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Abstract—Traditional robot-assisted surgery, which relies on
conventional mechanical mechanisms, has certain drawbacks,
including friction, backlash, and the need for lubricants. In
contrast, compliant mechanisms utilizing flexure joints can achieve
the desired motion while minimizing the disadvantages associated
with movable joints. This research introduces a novel approach to
address the issues prevalent in robot-assisted surgery. Our device
incorporates flexure joints to enhance movement and eliminate
complications posed by traditional movable joints. The primary
focus of this study is on designing, analyzing, and validating
a flexible remote center-of-motion (RCM) mechanism intended
for robot-assisted surgery. SolidWorks was used for modeling of
the proposed mechanism with different configurations of joints
arrangement, and finite element analysis (FEA) was performed
using ANSYS to evaluate and compare different design iterations
in terms of RCM point drift in X and Y axis. Experimental Results
show that the optimized design keeps the RCM point drift within
acceptable microsurgical limits, with measured displacements of
1.02 mm along the x-axis and 2.07 mm along the y-axis. These
results highlight the potential of compliant mechanism to improve
the accuracy and safety of robot-assisted microsurgical procedures
and point to a significant improvement over current mechanism.

Keywords—Flexure-Based Mechanisms; Finite Element Model-
ing in Surgical Robots; 3D Printed Surgical Robots

I. INTRODUCTION

Clinical practices often entail managing microscopic, com-
plex structures. Alongside other organ systems, these structures
are widely present in the nervous system, auditory system,
visual system, and various components of the circulatory system
[1]. Medical robotics is designed to extend surgeons’ skills and
enhance surgery results by offering versatile tools rather than
replacing human expertise. In earlier work, miscellaneous clin-
ical applications emerged by demonstrating new mechanisms,
resulting in noteworthy developments in surgical robotics [2]–
[14].

The progression of surgical assisting robots improves surgi-
cal outcomes, essential surgeon skills, operational efficiency,
and patient satisfaction. One of the most critical challenges
in this field is maintaining the surgical instrument’s motion

through a fixed point—the incision—without exerting force that
could stretch or damage the surrounding tissue. This constraint
ensures patient safety by preventing secondary injury, and it
defines a fundamental design requirement for surgical robotic
systems as discussed in [15]–[22]. To enforce this constraint,
robotic arms must incorporate precise motion restrictions.
While early approaches employed multi-joint linkage systems
and passive joints, these methods were limited by external phys-
iological influences like patient movement or breathing [23].
In contrast, mechanism-based constraints, particularly through
the use of Remote Center of Motion (RCM) mechanisms, have
emerged as the most reliable and robust solution [24].

The RCM mechanism is designed to ensure that part of
a robot’s structure moves through a virtual, fixed spatial
point—typically the incision—without any physical joint or
pivot located there. This property makes RCM mechanisms
uniquely suited for minimally invasive surgery, where access
is constrained and precision is critical. As such, the RCM
mechanism has become the core structural principle of modern
minimally invasive surgical robots, directly influencing their
dexterity, precision, and clinical effectiveness [25]–[30].

Various RCM mechanism types have been developed, in-
cluding arc-shaped , spherical , and double-parallelogram de-
signs [31]. Each offers distinct advantages: arc-shaped mecha-
nisms are compact and simple; spherical mechanisms enable
multi-axis rotation with minimal interference; and double-
parallelogram mechanisms, such as those used in the Da Vinci
surgical robot, offer high precision and mechanical robustness
[32]–[36].

The typical RCM mechanisms employed in surgical robots
are composed of stiff body parts and mechanical joints, which
can lead to defects, including clearance, backlash, hysteresis,
and lubrication that interfere with system sterilization [25]–
[30]. Nevertheless, a significant performance and design flex-
ibility enhancement is achieved by shifting from conventional
rigid-link RCM mechanisms to those utilising flexure joints
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[37]–[42]. Flexure mechanisms, which achieve motion through
elastic deformation of compliant elements, offer substantial
advantages for surgical applications:

• Elimination of friction and backlash, leading to smoother,
more precise movement.

