
HAL Id: hal-05610077
https://hal.science/hal-05610077v1

Submitted on 3 May 2026

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License

Modeling of a 4-DOF Flexible Laparoscopic Instrument for
Robot-Assisted Minimally Invasive Surgery

Calin Vaida, Ionut Zima, Florin Graur, Bogdan Gherman, Vasile Bulbucan, Paul
Tucan, Alexandru Pusca, Florin Zaharie, Pierre Mougenot, Adrian Pisla, et al.

To cite this version:
Calin Vaida, Ionut Zima, Florin Graur, Bogdan Gherman, Vasile Bulbucan, et al.. Modeling of a 4-DOF Flex-
ible Laparoscopic Instrument for Robot-Assisted Minimally Invasive Surgery. Robotics, 2026, 15 (2), pp.46.
⟨10.3390/robotics15020046⟩. ⟨hal-05610077⟩

https://hal.science/hal-05610077v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Academic Editor: Matteo Russo

Received: 17 December 2025

Revised: 11 February 2026

Accepted: 13 February 2026

Published: 17 February 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Modeling of a 4-DOF Flexible Laparoscopic Instrument for
Robot-Assisted Minimally Invasive Surgery
Calin Vaida 1,2 , Ionut Zima 1,2,* , Florin Graur 1,3 , Bogdan Gherman 1,2 , Vasile Bulbucan 1,2, Paul Tucan 1,2 ,
Alexandru Pusca 1,2 , Florin Zaharie 1,3 , Pierre Mougenot 1,4, Adrian Pisla 1,2 , Damien Chablat 1,4 ,
Nadim Al Hajjar 1,3 and Doina Pisla 1,2,5

1 CESTER-Research Center for Industrial Robots Simulation and Testing, Technical University of Cluj-Napoca,
28 Memorandumului Street, 400114 Cluj-Napoca, Romania; calin.vaida@mep.utcluj.ro (C.V.);
florin.graur@umfcluj.ro (F.G.); bogdan.gherman@mep.utcluj.ro (B.G.); vasile.bulbucan@mep.utcluj.ro (V.B.);
paul.tucan@mep.utcluj.ro (P.T.); alexandru.pusca@mep.utcluj.ro (A.P.); florinzaharie@yahoo.com (F.Z.);
pierre.mougenot@mep.utcluj.ro (P.M.); adrian.pisla@muri.utcluj.ro (A.P.); damien.chablat@cnrs.fr (D.C.);
nadim.alhajjar@umfcluj.ro (N.A.H.); doina.pisla@mep.utcluj.ro (D.P.)

2 European University of Technology, European Union
3 Department of Surgery, “Iuliu Hatieganu” University of Medicine and Pharmacy,

400347 Cluj-Napoca, Romania
4 Laboratory of Numerical Sciences in Nantes, Joint Research Unit 6004, Centre National de la Recherche

Scientifique (CNRS), École Centrale Nantes, Nantes Université, F-44000 Nantes, France
5 Technical Sciences Academy of Romania, B-dul Dacia, 26, 030167 Bucharest, Romania
* Correspondence: ionut.zima@mep.utcluj.ro

Abstract

Background: Flexible surgical instruments for Robot-Assisted Minimally Invasive Surgery
(RAMIS) face a critical limitation: the inability to rotate the distal head while the instru-
ment is in a bent configuration, which restricts the maneuverability in narrow surgical
workspaces. Methods: This paper presents a novel 4-degree-of-freedom (DOF) flexible
laparoscopic instrument with a 10 mm diameter, incorporating a 3D-printed flexible ele-
ment. The design enables independent bending (0–90◦), continuous distal head rotation
(360◦), gripper actuation (0–60◦), and rod rotation (180◦). A constant-curvature kinematic
model was developed. The instrument was manufactured using PolyJet 3D printing tech-
nology and integrated with the ATHENA parallel robot for proof-of-concept experimental
validation. Results: Experimental tests demonstrated successful independent 360◦ distal
head rotation across the full bending range (0–90◦), validated through simulated surgi-
cal procedures including stomach retraction. Quantitative characterization using optical
motion capture revealed a maximum angular deflection of 79.85◦ at 670 g applied load,
with tip displacements of 74.95 mm (X) and 91.18 mm (Y). The measured grasping force
was approximately 2 N, tip position repeatability was ±2.86 mm, and fatigue testing
demonstrated no degradation after 500 bending cycles, confirmed by digital microscope
inspection. The instrument performed multiple manipulation tasks, including elastic band
transfer, wire path navigation, spring manipulation, and tissue grasping. Conclusions: The
proposed instrument addresses a significant white spot in surgical robotics by adding an
additional functional capability enabling grasper reorientation without repositioning the
entire instrument.

Keywords: flexible surgical instrument; robot-assisted minimally invasive surgery;
kinematics; tendon-driven laparoscopic tool; surgical robotics; continuum robot
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1. Introduction
Surgical practice continues to evolve, with ongoing efforts to develop new approaches

and techniques that improve patient outcomes by making procedures safer, less traumatic,
and more effective [1], as illustrated in Figure 1.

Figure 1. The evolution of surgical procedures.

1.1. Minimally Invasive Surgery

Minimally invasive surgery (MIS) has transformed surgical practice since its broad
adoption in the 1980s, with laparoscopic cholecystectomy reported in 1988 [2,3]. MIS
procedures are performed through small incisions (typically 5–15 mm) using long, spe-
cialized instruments and an endoscopic camera; in laparoscopy these are introduced via
trocars placed through the abdominal wall to access internal organs [4–7]. MIS generally
reduces postoperative pain, hospitalization and recovery time, blood loss, infection risk,
and scarring, largely due to reduced tissue trauma, and it can also reduce postopera-
tive adhesions [8–11]. In the United States, MIS is widely used, including most Nissen
fundoplications and cholecystectomies, and roughly 600,000 hernia repairs annually [12].

