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ABSTRACT
Keyhole procedures frequently necessitate passing instruments through narrow, elongated surgical channels, presenting a sig-
nificant challenge in designing manipulators with compact structures and superior remote dexterity. In this work, we propose a
novel 7 degrees‐of‐freedom variable stiffness dexterous surgical manipulator based on a flexible parallel mechanism. The
manipulator has an outer diameter of 4.5 mm and is characterized by a hollow structure that incorporates a central channel
measuring 1.8 mm. This design facilitates the integration of tool drives and sensors within the manipulator, enhancing its overall
functionality. The kinematics and stiffness model of the flexible parallel mechanism are derived. Additionally, a prototype of the
proposed manipulator is presented and evaluated through sufficient experiments. We performed a teleoperation test to charac-
terize the model accuracy of the prototype, and the average error is approximately 0.49 mm. Furthermore, we conduct a series of
experiments to verify the prototype's performance, including workspace, stiffness, and dexterous operation. The results confirm
that the surgical manipulator demonstrates excellent performance in the challenging environment of keyhole procedures.

1 | Introduction

The keyhole procedure represents a significant advancement in
minimally invasive surgery (MIS), offering substantial benefits
over traditional open surgery including reduced trauma, dimin-
ished pain, and accelerated recovery [1–3]. This approach has
found widespread application across various surgical disciplines
such as laparoscopy, neurosurgery, and arthroscopy. However,
the inherent constraints of keyhole procedures, characterized by
confined operating spaces and complex anatomical environ-
ments, impose rigorous requirements on surgical instruments,
necessitating compact dimensions, enhanced flexibility, and
adjustable stiffness capabilities to ensure both safety and efficacy
[4]. Conventional rigid surgical instruments, constrained by their
limited degrees of freedom (DOFs) and inadequate flexibility,
often prove insufficient for addressing the complexities of mod-
ern minimally invasive operations [5].

In response to these challenges, the field has witnessed growing
interest in dexterous robotic manipulators for MIS applications
[6–9]. Several architectural paradigms have emerged, each
presenting distinct advantages and limitations. Rope‐driven
mechanisms [10] facilitate manipulator miniaturization
through remote actuator placement [11–13] and offer limited
stiffness modulation via tendon tension adjustment [14], though
they contend with accuracy limitations stemming from
transmission‐related issues including backlash, friction, and
elastic deformation [15, 16]. Continuum architectures encom-
passing concentric tube systems [17], snake‐like joint mecha-
nisms [18], and serial spacer disk configurations [19] deliver
exceptional flexibility and demonstrate considerable safety
merits in complex surgical settings [20, 21], yet their operational
effectiveness is often constrained by substantial bending radii
that restrict deployment in tightly confined spaces [22, 23].
Linkage mechanisms provide expansive workspaces and
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relatively straightforward control [24], but encounter significant
obstacles in achieving both miniaturization and dexterity due to
challenges associated with microscopic kinematic pair imple-
mentation [25]. Parallel mechanisms deliver superior precision,
robust load capacity, and enhanced stability [26–28], though
their adaptation to constrained surgical workspaces while
maintaining dexterous mobility presents formidable design
hurdles [29], particularly regarding the miniaturization of rigid
joints and structural components [30–32].

To address these multifaceted challenges, we introduce an
innovative flexible parallel mechanism that synthesizes benefi-
cial attributes from both parallel and continuum robotic para-
digms. This design enables adjustable stiffness capability, where
low stiffness enhances safety during sensitive procedures such
as tissue exploration, whereas high stiffness provides the
necessary stability for subsequent surgical manipulations. Our
approach transcends conventional design limitations by
achieving simultaneous miniaturization and independent stiff-
ness modulation while preserving a functional 1.8 mm central
instrument channel. Distinguished from three‐branch architec-
tures [33], our six‐branch configuration ensures improved load
distribution and operational safety through redundant actuation
principles. Moreover, our flexible joint implementation obviates
the need for complex miniature joints while maintaining posi-
tional accuracy.

