six-bar spring system mimics the func-
tion of the human cervical spine, and the external flexible
support system simulates the neck muscles, improving the
robot’s compliance and adaptability during motion. In op-
eration, the moving platform is driven by cables, while the
rotating mechanism adjusts the radius of the external flexi-
ble support system to simulate the force exerted by the neck
muscles, thereby enabling efficient modulation of the robot’s
stiffness (covering kinematic analysis, dynamic analysis, and
simulation analysis).

2.2 General kinematic analysis of the parallel robot

The rigid–flexible coupling parallel robot with variable stiff-
ness has three DOF, enabling bending and stretching motions
similar to the human cervical spine. Cables u (where u= 1,
2, 3) pass through pointsC1,C2, andC3 on the fixed platform
and are connected to cable holes on the moving platform, as
shown in Fig. 2. The robot’s motion is driven by motors that
control the cables. Note that although the physical prototype
can theoretically execute 3-DOF motion, in this study, the
distance l0 is assumed constant to focus on the 2-DOF bend-
ing performance.

Figure 2. Configuration design of the parallel robot.

In Fig. 3, the six-bar spring system ensures structural sta-
bility between the fixed and moving platforms and provides
necessary bending compliance. The system is fixed to a ro-
tating structure, with an angle adjustment range of 0 to 60°.
A motor drives the transmission components at the bottom
of the rotating structure, adjusting the variable radius βrBz of
the external flexible support system to control stiffness.

This design allows the robot to exhibit different stiff-
ness levels in various operating environments, enhancing its
adaptability.

Figures 2 and 3 illustrate the global coordinate system es-
tablished on the fixed platform, with its origin O located at
the geometric center of the platform. The radius of the cable
hole is denoted by rc, and the radius of the installation point
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Figure 3. Assembly of the six-bar spring system and the external
flexible support system.

for the six-bar spring system is denoted by rz. These param-
eters allow for the precise determination of the coordinates
of each installation point within the coordinate system. This
serves as the foundation for subsequent kinematic and dy-
namic analyses. The establishment of this coordinate system
is crucial for understanding the relationship between the par-
allel robot platform and its connected components, as well as
for analyzing the mechanical behavior under different oper-
ating conditions.
C1 =

[ √
3
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2 0
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As shown in Fig. 4, the variable stiffness system adjusts
flexibility by modifying the radius δrz of the external flex-
ible support system. The variable radius δrz is determined
by the rotation angle β of the rotating structure through the
function frotate, and combined with the fixed radius rB , the
actual radius rBz of the external flexible support system is
calculated, allowing the coordinates of the three fixed points
of the system to be determined.

δrz =

{
0= frotate (β = 0)
frotate (β) |1β0

}
= δrz (β) , 1β ∈

(
0,
π

3

)
(3)

βrBz = rB + δrz(β)
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Here, δrz is the variable radius of the slide rail and kB1, kB2,
and kB3 are the external flexible support system fixed point
coordinates.

Equations (1), (2), and (4) describe the coordinates of the
cable hole, the installation points of the six-bar spring sys-
tem, and the fixed points of the external flexible support sys-
tem, respectively. Based on the posture of the parallel robot
shown in Fig. 3, setting the bending angle θi and azimuth
angle φi allows the configuration space qi to be determined.

qi = [φi,θi]
T (5)

From the state of the configuration space qi , the actuation
space 1l of the parallel robot can then be derived.

1l = [1Lcable1,
1Lcable2,

1Lcable3]
T (6)

The configuration space qi and the actuation space 1l are re-
lated through the homogeneous transformation matrix RTP
(Liu et al., 2020). Based on the configuration space defi-
nition, the rotation matrix Rq (φi , θi) and the actuator end
position Pq (φi , θi) can be determined. When the actuation
space value is zero (i.e., the length change of all three cables
is zero), both the bending angle θi and the azimuth angle φi
are zero, indicating that the parallel robot’s driving cables
are pre-tensioned, as illustrated in Fig. 2. This represents the
initial pre-tensioned state of the robot, where the distance
between the moving platform and the fixed platform is lo.
To establish a simplified yet effective kinematic model, it is
assumed that the three actuation cables are controlled syn-
chronously during main bending motions to maintain con-
stant overall length along the central coupling axis, ensuring
that the distance between Pq and pointO remains constant at
lo. The axial length variation of the flexible spring elements
is primarily utilized for internal stiffness modulation rather
than primary kinematic positioning.

During motion, the actuator end Pq (φi , θi) moves along
the arc trajectory Arc(tt) shown in Fig. 2, due to the com-
bined effect of the cable-driven six-bar spring system and the
external flexible support system. The arc’s center is located
at the originO of the global coordinate system, ensuring that
the distance between Pq and point O remains constant at lo.
From this characteristic, the mathematical expressions for the
rotation matrix Rq (φi , θi) and the actuator end position Pq
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Figure 4. Schematic of the fixed platform structure.

(φi , θi) can be derived (Ma et al., 2021).