Despite these benefits, MIS introduces major technical constraints: limited instrument
dexterity compared to the human hand, the fulcrum effect at the trocar, reduced/absent
haptic feedback, restricted view and depth perception from 2D monitors, and amplification
of hand tremor at the tool tip [13–18]. Consequently, MIS demands substantial training
for hand–eye coordination and adaptation to counterintuitive movements, and while
complications are uncommon, they can be severe; for example, undetected laparoscopy–
related bowel injury has been associated with a 3.6% mortality rate [19,20].

1.2. Robot-Assisted Minimally Invasive Surgery

Robot-assisted minimally invasive surgery (RAMIS) retains key MIS benefits (reduced
trauma, bleeding, and hospitalization) while addressing issues such as reduced accuracy,
fatigue, and hand–eye coordination challenges linked to the lever/fulcrum effect [21].
Most RAMIS systems use a multiport setup in which several robotic manipulators operate
Robotic Surgical Tools (RSTs) inserted through small ports, while the surgeon controls the
procedure from a teleoperation console that serves as the human–robot interface [22–24].
These platforms typically improve visualization (3D vision with depth perception) and
enable high-precision tool motion control [24].

The da Vinci Surgical System (Intuitive Surgical, Inc., Sunnyvale, CA, USA) is the
most widely used robotic platform for laparoscopic procedures [25]. As a master–slave
system, it provides an ergonomic surgeon console and a 3D stereoscopic vision system
that enhances field of view and supports more natural hand–eye coordination [26,27]. Its
architecture commonly relies on multiple robotic arms operating specialized laparoscopic
instruments via small ports [22]. More recently, the da Vinci SP single-port platform was
developed and approved for single-incision laparoscopic surgery (SILS), using a single
port to introduce a flexible telescope and three instruments [28,29]. Overall, da Vinci and
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similar RAMIS systems aim to improve dexterity, precision, hand–eye coordination, and
surgeon ergonomics.

1.3. Flexible Manipulators Used in RAMIS

The evolution of Robotic Surgical Tools (RSTs) in RAMIS has enabled advanced
distal tips with flexible segments (Figure 2a,b), which offer clear advantages over rigid
instruments. By improving dexterity and access in confined surgical spaces, these flexible
laparoscopic tools help mitigate restricted maneuverability and the fulcrum effect. A major
development is the EndoWrist instrument family, used in the da Vinci Surgical System,
which enables active tool orientation.

 
(a)  (b) 

Figure 2. Types of surgical instruments: (a) classical laparoscopic tool; (b) flexible laparoscopic tool.

The da Vinci Surgical System uses the EndoWrist instrument family, which is wire-
driven and enables wrist-like pitch and yaw motions, improving dexterity compared with
conventional laparoscopic tools but cannot rotate the distal head along its longitudinal
axis [30–34].

Flexible continuum manipulators extend RAMIS by improving adaptability in narrow
workspaces, increasing dexterity and range of motion, and enabling manipulation inside the
body with less reliance on pivoting about the trocar [35–38]. Current flexible laparoscopic
tools are generally classified as Tendon-Driven Manipulators (TMs), which use cables,
and Concentric Tube Manipulators (CTMs), which use nested pre-curved tubes to control
shape [39,40]. A key trade-off is that higher dexterity often reduces stiffness and force
capability, which can compromise stability during tissue manipulation [41,42].

1.4. Paper Objective and Structure

To address this white spot, this paper presents the design of a 4–DOF surgical la-
paroscopic instrument that incorporates a 3D-printed flexible element within its distal
section. The proposed design can achieve a wide bending range adding also an inde-
pendent rotation of the distal head to enable grasper reorientation without repositioning
the instrument.

This paper is structured in seven sections; Section 2 presents a comparative analysis of
38 existing flexible surgical instruments to identify research white spots. Section 3 details the
mechanical architecture and kinematic modeling. Section 4 describes the mechanical design,
finite element analysis, prototype manufacturing using 3D printing technology, and control
system. Section 5 presents experimental results including kinematic performance testing,
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fatigue testing with digital microscope inspection, grasping force measurement, tip position
repeatability assessment, load-deflection characterization using optical motion capture,
functional manipulation tests, and a simulated pancreatic surgery procedure. Section 6
discusses the achieved results, design trade-offs, comparison with existing instruments,
and limitations. Finally, Section 7 presents the conclusions and future research directions.

2. Comparative Analysis of Flexible Surgical Instruments
To assess the main limitations of current state-of-the-art technologies, a comprehen-

sive analysis of different flexible surgical instruments was performed and detailed in the
following subchapters.

An analysis of 38 flexible surgical instrument designs was performed to analyze the
current developments and identify design challenges [43–81]. The main parameters of the
analysis include: DOF, maximum bending angle, capability for distal head rotation while
bent, instrument diameter, and actuation type.

During the analysis different designs were identified, the tendon actuation is the most
used actuation type, used in instruments with 4-DOFs [43,44] and for more complex instru-
ments with six or more DOFs [45–47,60,61,73]. Other actuation methods are represented
by pneumatic systems with force sensing [48], linear electric actuators [50], and the use of
Shape Memory Alloys (SMA) [49].

The most common materials for the manufacturing of flexible laparoscopic tools
and for the backbone of the instrument are represented by the Nitinol and stainless steel,
used for their elasticity and strength [43,50,51,77]. Complex monolithic structures [52],
customizable tools [53], and flexible joints with different stiffness [54,71] can be developed
using additive manufacturing technology.

Usually, higher dexterity is achieved by instruments with very small diameters
(2–4 mm) [55–57,74,75,79,80] while the instruments that maintain a higher force capa-
bility, from 5 to 10 N, usually have a large diameter and an increased structural complex-
ity [50,58,59,68,76]. Different architectures are used to achieve the necessary dexterity such
as serpentine continuum robots [60,67], snake-like robots with discrete joints [61,62,78],
and hybrid designs [58,63,64].