The principal contributions of this work are as follows. We
developed a series‐connected flexible parallel mechanism that
provides multiple DOFs for motion and stiffness adjustment
within a compact form factor incorporating a central instrument
channel. We established complete kinematic and stiffness
models for this robotic system and validated them through
physical prototype implementation. Experimental evaluation
demonstrated the system's capabilities in positioning accuracy,
load bearing, and operation in constrained environments, con-
firming its suitability for keyhole surgical procedures.

The remainder of this paper is organized as follows: Section 2
introduces the proposed system and presents its kinematic
analysis. Section 3 reports experimental results validating the
system's performance. Finally, Section 4 provides a discussion
and concluding remarks.

2 | Methods

2.1 | System Description

The robotic system is shown in Figure 1a. The connection
between the manipulator and the actuation unit is imple-
mented via a stainless steel tube whose length can be adjusted
to suit specific surgical channel constraints. Inside the stainless
steel tube are the NiTi rod, inner tube, and outer tube that
drive the manipulator. The remaining space accommodates
surgical tool drives and other components. Additionally, by
integrating master equipment and control algorithms, the
completeness of the slave robotic system enables master‐slave
operation [34, 35].

2.2 | Manipulator With Variable Stiffness
Mechanism

The flexible parallel mechanism shown in Figure 1b has the
characteristics of dexterity, variable stiffness and high precision.
The mechanism consists of two parallel mechanisms connected
in series. The remote parallel mechanism consists of 6 NiTi rods
with an outer diameter of 0.3 mm. The inherent superelastic
properties of the NiTi rod provide commendable capabilities for
bending and subsequent recovery [36–38]. Through group actu-
ation of adjacent NiTi rods, the system achieves 2 bending and 1
local translational DOF. The proximal parallel mechanism is
composed of 6 flexible inner tubes made of PEEK material, with
anouter diameter of 0.8mmandan inner diameter of 0.4mm.The
NiTi rod of the remote parallel mechanism passes through the
inner tube. The spatial structure anddrivingmodeof the proximal
parallel mechanism are similar to those of the remote parallel
mechanism, with 2 bending DOFs and 1 local translational DOF.
Additionally, the robotic has 1 global translational DOF.

Additionally, the structural design of the mechanism is notably
compact. Compared to three‐branch parallel mechanisms, this
six‐branch design provides enhanced load distribution and
functional redundancy through its 7‐DOF architecture, enabling
stiffness adjustment while maintaining a fixed pose. This par-
allel mechanism features multiple branches. Adapting the
conventional rigid structure with spherical hinges leads to
complex connecting joints, which easily cause deformation and
damage under the action of external forces. While system reli-
ability decreases, the difficulty of processing and assembly also
increases accordingly [6]. Therefore, we utilize flexible branch
chains to replace the rigid links in the mechanism. This
approach not only simplifies the kinematic pair but also pro-
vides sufficient flexibility and strength for the parallel mecha-
nism. As shown in Figure 1c, the flexible parallel mechanism
adopts a nested arrangement of flexible branches. This design
facilitates the coaxial arrangement of the driving mechanism
and optimizes space utilization for both components. Simulta-
neously, the structure featuring a central aperture in the
manipulator facilitates the convenient driving of surgical tools
and the arrangement of sensors.

The parallel mechanism is composed of flexible branch chains
with variable lengths, resulting in the stiffness of the mecha-
nism changing with the length of the branch chain. By adjusting
the center length of the mechanism, variable stiffness charac-
teristics can be achieved. The manipulator features 5 DOFs for
movement and an additional 2 DOFs for stiffness adjustment.
This configuration enables not only extensive angle bending and
dexterous movement but also stiffness transformation, as shown
in Figure 1d.