Rq (qi)= Rq (φi,θi)=

 a1 a2 a3
b1 b2 b3
c1 c2 c3


3×3

a1 = (cos(θi)− 1)cos2(φi)+ 1
a2 = b1 =

1
2 sin(2φi) (cos(θi)− 1)

a3 =−c1 = cos(φi) sin(θi)
b2 = (cos(θi)− 1)sin2(φi)+ 1
b3 =−c2 = sin(φi) sin(θi)
c3 = cos(θi)

(7)

Pq (qi)= Pq (φi,θi)=

 sinθi cosφi
sinθi sinφi

cosθi

 lo (8)

Here, Rq is rotation matrix and Pq is actuator end matrix.
Based on the configuration space qi , the rotation matrix

between the moving platform and the fixed platform, as well
as the expression for the actuator end position in the global
coordinate system, can be obtained from Eqs. (6) and (7)
(Shao, 2015). By substituting these expressions into Eqs. (7)
and (8), the homogeneous transformation matrix RTP, which
describes the relationship between the moving platform and
the fixed platform, can be derived.

RTP =

[
Rq (φi,θi) Pq (φi,θi)

0 1

]
(9)

Here, RTP is homogeneous transformation matrix.
When the parallel robot is in its initial state, the actuation

space state is zero. At this point, based on the definition of
Eq. (8), the homogeneous transformation matrix RToP takes

on a specific form.

RTP
o
=


1 0 0 0
0 1 0 0
0 0 1 lo
0 0 0 1

 (1l = 0) (10)

Here, RTP is initial state homogeneous transition matrix.
Using the homogeneous transformation matrix RTP from

Eq. (9), the actuation space 1l of the parallel robot can be
further calculated. By controlling the changes in cable length
through 1l, the motion of the parallel robot can be driven.
Since RTP is a 4× 4 matrix, when converting the point po-
sitions on the platform to the global coordinate system, the
hole position coordinates in Eqs. (1), (2), and (4) need to be
expressed in a 4× 1 vector format, as shown in Eq. (11).

C̃1 = [C1;1]; C̃2 = [C2;1]; C̃3 = [C3;1]. (11)

A function G is defined to describe the mapping relation-
ship between the configuration space qi and the actuation
space 1l. This function converts parameters from the con-
figuration space into changes in the actuation space. This
enables precise control of the parallel robot’s driving cable
lengths. By setting the parameters of the configuration space
qi and applying function G, the changes in cable length can
be determined. By accurately controlling these changes, the
desired motion posture of the parallel robot can be adjusted.

G(qi)=

 1Lcable1
1Lcable2
1Lcable3


=

 ‖
(RTP−E

)
C̃1‖− lo

‖
(RTP−E

)
C̃2‖− lo

‖
(RTP−E

)
C̃3‖− lo

 (qi) (12)
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The function G in Eq. (12) provides a new method for an-
alyzing the kinematics of the parallel robot, especially for
the kinematic modeling of bio-inspired human cervical par-
allel robots. Using this function G, the mapping function A
from the actuation space 1l to the configuration space qi can
be further derived. By precisely controlling the cables, the
parallel robot’s motion posture within the workspace can be
adjusted, ensuring that the actuator’s end effector reaches the
designated target point.

qi(φi,θi)= A(1l)=G−1(qi) (13)

3 Dynamic analysis of the parallel robot

3.1 Static analysis

Based on the kinematics of the rigid–flexible coupling vari-
able stiffness parallel robot, the specific posture of the robot
during motion can be determined through the mapping func-
tion G from the configuration space qi to the actuation space
1l. When the robot reaches a specific posture, its static be-
havior can be analyzed to examine the forces acting on the
components during motion. When the robot is in the bent
state shown in Fig. 5 and remains stationary, the driving
torque applied by the cables balances the resistive torque
generated by the six-bar spring system and the external flexi-
ble support system. By applying the principles of torque and
force equilibrium (based on Newton’s laws of motion and
the conservation of angular momentum) and force equilib-
rium theory (derived from Newton’s first and second laws), a
detailed analysis of the forces on the cables in the stationary
state can be conducted.

By combining the homogeneous transformation matrix de-
fined in Eq. (9) with the coordinates of each point in Eqs. (1),
(2), and (4), the lengths of the driving cables, the six-bar
spring system, and the external flexible support system can
be calculated. Additionally, as the robot moves, the length
variations of these systems can be obtained for further anal-
ysis of their dynamic response characteristics.
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cosσ

)
δxL

c
=
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∥∥∥∥∥∥RT3

PD̃z1−2D̃z2
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[
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]T
⇒
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(14)

Here, do is initial length of six-bar spring system.
In Eq. (14), when the parallel robot is in the zero ac-

tuation space state, do represents the initial length of each
push rod in the six-bar spring system, and σ is the angle be-
tween the spring system’s installation position and the mid-
line, as shown in Fig. 4. The six-bar spring system consists
of three intersecting structures, each comprising two spring
push rods. The three sets of crossed structures are evenly dis-
tributed between the fixed platform and the moving platform,
with the center axis at O–Pq , and each pair of structures
forms an angle of 120° with each other. The length changes
are denoted as δxLa, δxLb, and δxLc, respectively. During
bending, the real-time lengths of the three intersecting struc-
tures are represented as δ~xd1 and δ~xd2 (where ~ = a, b, c).