Specialized surgical flexible tools have been developed for different surgical proce-
dures such as trans anal endoscopic microsurgery (TEMS) [68,69], endoscopic endonasal
neurosurgery [70,79], single-port surgery [63,71,72], and gastrointestinal endoscopy [53],
with bending angles starting from 45◦ [59] to over 160◦ [66,67,77].

A representative selection of these instruments is illustrated in Table 1, focusing on
most relevant parameters such as DOF, bending angle, distal head rotation, diameter, and
actuation type. Complete data for all analyzed instruments are available upon request.

Table 1. Comparison of different flexible laparoscopic surgical instruments.

Ref. DOF Bending Angle (◦) Independent Head Rotation Diameter (mm) Actuation

[52] 7 45/±60/±45 No 22 Cable
[44] 4 105 No 8 Cable
[43] 4 90 (per joint) No 8 Tendon and Pneumatic
[55] 6 72 No 4 Cable
[50] 4 120 No 3.5 Linear Actuators
[61] 7 - No 8 Tendon
[59] 7 45 No 10 Mechanical
[67] 4 163.6 No 3.7 Cable

The analysis performed on 38 instruments [43–81] revealed a functional limitation:
none of the analyzed instruments including da Vinci EndoWrist demonstrated the capa-
bility for independent distal head rotation while in a bent configuration. While important
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innovations were achieved such as dexterous bending [62,78], compliant backbone struc-
tures [50,51], and rolling contact joints [55], this specific capability remains absent from
analyzed designs.

This limitation is particularly significant in procedures where the surgeon must often
approach tissue from angles that require simultaneous bending and grasper reorientation.
The inability to independently rotate the distal head forces repositioning of the entire
instrument increasing operative time and complexity.

This work addresses this limitation by developing a 10 mm laparoscopic instrument
that combines bending with independent distal head rotation.

3. Kinematic Modeling
This chapter presents a simplified, kinematic model for a tendon-driven flexible sur-

gical instrument with triangular notches. The model focuses on geometric relationships
and does not account for friction, elastic deformation, or dynamic effects. The instru-
ment achieves controlled bending through a series of triangular notches embedded into a
cylindrical tube, actuated by antagonistic tendon pairs.

The kinematic model is based on the constant curvature assumption, which states that
the flexible section bends into a circular arc with uniform curvature when actuated. This
assumption is valid when notches are uniformly distributed, and the bending is dominated
by geometric compliance rather than material elasticity.

3.1. Mechanical Architecture of the Flexible Instrument

The architecture of the instrument is illustrated in Figure 3 and is mainly based on the
flexible element illustrated in the figure, manufactured using Elastico PolyJet Photopolymer
on a Stratasys MediJet 3D printer (Stratasys Ltd., Eden Prairie, MN, USA) [82].

Figure 3. The kinematic scheme of the proposed robotic surgical instrument (bending angle = 45◦).

This flexible laparoscopic instrument has four DOF: the first one for the bending of
the flexible element (q1), the second one for the rotational movement of the distal head
(q2), the third one for the open and close movements of the forceps (q3), and the last one
for the rotation of the entire rod (q4). The flexible element has a determined number of
notches (n), each notch forms an angle (2α) as illustrated in Figure 3. Similarly, on the other
side of the flexible element, an equal number of notches were performed to reduce the
deformation of the elastic element and to reduce the actuation force. Two sets of wires
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guided using rigid tubes embedded into the flexible material are used to perform the
bending and unbending movements of the flexible element. The grasping function is
achieved using a scissor mechanism.

3.2. Geometric Parameters

The flexible surgical instrument design allows for parametric customization based on
surgical requirements. Table 2 presents the design parameters specific values used for the
Minimum Viable Product (MVP) experimental prototype developed in this study.

Table 2. Instrument design parameters.

Symbol Description Value

D Outer diameter of the tube mm 10 mm
R Outer radius (R = D/2) mm 5 mm
Lp Length of proximal rigid section mm 50 mm
Lf Length of flexible (notched) section mm 50 mm
Ld Length of distal rigid section Mm 15 mm
n Number of notches per side - 6
α Notch half-angle ◦ (degrees) 7.5◦

2α Full notch angle (max bending per notch) ◦ (degrees) 15◦

h Notch depth mm 5 mm
Lh Hinge length at notch mm 1.32 mm
rt Tendon radial offset from centerline mm 4 mm
β Tendon pair angular offset from bending axis mm 22.5◦

θmax Maximum total bending angle (n × 2α) ◦ (degrees) 90◦

The geometric design of the flexible section in the initial configuration is presented in
Figure 4a and the tendons in Figure 4b. The tube with the diameter D and length Lf presents
an alternating pattern of triangular notches into opposite sides. On the upper surface,
notches labeled L1–L6 are positioned at regular intervals; on the lower surface, notches
R1–R6 are offset longitudinally to create the alternating pattern. When the instrument
bends, notches on the compression side close while notches on the tension side open. Each
notch is characterized by identical parameters: half-angle α, notch depth h, and hinge length
Lh. The material remaining at each hinge acts as a flexural element that enables controlled
rotation. The tendons pair T1, T2 is positioned on the upper side and unbending pair T3,
T4 on the lower side, both at radial distance corresponding to the effective moment arm
deff. The total number of notches n per side directly determines the maximum achievable
bending angle.

   

(a)  (b) 

Figure 4. Undeformed flexible section: (a) open notch geometry; (b) position of the tendons.

The geometry of the notch is illustrated in Figure 5. Figure 5a presents geometry of
the open notch in the undeformed position, with main dimensions. The triangular notch is
defined by the half-angle α measured from the vertical centerline, resulting in a full notch
opening angle of 2α. The notch depth “h” extends to the neutral axis to maximize bending
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capacity. The hinge length Lh represents the material at the notch apex and is geometrically
related to the other parameters. Figure 5b illustrates the notch closing mechanism during
the bending. The original open notch profile progressively closes as the tube curves. The
partially closed state shows an intermediate bending condition. When the opposing notch
surfaces make contact, the notch is fully closed and maximum rotation of 2α per notch
is achieved.