2.3 | Compact Driver With Linear Motion

The drive mechanism is designed to provide the driving force for
manipulator motion control. The manipulator is connected to the
drive mechanism using a stainless steel tube with adjustable
length. The Bowden Cable principle is employed to transmit the
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motion of the flexible branch chain. Thus, the presence of the
inner tube and the outer tube allows the NiTi rod and the inner
tube to transmit the linearmotion from thedriving end. The screw
slider is used as the linear motion transmission mechanism,
characterized by its compact structure and lightweight. Figure 1e
is a schematic diagramof the drivingmechanism. Six sliders move
axially along the rigid rod, and the motor (DCX13, Maxon,
Switzerland) is used to provide power to the robotic system.

2.4 | Kinematic and Workspace Analysis

To simplify the description of the deformation of the coupled
elastic rod in this flexible parallel mechanism, we ensure that it
moves under conditions of small deformation to maintain the
constant curvature of the flexible branch chain bending. The
adjacent flexible branch chains of the robotic system are driven
simultaneously as a group, and the six branch chains of the
parallel mechanism are divided into three groups during the
motion modeling process. The kinematic model is shown in
Figure 2a,b. The results section validates the model.

The state of the flexible parallel mechanism can be character-
ized as a virtual parameter φ = [β, δ, L]T , connecting the task
space to driver space. The position of one segment in the base
coordinate can be described as

PibiL =
L
β

⎡

⎢
⎣

cos β(1 − cos δ)
sin β(1 − cos δ)

sin β

⎤

⎥
⎦ (1)

Rotation matrix Ribie associates coordinate {2b/2e} and coordinate
{1b/1e} can be described as

Ribie = R(ẑ , δ)R(ŷ , β)R(ẑ ,−δ) (2)

where R(ẑ, δ) represent a rotation by angle δ about axis ẑ. The
transformation matrix coordinate {2b/2e} and coordinate {1b/1e}
can be described as

T = [
Ribie PibiL
0 1

] (3)

The position of gripper in the world coordinate {w} can be
described as follows in the robotic manipulator:

Pwg = P
w
1b + P

1b
1L + R

1b
2b(P

2b
2L + R

2b
2eP

2e
g ) (4)

where Pw1b is the translation from coordinate {1b} to world
coordinate {w} and P2e

g is the gripper tip position in coordi-
nate {2e}.

In the kinematic model, r1i and r2i denote the bending radii of
the i‐th driving branch group in the proximal and remote par-
allel mechanisms, respectively. Considering the relationship
between the virtual parameter φ and the driving quantity of
each inner tube, the length of each inner tube in the proximal
parallel mechanism can be described as

l1i = L1 − r1i cos(δ1 +
2π
3
(i − 1)) (5)

Given that the NiTi rod passes through the inner tube, the
movement of the proximal parallel mechanism affects the
remote parallel mechanism due to coupling. When the proximal
parallel mechanism maintains a fixed posture, the length
driving amount of the NiTi rod can be described as

FIGURE 1 | Overview of the robotic system. (a) Details of the robotic system. (b)The flexible parallel manipulator end mechanism. (c) Hole space
configuration. (d) Motion characteristics of the manipulator. (e) The connection between the manipulator and the driver system.
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l2i = L1 − r1i cos(δ1 +
2π
3
(i − 1)) + L2 − r2i cos(δ2 +

2π
3
(i − 1))

(6)

By analyzing the reachable workspace of the surgical robotic
and the distribution of operating points in the surgical envi-
ronment, we can evaluate its feasibility during surgery. Ro-
botic dexterity analysis characterizes the dexterity of robotic
operations within the reachable workspace. Surgeons can pre‐
plan the surgical area and schedule intricate procedures
within regions where the robotic system exhibits high opera-
bility [39].

The condition number represents the uniformity of change of
the Jacobian transformation matrix in all directions.

κJ = ‖Jl‖
⃦
⃦J−1

l
⃦
⃦ =

σmax

σmin
=

̅̅̅̅̅̅̅̅̅̅
λmax

λmin

√

(7)

where σmax and σmin represent the maximum and minimum
singular values of Jacobian matrix J, λmax and λmin represent the
maximum and minimum eigenvalues of matrix JJT .