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1

]
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)k
B̃1
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)k
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)k
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 (δrz(β)= 0)

δNBall
1 =

[
‖δBa
∇
‖
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∇
‖

‖δBc
∇
‖

]
− lo

=


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)k
B̃1

∥∥∥− lo∥∥∥(RTP−E
)k
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∥∥∥− lo∥∥∥(RTP−E
)k
B̃3

∥∥∥− lo

 (δrz(β) 6= 0)

(15)

Here, δYBall
1 is the length variation of the external flex-

ible support system when δrz(β)= 0 and 1NBall
1 is the

length variation of the external flexible support system when
δrz(β) 6= 0.

Equation (15) describes the deformation of the external
flexible support system in the bent state. Using Eq. (4) and
the transformation in Eq. (11), the coordinate vector satisfy-
ing the homogeneous transformation matrix is obtained. By
incorporating the value of the variable radius δrz(β), the cal-
culation formula for the deformation of the external flexi-
ble support system is derived. When δrz(β)= 0, the paral-
lel robot cannot adjust stiffness during operation. However,
when δrz(β) 6= 0, the stiffness of the external flexible support
system can be adjusted to achieve dynamic stiffness modula-
tion of the robot. When the parallel robot is in a static state,
the forces acting on the three driving cables are denoted as
FC
n (n= 1, 2, 3). The vertical components of these forces are

denoted as ZFC
n (n= 1, 2, 3). Using force and moment bal-

ance theory, the static equilibrium of the parallel robot can be
analyzed. The force balance equations for the parallel robot
are established, where the forces in the vertical direction in-
clude the gravity of the moving platform, the tension in the
driving cables, and the deformation forces from the six-bar
spring system and the external flexible support system. By
setting up the vector equation of forces, the force relation-
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Figure 5. Bending posture and torque analysis of the cable-driven parallel robot.

ships for the three driving cables can be determined.
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]

=

 . . .
. . .

FZo/s



 FC

1

FC
2

FC
3




RT−1
P
(RTP−E

)
C̃1∥∥∥(RTP−E)C̃1

∥∥∥
RT−1

P
(RTP−E

)
C̃2∥∥∥(RTP−E)C̃2

∥∥∥
RT−1

P
(RTP−E

)
C̃3∥∥∥(RTP−E)C̃3

∥∥∥





T

=


 . . .
. . .
zFC

1
. . .


 . . .
. . .
zFC

2
. . .


 . . .
. . .
zFC

3
. . .


 3∑
u=1

ZFu
C
+migtrue = Fo/s

Z (16)

Here, mi is the mass of the movement platform and gtrue is
the acceleration of gravity.

Equation (16) represents the force balance equation of the
parallel robot in a static posture. It includes the forces FZo/s
provided by both systems in the vertical direction, as well
as the vertical components of the driving cable forces ZFC

u

along the Z axis of the global coordinate system. Depend-
ing on the adjustable radius of the external flexible support
system, it can be divided into two forms. The force distri-
bution ratios for the three cables can be calculated based on
the robot’s actual motion state. In the global coordinate sys-
tem, taking the cross product of the position vector of the
application point and the force direction vector yields the
corresponding 3D moment vector. Using the principles of
mechanics, the moment balance equation for the robot in a

static state is established to ensure that the driving moment
QD and the resisting moment QR are balanced.

δF a
= krodδxL

a

 RT−1
P (δaxd1)
‖δaxd1‖

RT−1
P (δaxd2)
‖δaxd2‖


=

[ [
. . . . . . δzF a

1 . . .
]T[

. . . . . . δzF a
2 . . .

]T
]

δF b
= krodδxL

b

 RT−1
P
(
δbxd1

)
‖δbxd1‖

RT−1
P
(
δbxd2

)
‖δbxd2‖


=

[ [
. . . . . . δzF b

1 . . .
]T[

. . . . . . δzF b
2 . . .

]T
]

δF c
= krodδxL

c

 RT−1
P (δaxd1)
‖δcxd1‖

RT−1
P (δaxd2)
‖δcxd2‖


=

[ [
. . . . . . δzF c

1 . . .
]T[

. . . . . . δzF c
2 . . .

]T
]

(17)
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δFBall =

(
δYBall

1

)
OR(
δNBall

1

)
 ·outkspri ·


RT−1

P δBa
1

‖δBa
1‖

RT−1
P δBb

1

‖δBb
1‖

RT−1
P δBc

1

‖δBc
1‖



=


[
. . . . . . δzFB1 . . .

]T[
. . . . . . δzFB2 . . .

]T[
. . . . . . δzFB3 . . .

]T
 (18)

Here, δF a, δF b, and δF c are the force generated by a six-bar
spring system during bending and δFBall is the force generated
by the external flexible support system during bending.