 
(a)  (b) 

Figure 5. Detailed geometry of the triangular notch: (a) open notch geometry; (b) notch closing.

Each triangular notch creates a compliant hinge. The hinge length Lh is the width of
the notch opening at the outer surface of the tube, determined by the notch depth h and the
notch half-angle α:

Lh = 2h tan(α) (1)

When a triangular notch fully closes, the tube bends by the full notch angle 2α. The
maximum bending angle per notch is:

θmax,notch = 2α (2)

For n notches acting in series on one side, the total maximum bending angle is:

θmax = 2nα (3)

For the design parameters (n = 6, α = 7.5◦): θmax = 6 × 15◦ = 90◦.

3.3. Constant Curvature Kinematics

The kinematic model is based on the constant curvature assumption:

- The flexible section bends into a circular arc with uniform curvature;
- Notches are uniformly distributed along the flexible section;
- Planar bending only (no torsion);
- Proximal and distal sections remain rigid.

For a flexible section of length Lf bent through angle θ, the curvature κ and radius of
curvature are:

κ =
θ

Lf
(4)

r =
1
κ
=

Lf
θ

(5)

The arc length parameter “s” varies along the flexible section, and the local bending
angle at position s is:

s ∈ [0, Lf],ϕ(s) =
θ

Lf
· s = κ · s (6)

The centerline of the flexible section follows a circular arc. In the XZ plane, with the
base of the flexible section at position (0, Lp):
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For θ ̸= 0 (bent configuration):

x(s) =
Lf
θ

(
1 − cos

(
θs
Lf

))
(7)

z(s) = Lp +
Lf
θ

sin
(
θs
Lf

)
(8)

For θ → 0 (straight configuration):

x(s) = 0, z(s) = Lp + s (9)

At the end of the flexible section (s = Lf), the tip position is:

xtip =
Lf
θ
[1 − cos(θ)] (10)

ztip = Lp +
Lf
θ

sin(θ) (11)

The distal rigid section of length Ld extends from the flexible tip at angle θ. The
end-effector position is:

xe =
Lf
θ
[[1 − cos(θ)] + Ld sin(θ)] (12)

ze = Lp +
Lf
θ

sin(θ) + Ld cos(θ) (13)

The kinematic behavior of the instrument across the operational range is illustrated
in Figure 6. Eight configurations starting from the straight position θ = 0◦ to maximum
bending θmax are displayed to illustrate the continuous nature of the deformation. In
Figure 6a, the centerline trajectories are illustrated. Figure 6b presents the complete instru-
ment profiles including inner and outer tube surfaces.

 

(a)  (b) 

Figure 6. Distal head: (a) centerline trajectories; (b) complete instrument profiles displaying inner
surface (blue), outer surface (red), and centerline (dashed) at each configuration.

3.4. Tendon Kinematics

Four tendons are arranged in two antagonistic pairs at a radial distance rt = 4 mm
from the tube centerline. The tendons are offset by angle β = 22.5◦ from the bending axis
(Y-axis) as illustrated in Table 3.

https://doi.org/10.3390/robotics15020046
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Table 3. Geometric parameters.

Tendon Angle θi Position (x, y) Moment Arm Function

T1 67.5◦ (+1.53, +3.70) mm +3.70 mm Bending
T2 112.5◦ (−1.53, +3.70) mm +3.70 mm Bending
T3 247.5◦ (−1.53, −3.70) mm −3.70 mm Unbending
T4 292.5◦ (+1.53, −3.70) mm −3.70 mm Unbending

The Cartesian coordinates of tendon “i” in the cross-sectional plane are:

xi = rt · cos(θi) (14)

yi = rt · sin(θi) (15)

For bending in the XZ plane, the moment arm of each tendon is its perpendicular
distance from the neutral bending axis, which corresponds to the Y-coordinate:

di = rt · sin(θi) = yi (16)

The effective moment arm for the tendon pairs in the proposed design is:

deff = rt · cos(β) = 4 · cos(22.5
◦
) = 3.70mm (17)

For constant curvature bending, the length change of each tendon is proportional to
its moment arm and the bending angle:

∆Li = −di · θ (18)

The negative sign indicates that tendons with positive moment arms shorten when
the bending angle increases.

For the antagonistic pair configuration, bending tendons (T1, T2); positive moment
arm → shorten when bending

∆Lbend = −rt · cos(β) · θ = −deff · θ (19)

Unbending tendons (T3, T4): negative moment arm → lengthen when bending

∆Lunbend = +rt · cos(β) · θ = +deff · θ (20)

At maximum bending for the proposed design (θ = 90◦ = π/2 rad = 1.571 rad):

- Bending tendons (T1, T2): ∆L = −3.70 × 1.571 = −5.81 mm (pull)
- Unbending tendons (T3, T4): ∆L = +3.70 × 1.571 = +5.81 mm (release)

The actuation characteristics of the tendon-driven mechanism are illustrated in
Figure 7, where the relationship between tendon displacement ∆L and bending angle
θ is presented. Two curves represent the behavior of the antagonistic tendon pairs: the
bending tendons T1 and T2 present negative displacement, and the unbending tendons T3
and T4 presents positive displacement. The strict linear relationship of ∆L arrive from the
constant curvature kinematics, where (17) represents the effective moment arm determined
by the tendon radial position rt and angular offset β.
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Figure 7. Tendon length variation (∆L) as a function of bending angle (θ).

4. The Flexible Surgical Laparoscopic Instrument
The mechanical design and prototype manufacturing of the flexible surgical laparo-

scopic instrument are presented in this chapter.
The development process starts with clinical requirements and design criteria that

define the main functionalities of the instrument. The CAD design is performed based on
these requirements, where the instrument is 3D modeled. To verify the structural integrity
of the flexible element and of the distal head tip jaw a finite element analysis (FEA) was
performed. The last part of the development process is represented by the prototyping of
the surgical instrument using 3D printing technology.