ηJ =
1
κJ

e(0, 1] (8)

We adopt the reciprocal of the condition number of the Jacobian
matrix as the metric to evaluate the dexterity of the manipulator
[40, 41]. When the ηJ approaches 1, the manipulator is in an
isotropic state and has uniform motion ability in all directions.
Conversely, when the ηJ approaches 0, the manipulator is close
to the singular position with the worst motion performance.

The Jacobian matrix can be obtained by taking the derivative of
Equation (4).

JXq =

⎡

⎢
⎢
⎢
⎣

R1b
2b(J2V − [R2b

2eP
2e
g ]

×

J2ω) J1V − T1J1ω

R1b
2bJ2ω J1ω

⎤

⎥
⎥
⎥
⎦

(9)

where

T1 = [R1b
2bP

2b
2L + R

1b
2eP

2e
g ]

×

(10)

[p] × is the skew‐symmetric matrix of a vector p.

The reachable workspace of the manipulator is defined as the
position set of the target point Pwg , which is determined by three
independent variables of vector q, where q represents the
driving variables of the branch chains.

The reachable workspace of a flexible parallel continuum
mechanism determines the working range of surgical opera-
tions. By using MATLAB simulation software under the con-
dition of each chain length q ∈ (2 mm, 15 mm), the reachable
workspace of the surgical manipulator can be obtained which
covers an area of 20 mm × 20 mm × 20 mm, as shown in
Figure 2c. In conventional keyhole procedures, such as endo-
scopic spine surgery, the surgical field typically spans around
20 mm × 20 mm × 30 mm. The designed robotics is capable
of moving a distance exceeding 30 mm along the axis. Addi-
tionally, the simulation results not only confirm that the
reachable workspace of the robotic system satisfies the required
criteria but also calculate its operability, offering a valuable
reference for the application of the robotic system in minimally
invasive surgery.

2.5 | Stiffness Analysis

External force and deformation applied in the surgical tools are

w = [FT ,MT]
T and U = [Δx,Δy,Δz,Δϕx,Δϕy,Δϕz]

T

Given that each branch chain is connected to the manipulator
with fixed joints, the stiffness model of one chain in flexible
parallel mechanisms can be expressed as

fi = kiui (11)

where ki is the stiffness matrix of the branch chain [42], which
can be described as

FIGURE 2 | Mechanism kinematic model and simulation analysis. (a) Coordinate system. (b) Kinematic model parameters. (c) Simulated
workspace and dexterity based on robotic kinematics.
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ki =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

12EI2
l3i

0 0 0 −
6EI2
l2i

0

0
12EI1
l3i

0
6EI1
l2i

0 0

0 0
EA
li

0 0 0

0
6EI2
l2i

0
EA
li

0 0

−
6EI1
l2i

0 0 0
4EI1
li

0

0 0 0 0 0
GIp
li

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(12)

where E and G represent the Young's modulus and shear
modulus of the branch chain, respectively. A and li are the cross‐
sectional area and the effective length, respectively. I1, I2, and Ip
are the second area moment about the local x‐axis and y‐axis,
and the polar area moment about the local z‐axis, respectively.

According to our previous research basis [43], the stiffness of the
flexible parallel mechanism can be described as

Ku =∑
6

i=1
λTu,iku,iλu,i (13)

where λu,i is the deformation compatibility matrix, ku,i is the
stiffness matrix of the branch chain.

The equivalent displacement parameter of remote parallel
mechanism in coordinate {2b} to coordinate {1b} can be
described as

U2 = w(μK2)
−1 (14)

where

μ = [R
T −RT[p]×
0 RT ] (15)

[p] × is the skew‐symmetric matrix of a vector p. And

[
R p
0 1 ] = R

1b
2b (16)

For the proximal parallel mechanism, the displacement vectors
in the coordinate {1b} can be described as

U1 = w−1K1 (17)

Combining the displacement of two parallel mechanisms
Equations (14) and (17), the equation can be described as

w = K(U1 + μU2) (18)

where

K = (K1 + K2)(K1 + μK2)
−1 (19)

is the stiffness matrix of the flexible parallel mechanism, K1 and
K2 are the stiffness matrix of the proximal parallel mechanism
and remote parallel mechanism.