• Miniaturization potential, essential for compact and
lightweight robotic designs.

• High repeatability and low maintenance, as there are no
sliding or rotating parts that wear over time.

• Intrinsic stiffness tuning, allowing designers to balance
flexibility with structural stability.

The integration of flexure joints enhances the motion control
of RCM-based surgical robots and aligns with the broader goals
of improving patient outcomes, reducing surgical invasiveness,
and expanding the accessibility of robot-assisted surgery across
different medical disciplines. Complete design, dynamic sim-
ulation and experimental verification of RCM point drifting
are needed to prove the feasibility of the proposed system.
The planar RCM mechanism with cruciform and circular notch
flexure joints is discussed in [43]–[47]. The major problem with
compliant RCM mechanisms is point drifting. The essential
analyses for compliant RCM mechanisms are kinematic and
dynamic to checkpoint drifting. Nevertheless, none of the earlier
research had such a significant analysis as their primary focus.
The existing compliant RCM mechanism has limitations, such
as the limited range of tilting angles and the large RCM point
drift [48]–[51].

This research aims to build and validate a compliant RCM
mechanism for the microsurgery application in a straightfor-
ward and compact structure. The proposed compliant RCM
mechanism is merged with the rolling stage and positioner
of 3 transitional motions in the three axes x, y, and z. The
proposed compliant RCM mechanism can produce the tilting
angle required for surgery; therefore, this study mainly focuses
on tilting motion and minimizing the RCM point drift. Further-
more, an experimental environment was held to validate the
point drift of the proposed system.

II. MATERIAL AND METHODS

A. System Description

The proposed system comprises an approaching stage, a
rotational stage, and a tilting stage, as shown in Fig. 1. All
these stages are designed for microsurgery. We exported the
CAD model of the approaching and rotating stages, which were
designed in SolidWorks, into ADAMS software to calculate the
force and torque of every stage. The transitional axes X , Y , and
Z axes have a 50x50x50 mm range. Moreover, the rotational
stages support rotation motion in the range of ±30�, which
is adequate for most micro-surgical applications. According
to measurements reported, 95% of all surgical tool motions
during a typical microsurgery procedure are confined inside

a zone defined by a cone with a vertex angle of 60 degrees
corresponding to (±30◦). When connected in parallel, parallel-
ograms provide a 2-DOF RCM mechanism that encounters very
general applications [52], [53]. Fig. 2 shows a primary setup
of parallelogram-based RCM systems [54], [55]. We replaced
the conventional parallelogram hinges with large deflection
compliance flexures to implement the proposed RCM.

Fig. 1. 3D CAD model for the proposed system.

Fig. 2. RCM mechanism based on parallelogram [54].

The parasitic displacement of any particular flexure will
influence the functioning of the remote centre of motion (RCM)
mechanism. This results from the differing degrees of parasitic
displacement and stiffness exhibited by each flexure. To resolve
this, we utilised the Rigid Body Replacement (RBR) method
for modelling the parallelograms that constitute the RCM
mechanisms, enabling us to determine the ideal design for each
mechanism [56]–[61]. This approach is based on classifying
flexures into two joint groups: Group 1 corresponds to planar
flexures, and Group 2 corresponds to spatial flexure joints.
Based on references [45], [46], [62]–[64], the range of motion
and axis drift of joints impact flexure joint performance. A
study was conducted on high-performance spatial and planar
flexure joints, extending previous research on their functionality
as indicated in references [31], [43], [65]–[68]. We transmit the
results for spatial joints with cruciform and split tube joints,
which can provide extensive ranges of motion with an axis
deviation very close to zero, and for the planar joints through
circular and semi-circular undercut notches. The shape and
dimensions of the flexures proposed are shown in Fig. 3.

Fig. 2 illustrates the proposal to substitute hinge joints A,
F, C, D, and G with flexure joints A and B. We execute to
substitute hinge joints B, E, and H with flexure joints C and D,
as depicted in Figure 4.
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(d) Cruciform flexure (Joint D)

Fig. 3. Types of the proposed compliant joints with dimensions

Table I illustrates four mechanisms resulting from the inte-
gration of these flexures.