4.1. Design Criteria for the Flexible Surgical Instrument

The instrument design was guided by criteria derived from the literature and clinical
requirements. The primary dimensional constraint is a maximum outer diameter of 10 mm
to ensure compatibility with standard laparoscopic ports [83–86], while maximizing the
inner-to-outer diameter ratio to accommodate actuation tendons [87]. Kinematically, the
instrument requires multiple degrees of freedom [83] with independent distal actuation to
provide sufficient dexterity [84] and workspace coverage [84]. Mechanical performance
criteria include precise motion control [84], structural stability during tissue manipula-
tion [84], adequate force capability below 5 N for soft tissue handling [86], and fatigue
resistance for tendon-driven components [53,84]. Manufacturing considerations prioritize
cost-effectiveness and ease of maintenance [53,84]. All patient-contacting materials must
comply with ISO 10993 biocompatibility standards [53,84], and the instrument should either
be sterilizable or designed for single-use manufacturing in sterile conditions [53,88]. Finally,
the design should be versatile across different minimally invasive procedures [53,84] and
easily deployable through access ports [86].

4.2. Mechanical Design of the Flexible Laparoscopic Instrument

The instrument consists of three main assemblies: the distal tip (flexible element and
gripper), the rod (rigid tube with internal transmission elements), and the driving unit
(actuation and control modules), as illustrated in Figure 8.

Figure 8. Main components of the flexible laparoscopic instrument.
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4.2.1. Flexible Distal End

The main components of the flexible distal head are illustrated in Figure 9a,b. The
distal head is connected to the flexible element and to the flexible metallic wire. To perform
the q4 rotation movement, two bearings are used. The flexible metallic wire is connected to
the 5 mm rod via connector 1 and the flexible element is connected to the 10 mm rigid rod.

 

(a)  (b) 

Figure 9. Flexible distal head: (a) main components and movements; (b) exploded view of the flexible
distal head.

Figure 10 illustrates the distal head in both open position, Figure 10a and closed
position in Figure 10b. The grasping function is implemented using a bidirectional, push-
pull wire mechanism. When the wire is pushed with a certain force, the distal head jaws of
the distal head will open and when the wire is pulled the jaws will close as can be observed
in the pictures below.

 

(a)  (b) 

Figure 10. Distal head: (a) open position; (b) closed position.

The bending capability of the instrument is obtained using a custom-designed flexible
element that is manufactured as a single body as illustrated in Figure 11a. This monolithic
structure combines a central elastic joint with rigid segments and integrated wire guidance
channels, creating a compact assembly.

   
(a)  (b) 

Figure 11. Flexible element design: (a) main components; (b) actuation method.
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The flexible joint is defined by a pattern of symmetrical notches, enabling controlled
bending while minimizing the force needed for actuation. The design incorporates several
dedicated channels that are embedded into the structure: channels H1 to H4 guide the
bending and unbending wires, channel H5 is used for the gripper actuation wire, and
channels H6 and H7 are used to introduce Nitinol reinforcement segments. These Nitinol
rods improve the element’s axial stiffness, improving its stability.

The bending motion is driven by a wire system as illustrated in Figure 11b. Pulling
the dedicated flexion wires and releasing the extension wires produces the bending of the
element, while pulling the opposing extension wires and release the flexion wires returns
the element to a straight position.

4.2.2. Driving Unit

The driving unit illustrated in Figure 12 integrates five DC micro-gearmotors with
magnetic encoders, controlled by a Raspberry Pi 5 through two Motoron M2H18v18 dual-
channel motor controllers via I2C protocol. The complete instrument assembly with all
actuation mechanisms is illustrated in Figure 12.

The bending motion (q1) is achieved through a dual-motor antagonistic system. Both
motors rotate simultaneously, counterclockwise for bending and clockwise for unbending.
Each motor shaft drives a roll that tensions the wires through guided paths. The wires are
connected to Φ1 mm rods running through the Φ10 mm tube, which in turn connect to the
tendons routed through the flexible element. Bearings positioned on dedicated tensioners
allow for precise wire tension adjustment.

The distal head rotation (q2) is driven by a single DC motor connected through a
mechanical coupler to a 5 mm rigid rod. A dedicated connector links the rigid rod to a
flexible metallic wire that passes through the flexible element and attaches to the distal head.
The flexibility of the wire allows it to accommodate curvature changes during bending,
ensuring continuous 360◦ rotation capability regardless of the bending configuration.

Figure 12. Driving unit.

The gripper actuation (q3) employs a lead screw mechanism that converts rotational
motor motion into linear displacement of a translation flange guided by LM3UU linear
bearings. The linear movement of the flange pushes or pulls the actuation wire, producing
the opening and closing of the gripper jaws.

The rod rotation (q4) is obtained through a bevel gear pair. A DC motor drives the
primary bevel gear, which engages a secondary bevel gear fixed to the instrument rod,
enabling 180◦ rotation independently from the other degrees of freedom.
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All four degrees of freedom operate independently. In particular, the distal head
rotation (q2) remains fully functional at any bending angle, and the rod rotation (q4) does
not affect bending or grasping capabilities.

4.3. Finite Element Analysis

This subchapter illustrates the finite element analyses that were performed on the
flexible element and on the instrument tip.

The simulation focuses mainly on the correct modeling of the material, boundary con-
dition setup, contact definition, and stress–strain analysis to evaluate the large deformation
and force transmission. The flexible element has been developed using an elastic material,
a rubber like photo-polymer—Stratasys Elastico, with a Shore of 85 as the primary material.

The flexible element was modeled using tetrahedral elements with a mean length of
0.7 mm. To smooth the areas that experience high deformation, a fine mesh was applied.
Modeling the flexible element is very challenging due to the hyper elastic material proper-
ties, which involve large deformations and incompressibility. To overcome these difficulties,
a hybrid formulation (hybrid elements) was used to model the tube, considered as a nearly
incompressible hyper elastic material with a Poisson’s ratio approaching 0.5.