3 | Results

3.1 | Accuracy Test

In the realm of keyhole procedures, the precision of master‐
slave operations is pivotal for guaranteeing surgical efficacy
and safety. In order to validate this, the experimental setup was
arranged as illustrated in Figure 3a. The setup comprises a
surgical robotic, a master hand (Nominal position resolution:
∼0.055 mm, Sensable Technologies Inc., Woburn, America), an
endoscope, and a laser module. Visual feedback during tele-
operated tasks is facilitated through endoscopy.

The trajectory plane located within the endoscope's field of view
is perpendicular to the manipulator. The surgeon employed the
master hand to intuitively and remotely control the tip of the
manipulator, guiding it to traverse along the designated trajec-
tory. For visualization and data collection purposes, a laser
module is affixed to the tip of the manipulator, emitting a red
laser as a marker. The trajectory types cover a wide range of
surgical scenarios, including three specifically designed trajec-
tories based on common keyhole procedures. The left column of
Figure 3b–d shows Helix, Circular plus, and Pentagram.

For a series of trajectories, the robotic moves forward (depicted
by the blue curve) and backward (depicted by the red curve)
respectively, as shown in the left column of Figure 3b–d. In our
study, we recorded the movement of the laser spot within the
endoscopic view and meticulously traced the trajectory based on
the red laser using the open‐source Physlets Tracker video
analysis software.

The series of trajectory error plots in Figure 3b–d shows excel-
lent alignment between the remotely operated trajectory and the
reference trajectory. The average errors are as follows: (b) spiral
trajectory 0.43 mm, with an average speed is 2.02 mm/s, (c)
Circular plus trajectory 0.52 mm, with an average speed is
2.05 mm/s, and (d) pentagram trajectory 0.52 mm, with an
average speed is 1.93 mm/s. It is worth noting that larger errors
tend to occur during direction changes and arc transitions. This
phenomenon is mainly attributed to issues such as hardware
clearance and frictional resistance. At the same time, the series
of errors in trajectory tracking are closely related to the opera-
tor's habits and the theoretical motion model, highlighting the
reliability of the theoretical motion model. Furthermore, this
observation confirms the high precision of the surgical robotic
system in master‐slave operations.

3.2 | Test for the Variable Stiffness

The aim of this experiment is to assess the stiffness character-
istics of the prototype by inducing deflections at the robotic end
and measuring the corresponding reaction force.
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The experimental device is shown in Figure 4a, including a
moving platform and a force sensor (resolution: 15mN,
KWR75 A, KUNWEI, China). The manipulator is set as two
types of stiffness states with L1 = 2 mm, L2 = 2 mm and
L1 = 10 mm, L2 = 10 mm. In the above two states, the rotating
micro head drives the end of the manipulator to displace 20
times in a direction perpendicular to the central axis of the
manipulator in steps of 0.1 mm, and the respective reaction
forces are recorded.

Figure 4b characterizes the reaction force against deflection of
the manipulator. The dashed curve is the theoretical value
calculated by the stiffness model in Section 3. The solid curve

represents the average measurement value within the 95%
confidence interval of the five test result groups. The measured
values closely align with the theoretical values (maximum error:
0.11 N with L1 = 2 mm, L2 = 2 mm, 0.04 N with L1 = 10 mm,
L2 = 10 mm), affirming the accuracy of the stiffness model.
With small standard deviations in the measured values, the
robotic demonstrates stable performance. The stiffness with
L1 = 2 mm, L2 = 2 mm (ranging from 1.26 N/mm to
1.36 N/mm) surpasses that at L1 = 10 mm, L2 = 10 mm (ra-
nging from 0.11 N/mm to 0.16 N/mm), which shows that the
stiffness of the manipulator can be effectively adjusted. The
observed deviation between theoretical and experimental stiff-
ness values, particularly at shorter mechanism lengths, can be

FIGURE 3 | Teleoperation test and error analysis in manipulator movements. (a) Experimental setup with optical tracker and marker. (b) Helix.
(c) Circular plus. (d) Pentagram.