By substituting Eqs. (14) and (15) into Eqs. (17) and (18),
the deformation forces of the six-bar spring system and the
external flexible support system during the bending motion
can be determined. Here, krod represents the stiffness of the
six-bar spring system, while the external flexible support sys-
tem is divided into three parts, with its stiffness denoted as
outkspri. In the bent posture, the resisting moment QR, pro-
vided by both systems, balances the driving moment QD ex-
erted by the driving cables. This balance establishes the total
moment τall equilibrium equation.

τall =QD+QR = 0

QD =

3∑
u=1

[ 0
0

zFu
C

]
×Cu

QR =

3∑
u=1

[ 0 z

zFBu

]
×
kBu

+

([ 0
0

δzḞ a
1

]
×

3D̃z2+

[ 0
0

δzḞ a
2

]
×

1D̃z1

)

+

([ 0
0

δzḞ b
1

]
×

1D̃z2+

[ 0
0

δzḞ b
1

]
×

2D̃z1

)

+

([ 0
0

δzḞ c
1

]
×

2D̃z2+

[ 0
0

δzḞ c
2

]
×

3D̃z1

)

(19)

By solving Eqs. (16) and (19) together, the force conditions
of the driving cables under different configuration spaces qi
can be derived. This analysis provides a basis for selecting
materials for the parallel robot, making it more aligned with
the motion characteristics of the human cervical spine. At the
same time, the static analysis lays the theoretical foundation
for dynamics research, providing preliminary validation of
the robot’s structure and mathematical model, while effec-
tively simplifying the complexity of dynamic analysis. Fur-
thermore, the joint torques and forces obtained from the static
dynamics calculations can serve as important references for
initial conditions or specific operating scenarios in dynamic
analysis, thereby improving the accuracy and stability of dy-
namic analysis.

3.2 Dynamic analysis

Dynamic analysis is a key aspect of robot system design,
with the primary goal of describing the mechanical changes
the robot experiences during motion. Unlike static analysis,
which focuses on the forces acting on the robot when it is sta-
tionary, dynamic analysis considers the dynamic responses
caused by factors such as inertia effects, Coriolis force, and
centrifugal force. These factors not only influence the robot’s
motion trajectory but also determine the torque QD required
at the driving joints and the overall performance. Therefore,
accurate dynamic modeling is crucial for effective robot con-
trol, path planning, and performance optimization.

Building on static analysis, the dynamic behavior of the
parallel robot is further investigated. By analyzing the mass
distribution of the platform, kinematic constraints, and cou-
pling effects between the platforms, the mechanical behavior
during the robot’s motion is modeled. During this process,
dynamic effects such as inertial force, Coriolis force, cen-
trifugal force, and gravity are considered and incorporated
into the dynamic modeling. Using Newton–Euler equations
and the Lagrangian function, corresponding dynamic equa-
tions are constructed to accurately describe the robot’s dy-
namic response during motion.

d
dt
∂Ls

∂qi
−
∂Ls

∂qi
=QD (20)

Equation (20) represents the Euler–Lagrange equation,
where Ls is the Lagrangian of the parallel robot and qi is the
derivative of the configuration space qi . QD is the required
torque for the robot system, which is generated by the driving
force of the cables.

Equation (21) represents the result of differentiating the
configuration space qi , while the Lagrangian in Eq. (20)
can be expressed by Eq. (22). The Lagrangian is obtained
from the difference between the system’s kinetic energy and
potential energy. By substituting Eqs. (21) and (22) into
Eq. (20), the new dynamic equations for the parallel robot
can be derived.

d
dt
∂Ts

∂qi
−
∂Ts

∂qi
+
∂Us

∂qi
=QD (21)

During the motion of the parallel robot, the kinetic energy
Ts in the Lagrangian Ls can be decomposed into two parts:
linear velocity kinetic energy qTV and angular velocity ki-
netic energy qTω.

Ts=
qTV+

qTω

qTV =
1
2
·mi ·

JV T
q ·
JVq

qTω =
1
2
·
JωT

q ·
ωIq ·Jωq (22)

Based on Eq. (22), the linear velocity kinetic energy qTV
and angular velocity kinetic energy qTω of the parallel robot
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system can be further derived. To calculate these two types
of kinetic energy, the linear velocity Vq , angular velocity ωq ,
and the system’s inertia matrix ωIq must first be determined.
The calculation of linear velocity JVq and angular velocity
Jωq depends on the corresponding Jacobian matrices qJV
and qJω in the configuration space qi . Additionally, the sys-
tem’s inertia matrix ωIq is determined by the mass mi of the
moving platform and the corresponding radius lengths.

qJV =
∂Pq

∂qi
=

[
∂Pq

∂φi

∂Pq

∂θi

]
JVq =

 Vx
Vy
Vz

=qJV · qi

=

[
∂Pq
∂φi

∂Pq
∂θi

]
·
[
φi θ i

]T (23)

Rq (φi,θi)=
∂Rq (φi,θi)

∂θi
· θ i +

∂Rq (φi,θi)
∂φi

·φi

Jωq =

 ωx
ωy
ωz

=qJω · qi ↔ Rq (φi,θi) ·Rq (φi,θi)−1

=

 0 −ωz ωy
ωz 0 −ωx
−ωy ωx 0

 (24)

Using Eqs. (23) and (24), the linear velocity JVq and angu-
lar velocity Jωq in the configuration space qi can be obtained
and expressed as three-dimensional vectors.