• Model 1 integrates circular joint A with split tube joint C.
• Model 2 integrates the semi-circular undercut joint B with

the split tube joint C.
• Model 3 integrates circular joint A with cruciform joint D.
• Model 4 integrates the semi-circular undercut joint B with

the cruciform joint D.

Fig. 4. RCM mechanism with the proposed types of flexure joints

TABLE I. THE PROPOSED RCM MODEL AS A COM-
BINATION OF THE PROPOSED FLEXURE JOINTS

Joint A Joint B
Joint C Model 1 Model 2
Joint D Model 3 Model 4

B. Kinematic Analysis

A kinematic analysis of the RCM tilting mechanism estab-
lishes itself based on considering its structure. Fig. 5 illustrates
the geometry of the parallel six-bar tilting mechanism as
follows: The linear variable input displacement is donated by
Xi which represented by the distance between point B and
point C, The input angle is variable ∠BAB

′
is donated by θi,

and the input angle θi equals the output angle θo.

Fig. 5. The geometry of the RCM mechanism

This analysis aims to find a relation between input displace-
ment Xi and the output tilting angle θo .
In △BCB

′

BC ⊥ AB then,

cos(β) =

(
BC

BB′

)
(1)

In △BB
′
A

AB=AB
′

& BD=DB
′

Then, AD ⊥ BB
′

& ∠BAD =∠DAB
′

= θi/2
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AS ∠DBA + θi/2 = 90 & ∠DBA + ∠DBC (β)= 90
Then ∠θi/2 =∠DBC (β )
For Eq. 1 Replace β with θi/2 and rewrite Eq. (1)

BB
′
=

(
BC

cos(θi/2)

)
(2)

In △BDA

sin(θi/2) =

(
BD

AB

)
(3)

Where BD equals BB
′
/2, Rewrite Eq. 3

BB
′
= 2 ∗AB ∗ sin(θi/2) (4)

From Eq. (2) and Eq. (4)(
BC

cos(θi/2)

)
= 2 ∗AB ∗ sin(θi/2) (5)

Rearrange Eq. (5)(
BC

AB

)
= 2 ∗ sin(θi/2) ∗ cos(θi/2) (6)

For any angle i.e γ

sin(2γ) = 2 ∗ sin(γ) ∗ cos(γ) (7)

Using Eq. (7) and substituting in Eq. (6)

sin(θi) =

(
BC

AB

)
(8)

Where BC = Xi & AB = Li

Then,

θi = sin−1

(
Xi

Li

)
(9)

Where θi = θo Then,

θo = sin−1

(
Xi

Li

)
(10)

Equation (10) provides a relation between the input displace-
ment Xi and output tilting angle θo.

C. Finite Element Analysis

We investigated the performance of the proposed compliant
mechanisms using finite element method (FEM) analysis. The
simulation was conducted using ANSYS software and involved
four CAD models, which were generated in SolidWorks and
subsequently exported to ANSYS. The CAD models have
dimensions of 130 mm by 90 mm, with links measuring 10
mm in width and spatial flexure joints of 5 mm in width as
shown in Fig. 6. The Finite Element Analysis (FEA) process
starting with the importing for a CAD model from SolidWorks
in STEP file format. Subsequently, the engineering data for the
PLA material properties is specified as follows: Density: 1.24
g/cm³ - Tensile Yield Strength: 45 MPa - Young’s Modulus:
3600 MPa - Poisson’s Ratio: 0.35 [69].

Fig. 6. The proposed CAD model with dimension

Following the definition of material properties, a mesh is
created for the model with an element size of 10 mm utilising
adaptive sizing. Thereafter, boundary conditions are established
as follows: - A: Fixed support - B: Input displacement The
objective is to accomplish an output tilting angle of ±30 degrees
at the RCM point, as depicted in Fig 7.