Several methods were tested to define the material, such as the Mooney–Rivlin model,
but since at this stage the material properties were not fully defined, the final solution was
to define the material as hyper elastic using a Neo-Hookean formulation. This represents a
compromise in simulation accuracy due to the limited available information. The model
requires only two elastic parameters: C10, the shear modulus component, and D, the
compressibility parameter (related to the bulk modulus), where G is the shear modulus
and K is the bulk modulus.

To avoid self-penetration, contact pairs were defined for each notch, as illustrated in
Figure 13a. The first boundary condition consists of fixing one side of the tube, while two
displacement boundary conditions are applied to the other sides of the tube, where the
actuation wires pull and apply force to bend the flexible element. The behavior of the wires
was replicated by applying a displacement boundary condition in a mobile coordinate
system during the simulation, OABC, shown in Figure 13b.

   
(a) (b) (c) 

Figure 13. Modeling and FEM simulation of the flexible element: (a) modeling of the flexible
instrument using contact pairs; (b) boundary conditions for the simulation; (c) total displacement
during the simulation.

The deformation in the FEM model can be observed in Figure 13c. The elongation at
break given by the material manufacturer (360–400%) was converted to logarithmic strain
(LE). The results illustrated in Figure 13c present the maximum displacement of 46.61 mm,
while the maximum LE is 0.314, under the material limits.
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The jaw components of the proposed flexible laparoscopic end-effector are 3D printed
using DraftWhite (MED857) (Stratasys Ltd., Eden Prairie, MN, USA) PolyJet resin. The
most relevant mechanical, thermal, and physical properties of this material are presented
in Table 4.

Table 4. DraftWhite Material Properties [86].

Property Value Property Value

Tensile Strength 40–55 MPa Elongation at Break 5–20%
Modulus of Elasticity 2200–3000 MPa Flexural Strength 70–85 MPa

Flexural Modulus 2000–2500 MPa Shore Hardness (D) 83–86 (Scale D)

Using these properties, we validated the structural integrity of the jaw using Finite
Element Analysis. A load of 2 N was applied at the tooth contact area, while the proximal
mounting region of the jaw was constrained. The resulting von Mises stress field illustrated
in Figure 14 shows a maximum stress of approximately 9 MPa, below the tensile strength
of DraftWhite.

Figure 14. Finite element analysis of finger under a 2N force.

The forces required to grasp soft tissue during minimally invasive laparoscopic pro-
cedures are usually only a few newtons; measurements of pinch and pull forces at the
grasper tip indicate that precise manipulation is generally achieved with forces below
approximately 5 N to avoid tissue damage while maintaining a secure grip [87].

4.4. Prototype Manufacturing

The physical prototype of the flexible laparoscopic instrument was manufactured to
validate mechanical design. The manufacturing process utilizes PolyJet technology [86],
which allows for the creation of complex geometries and multi-material parts in a single
build tray.

The assembly followed a modular sequence: first, the Distal Assembly, where actuation
wires and Nitinol reinforcements were inserted through the flexible element and the distal
head was connected to the flexible element; second, rod integration, connecting the flexible
segment to the aluminum tube and inserting the internal stainless steel transmission rods;
and finally, actuation unit assembly, where motors were installed and wires tensioned, as
illustrated in the Figure 15.

The flexible laparoscopic instrument [88,89] is controlled through a master–slave
teleoperation architecture, as illustrated in Figure 16. The hardware platform consists of a
Raspberry Pi 5 as the central processing unit, two Motoron M2H18v18 (Pololu Corporation,
Las Vegas, NV, USA) dual-channel motor controllers communicating via I2C protocol, and
five DC micro-gearmotors with magnetic encoders.
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Figure 15. Prototype of the flexible laparoscopic instrument.

 

Figure 16. Hardware architecture of the flexible laparoscopic tool.

The surgeon interacts with the system using a 3Dconnexion SpaceMouse, which pro-
vides six analog input channels. The SpaceMouse axes are mapped to the instrument’s four
degrees of freedom: vertical translation (Tz) controls gripper actuation (q3), rotation around
the X-axis (Rx) controls rod rotation (q4), rotation around the Y-axis (Ry) controls flexible
element bending (q1), and rotation around the Z-axis (Rz) controls distal head rotation
(q2). Input signals are processed through dead-zone filtering and low-pass smoothing to
eliminate hand tremors before being converted to motor velocity commands.

The control software implements a finite state machine with four states: INIT for
system initialization, IDLE for standby operation, TELEOP for active teleoperation, and
FAULT for error handling. For the bending mechanism, an antagonistic control strategy
coordinates the flexion and extension motors to maintain tendon tension throughout the
motion range.

5. Results
This section presents the experimental results obtained from testing the 4-DOF flex-

ible laparoscopic instrument. The experiments were performed to demonstrate that the
proposed design addresses the identified white spot: the ability to rotate the distal head
independently while the instrument is in a bent configuration.

5.1. Kinematic Performance

The kinematic performance of the flexible instrument was evaluated by measuring the
range of motion for each degree of freedom. The experimental results are summarized in
Table 5.

Table 5. Kinematic performance results for each degree of freedom.

DOF Movement Measured Range Target

q1 Bending 0–90◦ 90◦

q2 Distal head rotation 360◦ (continuous) 360◦

q3 Gripper open/close 0–60◦ 60◦

q4 Rod rotation 180◦ 180◦

The flexible element achieved a bending angle of 90◦, meeting the design specifications.
Critically, the independent distal head rotation (q2) demonstrated continuous 360◦ rotation
capability while the instrument was maintained in a bent configuration, validating the
novel design approach that addresses the identified research white spot.