ωIq =

 xIωi
yIωi

zIωi


=

 1
4mirc

1
4mirc

1
2mirc

 (25)

Equation (25) provides the inertia matrix of the moving
platform, whose values can be determined based on the shape
of the platform to calculate the moments of inertia in the
XYZ directions. By substituting Eqs. (23), (24), and (25)
into Eq. (22), the kinetic energy Ts of the parallel robot sys-
tem can be obtained. For Eq. (21), the potential energy of the
parallel robot system still needs to be determined, including
both the gravitational potential energy of the robot and the
elastic potential energy from the six-bar spring system and
the external flexible support system.

Us(qi)= Ugray+Uspri (26)

In analyzing the gravitational potential energy Ugray in
Eq. (26), the gravitational potential energy variation of the
six-bar spring system and the external flexible support mech-
anism is neglected in the dynamic formulation. This simpli-
fication is justified because these components possess rela-

tively lightweight structures and undergo constrained sym-
metric micro-deformations, resulting in vertical center-of-
mass displacements whose potential energy contribution is
orders of magnitude smaller than the primary rotational dy-
namic work and cable tension strain energy. The gravitational
force acting on the moving platform can be calculated using
its mass and the actual gravitational acceleration. The grav-
itational potential energy Ugray changes in response to the
real-timeZ axis position of the moving platform in the global
coordinate system. During this process, the moving platform
is treated as a particle located at the center of mass Pq , al-
lowing the gravitational potential energy changes during the
robot’s motion to be analyzed.{
gm =

[
0 0 gtrue

]T
Ugray =mig

T
mPq (φi,θi)

(27)

The elastic potential energy Uspri is provided by the six-
bar spring system and the external flexible support system.
During the parallel robot’s bending motion, these systems
generate elastic potential energy due to deformation, and the
direction of deformation aligns with the axis. Equations (14)
and (15) describe the deformation generated during the bend-
ing motion. Based on Hooke’s law in elasticity, and using
the elastic stiffness krod of the six-bar spring system and the
stiffness outkspri of each spring in the external flexible sup-
port system, the variable radius δrz is used to determine rBz,
which is then used to analyze the elastic potential energy
Uspri of the parallel robot system.

spδLall =

2∑
k=1

[
δxL

a(k)2
+ δxL

b(k)2
+ δxL

c(k)2
]

(28)

Uspri =



s
1Uspri (δrz(β)= 0)=

1
2

[
spδLallkrod+

outkspri
3∑
k=1

(
δBall

1 (k)
)2]

s
2Uspri (δrz(β) 6= 0)=

1
2

[
spδLallkrod+

outkspri
3∑
k

(
δNBall

1 (k)
)2]

(29)

When analyzing elastic potential energy, the square of the
deformation is calculated using Hooke’s law and the work
principle in Eq. (28), providing a basis for further calcula-
tion in Eq. (29). By considering the variable radius δrz, an
analysis model of the elastic potential energy for the six-bar
spring system and the external flexible support system is es-
tablished using Eq. (29). By combining the gravitational po-
tential energy of the parallel robot from Eq. (27) with the
elastic potential energy from Eq. (29), the overall potential
energy expression for the parallel robot during motion can
be determined.
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U all
s (qi)=Ugray+Uspri

=mig
T
mPq (φi,θi)E2×2+

1
2

sp
δLallkrodE2×2

+
outkspri


3∑
k=1

(
δYBall

1 (k)
)2

3∑
k

(
δNBall

1 (k)
)2

E2×2 (30)

Furthermore, by substituting Eqs. (22) and (30) into
Eq. (21), the dynamic equations of the parallel robot can be
derived. Since Eqs. (22) and (30) are constructed based on
the configuration space qi , partial derivatives of qi can be
computed to more accurately describe the robot’s dynamic
characteristics. This dynamic equation not only helps opti-
mize control strategies to improve trajectory tracking accu-
racy and motion stability but also predicts key parameters
such as system inertia and torque distribution, providing the-
oretical support for practical applications.

4 Simulation analysis of the parallel robot

Based on the principles of bionics and robotics, this paper
designs a novel cable-driven, variable-stiffness, compliant
parallel robot by referring to the structural characteristics
of human cervical bones and muscles. Through the study
of the functional relationship between the bones and mus-
cles during cervical flexion, the structure of traditional par-
allel robots is innovatively optimized. The design adopts a
compliant structure that simulates the interaction between
bones and muscles, incorporating a unique variable stiffness
mechanism to emulate the working characteristics of human
neck muscles. Building on the novel configuration and func-
tional innovation, this paper establishes the robot’s kinematic
model. It derives the G function and its inverse function A,
which map from the configuration space qi to the actuation
space 1l. Additionally, static and dynamic analyses are per-
formed, leading to the complete dynamic equations of the
robot.