Fig. 7. The exported CAD model with boundary conditions and output measurement

A displacement analysis was performed on the proposed
models, as illustrated in Fig. 8. To obtain the results, we first
determined the pivot point and then measured the point drift
both before and after the motion. An experiment was conducted
with displacement inputs in the ±x direction, followed by a
tilting angle of the end effector set to ±30°. Fig. 9 shows the
relationship between the input displacement in the x direction
and the corresponding total RCM (Remote Center of Motion)
drifting values for the tested models.

At a tilting angle of ±30°, we assessed deflection along both
the x and y axes in order to select the best-performing model,
as demonstrated in Fig. 10 and Fig. 11. According to the finite
element analysis output data, Model 2 outperformed the others.
For instance, at a tilting angle of ±30°, it exhibited minimal
drift at the RCM point on both the X and Y axes, with drift
measurements of 0.97 mm along the X axis and -2.6453 mm
along the Y axis.
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(a)

(b)

(c)

(d)

Fig. 8. The proposed RCM Mechanism’s displacement analysis for (a) Model 1, (b)
Model 2, (c) Model 3 and (d) Model 4

We compared the kinematic analysis equations with the finite
element analysis to correlate the input displacement in the x
direction with the output tilting angle. Fig. 12 illustrates the
results of this comparison.

The modal method is used to analyze the dynamic character-
istics of the proposed compliant mechanism [58]. After building
the prototype for a high-performance, high-performance RCM-
compliant mechanism regarding RCM point drift (Model 2)
using SolidWorks, we test it using ANSYS software. The

analysis considers the first three natural frequencies, and Fig.
13 shows the mode forms at f1 = 52.551 Hz, f2 = 64.428 Hz
and f3 = 115.62 Hz, which correspond to the first three natural
frequencies.

Fig. 9. The input displacement at x direction and total RCM point drift for the
suggested models

Fig. 10. The x-axis RCM point drift and the output tilting angle for the suggested
models

Fig. 11. The y-axis RCM point drift and the output tilting angle for the suggested
models

Fig. 12. The relation between input displacement at x direction and output tilting angle.
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Examining the RCM mechanism’s lowest natural frequency
provides valuable insight into its dynamic performances. The
first mode value, shown in Fig. 13d, is 52.551 Hz lower than
the other five modes, which helps construct the controller for
the suggested mechanism with high frequencies.

(a) 1stMode @31.235

(b) 2ndMode @214 Hz

(c) 3rd Mode @215.37 Hz

(d) Frequency for the first six modes

Fig. 13. Modal analysis for the proposed mechanism

D. Workspace Analysis

Simulation and validation are carried out in this sub-section
for the compliant RCM mechanism. The model is exported to
MSC-ADAMS® to establish the nonlinear dynamic model and
validate the motion of rolling and tilting with the determination
of the workspace and its’ boundary. Modelling of the compliant

mechanism was established based on the Pseudo-Rigid-Body
Model (PRBM ), where each compliant joint is replaced by a
revolute joint and torsional spring [59], [60], [70]. We form
the workspace by combining rolling and tilting angles in the
end-effector trajectories for the desired application. We validate
end-effector routes for workspace boundaries to ensure that one
input maintains its maximum or minimum value for rolling and
tilting inputs. In contrast, the other input actuates throughout
its range. The path of end-effector routes from the appropriate
workspace is illustrated in Fig. 14.

Fig. 14. 2D and 3D graphs for different trajectories of the end-effector

III. EXPERIMENTS AND RESULTS

This section outlines the validation process for the proposed
system. The performance was experimentally evaluated using
a prototype of the compliant RCM mechanism to verify the
effectiveness of the design. The experimental validation was
carried out to assess the mechanism presenting the best results,
as outlined in the previous section. The experimental setup is
employed to validate the Finite Element Analysis (FEA) results
regarding the tilting angle range and RCM point drift. Fig. 15
illustrates the schematic of the complete strategy for design,
analysis, and verification.

The fabrication process started with the transfer of a stereo-
lithography file (STL) from SOLIDWORKS to the slicing
software. Prusa Slicer 2.9.1 was utilized to adjust the printing
parameters and slice the 3D model. The setup utilized PLA
material with settings of 100% infill, a printing temperature of
200 °C, a layer height of 0.2 mm, and a print speed of 30 mm/s.
Prusa Slicer produced the G-Code, allowing direct printing with
the Anycubic Kobra 3D printer.