The demonstration of all four degrees of freedom can be observed in Figure 17. The
primary innovation of this instrument, the independent distal head rotation while the
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instrument is in a bent configuration was validated through testing. The rotation mech-
anism operated successfully across different bending configurations, demonstrating that
continuous 360◦ rotation and the flexible metallic wire transmission accommodated the
curvature changes during bending movements.

 

 

(a)  (b) 

 
(c)  (d) 

Figure 17. Demonstration of the four degrees of freedom: (a) distal head rotation; (b) rod rotation;
(c) bending; (d) gripper actuation (q3).

5.2. Fatigue Test

The fatigue resistance of the flexible element was evaluated through cyclic bending tests.
A test stand was developed, as illustrated in Figure 18, consisting of a fixed support structure
with wire guides that enable controlled manual tensioning of the actuation tendons.

Figure 18. Fatigue test setup.
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The test protocol consisted of 500 complete bending cycles, with each cycle comprising
full flexion to the maximum bending angle (90◦) followed by return to the straight config-
uration (0◦). Visual inspections were performed at incremental intervals (20, 50, 75, 100,
150, 200, 300, 400, and 500 cycles) to assess the structural integrity of the flexible element.
Representative images of the flexible element at selected cycle counts are presented in
Figure 19a,b.

   

(a)  (b) 

Figure 19. Fatigue test results: flexible element condition after (a) 400 and (b) 500 bending cycles.

Throughout the 500 cycles, no visible damage was observed. The flexible element
showed no signs of crack initiation at the notch hinges, no permanent deformation or shape
drift, and no degradation of bending performance. The triangular notches maintained
their original geometry, and the element consistently achieved the full 90◦ bending range
throughout testing.

In addition to the macroscopic inspections, a TOMLOV (TOMLOV, Shenzhen, China)
digital microscope was used to examine the flexible element before testing (0 cycles) and
immediately after completing 500 cycles, focusing on areas prone to damage (e.g., notch
roots, outer surface, and tendon routing features). The digital microscope setup is shown in
Figure 20, while representative post-fatigue microscope images are provided in Figure 21.

No visible cracking, delamination, or surface degradation was observed under the
digital microscope after 500 cycles.

 

Figure 20. Digital microscope inspection setup used for examination of the flexible element.
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Figure 21. Digital microscope inspection.

5.3. Grasping Force Measurement

The grasping force capability was evaluated experimentally as can be observed in
Figure 22 using a force-sensitive resistor (FSR 406, Interlink Electronics, Fremont, CA, USA)
integrated into a voltage divider circuit with a 10 kΩ resistor. The sensor was connected
to a national instruments data acquisition system (National Instruments Corporation,
Austin, TX, USA), and measurements were processed using LabVIEW 2025 (National
Instruments Corporation, Austin, TX, USA) software. Calibration was performed using
precision weights.

Figure 22. Grasping force measurement experimental setup.

The FSR sensor was positioned between the gripper jaws, and the gripper was actuated
to full closure. The measured grasping force was approximately 1.96 N.

5.4. Repeatability Test

Tip position repeatability was evaluated using millimeter graph paper and manual
reading, with an estimated reading uncertainty of approximately ±1 mm. The experimental
setup is shown in Figure 23. The instrument was actuated from the straight configuration to
the bent configuration using the same actuation command and then returned to the straight
configuration. This cycle was repeated for n = 10 consecutive trials. For each trial i, the tip
coordinates were recorded in the straight state (Xs,i, Ys,i) and in the bent state (Xb,i, Yb,i).

To reduce placement and origin-offset effects (e.g., the selected reference point on the
paper), repeatability was computed on the within-cycle tip displacement:

∆Xi = Xb,i − Xs,i ∆Yi = Yb,i − Ys,i (21)
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Figure 23. Experimental setup for tip position measurements using millimeter graph paper.

Repeatability was reported as the standard deviation (SD) of ∆X and ∆Y, and as a
combined 2D metric.

R2D =

√
SD(∆X)2 + SD(∆Y)2 (22)

Across the 10 cycles, the mean tip displacement was ∆X = 4.50 mm and ∆Y = 21.90 mm.
The measured repeatability was SD(∆X) = 1.96 mm and SD(∆Y) = 2.08 mm, corresponding
to a 2D repeatability of R2D = ±2.86 mm (SD, n = 10). Figure 24 shows the scatter of the
within-cycle displacement points (∆Xi, ∆Yi), with the dashed circle indicating the 1 SD
repeatability radius R2D.

Figure 24. Tip displacement repeatability (n = 10) measured on millimeter graph paper.

5.5. Load-Deflection Characterization

The mechanical behavior of the flexible element under external loading was characterized
through static bending tests. The experimental setup, illustrated in Figures 25 and 26, consisted
of a fixed support structure with the flexible element mounted horizontally, a pulley system
for controlled load application, and a precision calibrated weight set. The flexible element
was clamped at its proximal end using a custom 3D-printed fixture. A pulley redirected the
vertical gravitational force from the hanging weight container into a horizontal pulling force
applied to the actuation tendon at the distal end of the flexible element.
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Figure 25. Experimental setup for load-deflection characterization.

Position measurements were obtained using an OptiTrack (NaturalPoint Inc., Corvallis,
OR, USA) optical motion capture system providing sub-millimeter tracking accuracy. Six
reflective markers were attached along the instrument: one at the base (fixed reference), four
distributed along the flexible section to capture the deformed shape, and one at the distal tip.
The three-dimensional coordinates of each marker were recorded at each load increment.

Calibrated weights ranging from 50 g to 670 g were incrementally applied to the actua-
tion tendon. At each load step, the system was allowed to stabilize for 10 s before recording
marker positions. The tip displacement relative to the initial unloaded configuration was
calculated from the recorded marker coordinates. The angular deflection (bending angle)
was computed using the tangent direction at the distal tip, defined as the vector connecting
the fourth intermediate marker to the tip marker.

Figure 26. OptiTrack motion capture system.