FIGURE 4 | Test for the variable stiffness. (a) Experimental setup of the variable stiffness test. (b) Examine the effect of different lengths of stages
on stiffness by fitting the stiffness data of each measuring point.
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primarily attributed to two factors. First, the increased influence
of friction and internal resistance within the actuation system at
higher tension states. Second, the inherent nonlinearity of the
material properties under large deformation conditions, which
is not fully captured by the linearized model. This suggests that
for precise stiffness control in surgical applications, a compen-
sation model accounting for these nonlinear effects would be
beneficial.

3.3 | Performance Test

In the keyhole procedures, target areas are spread in multiple
directions within tight spaces. Conventional surgical tools
struggle with limited flexibility, leading to hard‐to‐reach areas
and poorer results. Therefore, the purpose of this experiment
is to selectively harvest green pepper seeds under endoscopy,
aiming to evaluate the flexibility of the robotic system during
operation. The detailed operation process is shown in
Figure 5. The experimental setup consists of a master hand,
an endoscopic platform equipped with an adjustable clamp,
and a miniature camera with a built‐in light source. The
miniature camera is firmly positioned at one end of the
endoscope platform. A robotic manipulator can navigate
into the pepper through the endoscopic platform's tool chan-
nel and perform the seed extraction process under the su-
pervision of a tiny camera. The test environment is shown in
Figure 5a.

The pepper's inner cavity resembles human body cavities,
with seeds sticking to its inner walls (Figure 5b 1). Guided by
live endoscopic images, the operator controlled the mani-
pulator to enter the designated area. Subsequently, the sur-
gical robotics controlled to conduct exploratory maneuvers
(Figure 5b 2). The forceps were then controlled to collect
seeds, which were removed to complete the operation
(Figure 5b 3,4). Results demonstrate that the robotic manip-
ulator can access target areas under endoscopic guidance and
perform both cavity exploration and seed harvesting eff-
ectively, confirming the robotic configuration's functional
feasibility.

3.4 | Ex Vivo Test

The surgical environment of keyhole procedures is complex,
with mucosa and various tissues distributed within the narrow
space. Dexterous operation in tight environments requires
compact actuators. Mucus and tissue deformation in the surgi-
cal area make surgical operations more difficult. Therefore, in
vitro tissue experiments are an important step to further verify
the performance of robotics.

As illustrated in Figure 6a, the experimental platform comprises
a manipulator, camera, section of chitterlings, and monitor. The
robotic instrument and endoscopic unit were guided through
separate channels of the simulated platform, with the endoscope
delivering video output to the computer monitor.

The motion test was performed inside the chitterlings as shown
in Figure 6b,c, including translation, bending, and clamping
operations. The operator manipulated the simulated endoscope
platform to enter from one end of the large intestine
(Figure 6b1,2). The manipulator achieved a smooth linear
movement, indicating minimal resistance from the endoscope's
internal surface during actuation. Taking the fixed endoscope as
a reference, the translation length of the robotic manipulator is
greater than 30mm. As shown in Figure 6b 3–6, the manipulator
achieved bending motion under the restriction of the inner wall,
demonstrating that the manipulator possesses adequate torque
output to counteract internal structural constraints. And the
maximum bending angle is 50°, and the operating radius is
greater than 10mm. The manipulator can reach multiple loca-
tions, demonstrating its dexterity in movement. Figure 6c 1,2
shows that the robot can operate the tissue in the blind area of
the field of view in a complex surgical area environment. The
distal clamp mechanism functioned reliably even within the
spatial limitations of the environment, as shown in Figure 6c 3.
All tests confirmed that the designed manipulator possesses
exceptional flexibility within the chitterlings, a feature that will
be immensely beneficial in future in vivo testing endeavors.
While the manipulator demonstrated successful navigation and
operation in the simulated environments, its performance
revealed important limitations under extreme conditions. The
maximum achievable bending angle was reduced when

FIGURE 5 | Performance experiment of green pepper seed picking under endoscopic guidance. (a) Depicts the experimental scene layout and the
aftermath as the manipulator picks out green pepper seeds and exits. (b) The process of picking green pepper seeds.