To validate the posture control and dynamic characteris-
tics of the cable-driven, variable-stiffness, compliant paral-
lel robot, kinematic and dynamic simulations are conducted.
As shown in Table 1, the basic parameters required for the
simulation are provided, including the radius of each mount-
ing hole and the corresponding angle values. Figure 6 visu-
ally presents the robot’s form in different spatial poses, and
the corresponding driving cable lengths are calculated to ver-
ify the accuracy and reliability of the established kinematic
model.

According to the G function defined in Eq. (12), the length
of the driving cables in the parallel robot can be calculated
from the configuration space qi , which determines the spe-
cific posture of the parallel robot shown in Fig. 6. Based on

the normal human neck flexion range, and considering the
reduction of neck movement by about 30 % when wearing
heavy wearable protective equipment, the maximum flexion
angle for the parallel robot is set to 30°, closely mimicking
the true motion characteristics of the human neck (Zhang et
al., 2023).

Using the kinematic equations of the parallel robot and
the range of flexion and azimuth angles, the robot’s task
workspace can be further analyzed. This analysis helps de-
fine the reachable range of the robot’s end effector, ensuring
that the design of the cable-driven, stiffness-variable, com-
pliant parallel robot effectively simulates human neck move-
ment. During the task space analysis, as shown in Fig. 6, the
robot’s motion shape in 3D space is displayed in lines, and
simulation results verify the robot’s spatial performance dur-
ing actual task execution, ensuring that the design meets the
expected goals.

Figure 7 illustrates the workspace of the parallel robot.
When the actuation space 1l is in the initial state, the end ef-
fector Pq is positioned at the highest point during the robot’s
motion. By analyzing the movement of the platform, the
motion state of the driving cables can be observed. From
a top-down view, the robot’s movement range in the XY
plane is clearly visible, and the driving cable’s motion tra-
jectory always stays within the platform’s motion range. The
workspace analysis provides data support for evaluating neck
flexibility and the range of motion.

Through kinematic simulations of the parallel robot, its
motion posture is determined, providing the foundation for
further analysis of its static and dynamic characteristics. For
each posture, the tension FC

d (d = 1, 2, 3) in the driving ca-
bles and the variation in cable length relative to the initial
state (i.e., the change in actuation space 1l) are calculated.
In the robot’s initial state, pre-tensioning the driving cables
not only stabilizes its posture but also ensures that the initial
length between the platforms remains lo. By analyzing the
variations in actuation space 1l and the corresponding cable
tensions, the robot can achieve motion control through force-
position control, effectively simulating the natural motion of
the human neck.

As shown in Fig. 8, by analyzing the range of values for
the bending angle θi and azimuth angle φi , along with the
dynamic equations and the G function, the force variation
surface of the driving cables and the actuation space 1l vari-
ation surface are derived. The results show that the cable
tension surface and the actuation space 1l variation curve
exhibit similar trigonometric characteristics. On the left and
right sides of Fig. 8, the tension of the same driving cable
and the change in actuation space 1l are shown. Comparative
analysis indicates that this relationship helps to better under-
stand the parallel robot’s dynamic behavior and improves the
precision of motion trajectory control. As the actuation space
variation of cable u increases, its tension also increases. Ad-
ditionally, as the bending angle θi of the parallel robot in-
creases, both the cable tension and the actuation space vari-
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Table 1. Basic parameters of the parallel robot.

Symbol Property Value

mi Mass of the moving platform and fixed platform 5 kg
lo Length between the moving platform and fixed platform 0.1 m
rc Radius value of the cable hole position 0.074 m
rz Radius value of the six-bar spring system 0.026 m
δrz Length value of the sliding rail (variable radius) 0–0.03 m
rB Radius of the rotating structure 0.08 m
krod Stiffness of the six-bar spring system 1500 N mm rad−1

kspri Stiffness of the external flexible support system 700 N mm rad−1

θ Bending angle of the parallel robot 0–30°
φ Azimuth angle of the parallel robot 0–360°
β Rotational range value of the rotating structure 0–60°
σ 1/2 angle between two adjacent mounting positions of the six-bar spring system 10°

Figure 6. Spatial posture and cable length values of the parallel robot.

ation gradually increase, though the overall trend still fol-
lows a trigonometric curve. When the external flexible sup-
port system reaches the limit of its extension and contraction
deformation, the tension in the flexible cable reaches its min-
imum and maximum values.

The parallel robot is connected through a six-bar spring
system between the moving platform and the fixed platform,
along with an external flexible support system, forming a
rigid–flexible coupling structure. This effectively simulates
the motion characteristics of the human neck. In the sys-
tem, the moving platform is rigidly connected to the six-bar
spring system and the flexible support system. At the bound-
ary where the moving platform and flexible support system
are coupled, force balance is achieved, and the end displace-
ments of both the rigid and flexible bodies remain continu-
ous. Based on this, the dynamic equations of the rigid and
flexible bodies are coupled, leading to the establishment of
the parallel robot’s rigid–flexible coupling equation.