Fig. 16 illustrates the experimental setup and its components.
A linear micrometer (1) is positioned adjacent to the 3D-
printed RCM mechanism (2) to adjust the input displacement.
An aluminum profile frame (3) mounts an A8-USB digital
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microscope (4). Prior to starting the measurement process, the
digital microscope requires calibration.

Fig. 15. Schematic for steps of design, analysis and verification processes.

The calibration procedure initiates by connecting the mi-
croscope to the computer, followed by the placement of a
calibration ruler under the lens. Subsequently, modify the focus
and magnification to obtain a clear image of the ruler markings
at the specified magnification level. It is essential to maintain
the current magnification and focus following this step. Next,
access the ”Calibration” feature within the microscope software.
Utilise the software’s tool to draw a line across a specified
distance on the ruler image, such as exactly 1 mm, to measure
a known length. Enter the precise length of the drawn line into
the software (e.g., input ”1” and select ”mm”). Finally, save
these calibration data.

The experimental setup replicates the FEA simulation pro-
cess, whereby the micrometer applies input displacement to the
RCM mechanism, while the digital microscope evaluates the
corresponding tilting angle and RCM point drift. Measurements
of the RCM point drift along the x-axis and y-axis at various
output tilting angles are carried out as illustrated in Fig. 17. Fig.
18a and Fig. 18b present a comparison of the finite element
analysis (FEA) results and experimental data regarding the
tilting angle, with the RCM point drifting along the X and
Y axes.

IV. CONCLUSION

We designed a novel compliant RCM mechanism to stream-
line integration with a robotic system for micro-surgical ap-
plications. The recommended compliant mechanism is better
suited for the surgical setting than the mechanical design, which
presents challenges such as friction, lubrication, and sterilizing.

Fig. 16. The measurement Set-up

We assessed the performance of the suggested compliant
mechanism using Finite Element Analysis (FEA) software. We
then created a prototype of the suggested system and measured
the RCM point drift. The experimental measurements deviate
slightly from the simulation results, resulting in a maximum
displacement of 1.02 mm along the x-axis and 2.07 mm
along the y-axis. The most significant difference between the
measured and simulated values is 0.056 mm along the x-axis
and 0.073 mm along the y-axis.

Future studies should focus on optimising the design and
topology of joint shapes to enhance the performance of com-
pliant mechanisms. The laminar jamming approach can be
employed in joint design to adjust the stiffness of flexure joints
and is integrated with a feedback sensor that evaluates RCM
drift. Moreover, advanced control algorithms are utilised for the
analysis of force, motion, and joint stiffness.
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(a) The measured tilting angle = 10◦ (b) The x-axis RCM point drift @ 10◦ (c) The y-axis RCM point drift @ 10◦

(d) The measured tilting angle = 20◦ (e) The x-axis RCM point drift @ 20◦ (f) The y-axis RCM point drift @ 20◦

(g) The measured tilting angle = 30◦ (h) The x-axis RCM point drift @ 30◦ (i) The y-axis RCM point drift @ 30◦

Fig. 17. Measurement output for tilting angle,RCM point drift across X axis and RCM point drift across Y axis

(a) RCM drift across X-axis (b) RCM drift across Y-axis

Fig. 18. Comparison between experimental results and FEA for RCM point drift
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[69] T. Pepelnjak, A. Karimi, A. Maček, and N. Mole, “Altering the elastic
properties of 3d printed poly-lactic acid (pla) parts by compressive cyclic
loading,” Materials, vol. 13, no. 19, 2020, doi: 10.3390/ma13194456.

[70] Vedant and J. T. Allison, “Pseudo-rigid-body dynamic models for design
of compliant members,” Journal of Mechanical Design, vol. 142, no. 3,
2020, doi: 10.1115/1.4045602.

Muhammad Gaafar, Development of a Flexure Based Mechanism for Robotic Micro-Surgical Applications