SmartBot, 2025 7 of 10

 29981891, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

b2.70015 by U
N

IV
E

R
SIT

Y
 O

F SH
E

FFIE
L

D
, W

iley O
nline L

ibrary on [09/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



operating inside the chitterlings compared to free‐space condi-
tions, due to the additional external constraint and friction from
the surrounding tissue. This highlights the critical importance
of accounting for environmental interactions in future control
strategy development for clinical applications.

4 | Discussion and Conclusion

This paper details the mechanical design of a flexible parallel
surgical manipulator suitable for keyhole procedures and de-
rives its kinematic and stiffness models. The kinematic perfor-
mance, variable stiffness capability, and operational flexibility of
the robotic system prototype were verified through experiments.

It is worth noting that the parallel mechanism of robotics is
composed of flexible branched chains. Compared to the con-
ventional rigid parallel mechanism, the configuration of the
mechanism is simplified, reducing the processing difficulty of
the hinge and enhancing service life. At the same time, nested
branch chains are used to transmit force, and the driving
mechanism is concentrically arranged and placed at the rear
end, making the structure more compact. In addition, the design
also ensures safety and sterilization during the operation of the
surgical robotic. Compared with continuum robotics, the design
of this flexible parallel mechanism demonstrates excellent
operational flexibility and can achieve small bending radius
motion with multiple DOFs. In comparison with the cable‐
driven robotic, this mechanism features a hollow design and
incorporates a built‐in 1.8 mm instrument channel to accom-
modate various instrument drive layouts.

In the prototype motion experiment, the designed robotic real-
ized basic motion and tool‐driving functions. In the complex
narrow lumen, the proximal flexible parallel mechanism can be
passively bent and the distal flexible parallel mechanism can
move flexibly due to its nested tube drive structure and flexi-
bility. The operator can achieve precise master‐slave operation
of the robotic within the endoscope's field of view. However,
large errors occur when changing the direction of movement
due to the presence of manipulator mechanisms and trans-
mission clearance. Additionally, experimental results presented
in Section 3.2 demonstrate that the proposed manipulator can
achieve significant and controllable stiffness modulation under

fixed poses, enabled by the kinematic redundancy of its 7‐DOF
architecture. This decoupling between stiffness and pose control
represents a key advantage for surgical applications, allowing
the same configuration to adapt to both delicate exploration and
stable manipulation tasks. Considering the minimal curvature
of the mechanism in motion and neglecting the influence of
slight attitude alterations on stiffness, when the central length of
the parallel mechanism remains constant, stiffness remains
stable within a specific threshold. In practical motion, the
central length of the parallel mechanism is pre‐adjusted to align
with the required stiffness range. This strategy enables move-
ment at the predetermined length, effectively decoupling stiff-
ness from motion. The variable stiffness capability of the
manipulator was verified in the variable stiffness test.

The upcoming research will focus on particular areas of prog-
ress. Initially, we will explore mechanics‐based kinematic
modeling techniques to determine the coupling relationship
between motion and stiffness. Secondly, to tackle the issue of
restricted visibility in the complex settings of real surgical op-
erations, we are inspired by the capabilities of multi‐arm
collaborative flexible surgical robotics. Our proposed surgical
manipulator will be designed as a modular solution that in-
tegrates smoothly with an endoscopic camera and light source,
facilitating the flexible maneuvering of the endoscope and thus
broadening the visual field.
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