{
σω =

d
dt ‖

Jωq‖

σV =
d
dt ‖

JVq‖
(31)

By substituting Eqs. (23) and (24) into Eq. (31), the an-
gular acceleration and linear acceleration during the robot’s
motion can be calculated. During this process, the torqueQD
applied by the driving cables on the moving platform bal-
ances with the torque generated by the deformation of the
flexible support system. Based on Eq. (31), the rigid–flexible
coupling equation for the parallel robot is established.

IB =
1
2
mirc

IBσω = τin =QR =−QD (32)

Equation (32) describes the rigid–flexible coupling equa-
tion of the parallel robot, where IB is the inertia matrix. The
inertia coupling matrix can be calculated from the angular ac-
celeration of the robot during motion. The resistance torque
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Figure 7. Workspace analysis of the parallel robot.

generated by the flexible system forms the torque coupling
matrix τin, determined by Eq. (19), which balances with the
driving torque QD applied by the driving cables. This leads
to the rigid–flexible coupling equation of the parallel robot.
The rigid–flexible coupling analysis curve is shown in Fig. 9.

For the parallel robot mimicking the human neck muscles
with a variable stiffness system, the stiffness is determined by
the stiffness of the driving cables1Kcable and the stiffness of
the flexible system Krobot. By rotating the structure to adjust
the motion position of the slide rail, the radius of the external
flexible support system can be changed, thereby adjusting the
stiffness of the driving cables. When the parallel robot is in a
fixed posture, the length of the driving cables cannot change,
but adjusting the radius of the flexible support system causes
a variation in the resistance torqueQR of the flexible system.
To maintain the posture of the robot, the driving torque QD
of the cables is adjusted accordingly, achieving the function
of mimicking the variable stiffness of human neck muscles.
Krobot = 6krod+ 3outkspri

1Kcable =
3∑
d=1

FC
d

‖(RTP−E)C̃d‖
(33)

Kall =Krobot+1Kcable (34)

In Eq. (33), the stiffness of the driving cables 1Kcable and
the stiffness of the flexible systemKrobot are key components
of the overall stiffness Kall of the parallel robot. By substi-
tuting Eq. (33) into Eq. (34), the stiffness variation rule of
the parallel robot can be obtained. To quantitatively evalu-
ate the static and dynamic performance from the numerical
results, specific simulation evaluation metrics are defined in
Eqs. (30)–(34).

Figure 10 illustrates the variation in the stiffness of the
parallel robot. By adjusting the rotational structure to modify
the radius of the external flexible support system, the robot’s
stiffness can be controlled. The figure displays four surface

variations corresponding to four different values of the vari-
able radius δrz(β) of the external flexible support system.
As the angle β increases, the variable radius δrz(β) also in-
creases, resulting in a corresponding rise in the overall stiff-
nessKall. The value ofKall reflects the robot’s ability to resist
external disturbances, analogous to the stabilizing function of
human neck muscles when subjected to external forces. The
simulation analysis clearly demonstrates the system’s abil-
ity to adjust stiffness at different postures, further validat-
ing its effectiveness and feasibility in mimicking the variable
stiffness behavior of human neck muscles. This approach not
only provides valuable design insights and a theoretical foun-
dation for the development of biomimetic robots that repli-
cate human muscle functions but also broadens the potential
applications of parallel robots in complex and dynamic envi-
ronments.

5 Discussion

Through the aforementioned simulation study, the
biomimetic human cervical parallel robot proposed in
this paper outperforms the cable-driven parallel robot with a
spring-based spine designed by Gao and Song, particularly
in simulating the actual range of motion of the human
cervical spine (Grazioso et al., 2019). By expanding the
range of the bending angle θi , the parallel robot increases its
task space, as shown in the blue area of Fig. 11. Additionally,
the robot more accurately replicates the characteristics of
the cervical bones and muscles in its biomimetic structure.
Detailed kinematic and dynamic analyses validate the feasi-
bility of the proposed design and highlight its performance
advantages. The kinematic simulation results show that the
parallel robot can achieve high motion control precision,
effectively adjusting the cervical posture. Furthermore,
dynamic analysis demonstrates that the robot’s stiffness
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Figure 8. Variation in cable tension and actuation space of the parallel robot.

adjustment mechanism can flexibly alter its overall stiffness,
significantly enhancing the structural stability and resistance
to external disturbances.

Nevertheless, from the perspective of human cervical mus-
cle movement mechanisms, the parallel robot still has room

for improvement. The current variable stiffness system relies
on adjusting the radius of the external flexible support sys-
tem to achieve stiffness changes. However, this design may
cause variations in the robot’s size, affecting its biomimetic
fidelity and practical application performance. Therefore, fu-
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Figure 9. Rigid–flexible coupling analysis of the parallel robot.

Figure 10. Stiffness variation of the variable stiffness system.

ture work will focus on optimizing the structural design to
better match the shape of the human cervical spine, while
maintaining its functional capabilities, in order to enhance
both its biomimicry and practicality.

Additionally, the friction effects were neglected in the dy-
namic calculations of the system in this paper. However, in
practical applications, friction can have a non-negligible im-
pact on the robot’s motion performance and the accuracy of
the end effector. By using lubricants, reducing the contact
area along the drive path, and incorporating self-lubricating
bushings at the cable fixation points, the negative impact of
friction can be effectively reduced, thereby improving the
overall performance of the robot.

In summary, the biomimetic human cervical parallel robot
still requires further optimization in its structural design to
enhance performance, stability, and biomimetic characteris-

tics. Additionally, the frictional effects should be incorpo-
rated into the system analysis to account for their potential
impact on the robot’s motion. Furthermore, differences in
motion time during kinematic simulations should be consid-
ered, as they may be limited by the computational capacity
of the devices used. Future work should focus on optimizing
and adjusting the design and simulation strategies to meet the
specific needs of various application scenarios.

The robot system designed in this study has demonstrated
clear advantages in structural design and stiffness adjust-
ment, but there are still several limitations. Firstly, the cur-
rent stiffness adjustment relies on the radius change of the
external flexible support system, and the response speed and
adjustment accuracy need to be further verified through pro-
totype experiments. Secondly, the overall dynamic perfor-
mance and control strategy of the robot have not been fully
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Figure 11. Workspace distribution and optimized region of the proposed parallel robot: (a) Y–Z plane view, (b) X–Z plane view showing
the optimization area, (c) top view in X–Y plane, and (d) 3D spatial workspace plot.

developed and improved, and complex working conditions
in practical applications place high demands on system sta-
bility. In addition, this study focuses on simulating the mo-
tion range and stiffness characteristics of the bionic cervical
spine and has not addressed the functional adaptability and
safety assessment of the system in specific application sce-
narios such as humanoid robots and rehabilitation. There are
still many challenges in the development of practical appli-
cations in humanoid robotics and rehabilitation training sys-
tems, such as real-time response and robustness of control
systems and multi-sensor information fusion.

6 Conclusions

This paper presents an innovative cable-driven parallel robot
with a variable stiffness mechanism, inspired by the motion
mechanism of human cervical spine. It improves upon tradi-
tional parallel robots by incorporating rigid–flexible coupling
and variable stiffness functions, allowing the robot to simu-
late the collaborative interaction between muscles and bones
during neck motion. The robot consists of a motion platform,
a fixed platform, drive cables, a six-bar spring system, and an
external flexible support system. It is driven by three cables
and successfully mimics the motion of the human cervical
spine.

The robot adopts an innovative design combining rigid–
flexible coupling with a variable stiffness system. This de-

sign provides necessary compliance during bending and al-
lows for adjustable stiffness. It effectively simulates the re-
sistance of neck muscles to external disturbances. This novel
design offers a new approach for the structural concept of
biomimetic cervical robots. Based on this, a systematic anal-
ysis of the general kinematics of the parallel robot was con-
ducted. The G and A functions between the configuration
space qi and the actuation space 1l are established. The
kinematic equations are optimized, leading to a significant
improvement in the efficiency of kinematic calculations. In-
depth static and dynamic analyses are performed. Using
force-position control methods, the precise pose of the robot
in space is determined. This greatly enhances the motion ac-
curacy and trajectory stability of the end effector. The rigid–
flexible coupling structure and variable stiffness system are
also thoroughly studied. Adjusting the radius of the exter-
nal flexible support system effectively controls the robot’s
stiffness. This improves its ability to resist external distur-
bances. These findings provide theoretical support for the
rigid–flexible coupling and variable stiffness system. Finally,
simulations confirm the effectiveness of the variable stiffness
system within its adjustable range. This innovative design
opens new research directions for developing biomimetic
cervical parallel robots.

Despite these promising results, certain limitations of the
present study should be acknowledged. First, the current
model omits non-linear cable friction and structural hystere-
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sis, while simplified assumptions were made regarding the
mass of specific components. Second, the coupling relation-
ship between bones and muscles has not yet been fully opti-
mized based on detailed cervical spine anatomy. To address
these limitations, future research will focus on the systematic
optimization of the robotic architecture. Specifically, the dy-
namic mass and volume distributions of the human head will
be fully integrated into the end-effector load profile. Further-
more, the bone–muscle coupling mechanism will be refined
using precise anatomical data of the cervical spine to emu-
late human neck kinematics with higher fidelity. Addition-
ally, practical environmental non-linearities, such as friction,
will be incorporated into the governing equations, and force/-
pose sensors will be integrated into the end effector to estab-
lish a closed-loop feedback control scheme, thereby enhanc-
ing the operational accuracy and adaptability of the platform
in physical applications. Overall, this work provides a novel
structural paradigm for biomimetic human cervical parallel
robots and offers fresh insights into biological muscle–bone
interaction, which is expected to broaden the potential appli-
cation scenarios in the field of advanced biomimetic robotics.
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