The experimental results are illustrated in Figure 27. The flexible element exhibited a
nonlinear load–deflection relationship characteristic of large-deformation bending. At the
maximum applied load of 670 g (equivalent to 6.57 N), the tip achieved a displacement of
74.95 mm in the X direction and 91.18 mm in the Y direction, with an angular deflection
of 79.85◦.

The load–deflection curves presented in Figure 27 reveal three distinct behavioral
regions. In the initial region (0–150 g), the flexible element demonstrates relatively high
compliance, with the angular deflection increasing rapidly from 0◦ to approximately 31◦.
The intermediate region (150–420 g) shows a more gradual response as the triangular
notches progressively close under increasing load. In the final region (420–670 g), the rate
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of angular deflection decreases further as the element approaches its geometric bending
limit, consistent with the designed maximum bending angle of 90◦.

Figure 27. Load–deflection characteristics of the flexible element.

The deformed shape of the flexible element at selected load values is illustrated in
Figure 28, showing the progressive curvature from the initial straight configuration to
approximately 80◦ bending at maximum load.

Figure 28. Deformed shape of the flexible element at selected applied loads (100 g, 207 g, 314 g, 420 g,
570 g, 670 g).

5.6. Workspace Analysis

The workspace of the flexible instrument was experimentally characterized and com-
pared with the theoretical constant-curvature kinematic model. The tip position was
measured using an OptiTrack motion capture system across the full bending range (0–90◦).
Additionally, the rod rotation degree of freedom (q4) was actuated through its complete
range of +/−90◦, generating the three-dimensional workspace envelope.
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The theoretical workspace was computed using the constant-curvature kinematic
model with design parameters Lf = 50 mm (flexible section length) and Ld = 55 mm (distal
section length). For a given bending angle θ, the tip position was calculated as:

xtip =
Lf
θ

sin(θ) + Ldcos(θ) (23)

ytip =
L f

θ
(1 − cos(θ)) + Ldsin(θ) (24)

The comparison between theoretical predictions and experimental measurements is
illustrated in Figure 29. The experimental data shows good agreement with the constant-
curvature model across the operational range. Quantitative error analysis revealed a mean
positioning error of 4.10 mm, with a root-mean-square (RMS) error of 4.73 mm. The
maximum error of 8.33 mm occurred at the bending angle of 90◦.

Figure 29. Workspace comparison: theoretical vs. experimental.

The three-dimensional workspace, obtained by combining the bending motion with
+/−90◦ rod rotation (q4), is presented in Figure 30. The workspace forms a hemispherical
envelope with approximate dimensions of 105 mm in the X direction, 245 mm in the Z
direction, and 87 mm in the Y direction.

The observed discrepancies between theoretical and experimental results can be
attributed to several factors: tendon friction and hysteresis effects, material viscoelasticity
of the Elastico photopolymer, and the discrete notch geometry, which deviates from the
ideal continuous curvature assumption at higher bending angles.
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Figure 30. The three-dimensional workspace comparison: theoretical vs. experimental.

5.7. Manipulation and Grasping Tests

To validate that the instrument meets the design objectives, a series of functional tests
were performed. These tests were performed to verify the ability of the instrument to
perform basic manipulation tasks required for minimally invasive surgery.

Elastic Band Transfer: The surgeon successfully transferred elastic bands between
fixed rings, as illustrated in Figure 31a. The task required coordinated use of bending (q1),
distal head rotation (q2), and gripper actuation (q3).

   

(a)  (b) 

 
 

(c)  (d) 

Figure 31. Manipulation and grasping tests: (a) transferring elastic bands between rings; (b) guiding
a wire through a path; (c) manipulation of plastic springs; (d) grasping of soft.
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Tissue Grasping: The gripper successfully grasped different types of tissue as illus-
trated in Figure 31d.

Wire Path Navigation: The 10 mm diameter instrument successfully guided a flexible
wire through a series of small rings within the training simulator, as shown in Figure 31b.
The bending capability allowed the instrument to navigate around obstacles.

Spring Manipulation: The instrument grasped and repositioned plastic springs at
various angles, as presented in Figure 31c.

The gripper successfully grasped different types of tissue as illustrated in Figure 31d.

5.8. Simulated Pancreatic Surgery Test

The main objective of the experimental test was to demonstrate the instrument’s
capability to perform stomach retraction during simulated pancreatic surgery, following
the clinical protocol described in [64].

The instrument was integrated with the ATHENA robot system, which consists of two
modules: a parallel robot with four active degrees of freedom for instrument positioning,
and a passive spherical mechanism that constrains the Remote Center of Motion (RCM).
The experimental setup, illustrated in Figure 32, includes the Athena robot, the flexible
surgical instrument, a laparoscopic camera for visual feedback, and 3D-printed pancreas
and stomach models placed in the training kit. The surgeon controlled the system using a
3D SpaceMouse.

Figure 32. Experimental setup of the surgical procedure.

The test scenario focused on stomach manipulation to create an intraoperative
workspace for the surgeon. The procedure consisted of the following steps:

• The instrument was introduced through the laparoscopic port and positioned using
the Athena parallel robot;

• The flexible element was bent to approach the silicone cord wrapped around the
stomach phantom;

• The distal head was rotated to achieve optimal grasping orientation while maintaining
the bent configuration;

• The gripper securely grasped the silicone cord;
• The robot performed a coordinated lifting motion to retract the stomach from the

pancreas surface;
• The instrument maintained the retracted position, providing workspace access for

additional surgical instruments.
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As illustrated in Figure 33, the instrument successfully performed the stomach retrac-
tion procedure. Figure 33a shows the initial grasping stage, while Figure 33b demonstrates
the instrument holding the stomach in a retracted position, providing access to the pancreas.

 

 

(a)  (b) 

Figure 33. Stomach manipulation: (a) initial stage; (b) holding of the stomach.

6. Discussion
The experimental results demonstrate that the proposed instrument can perform

independent distal head rotation while in a bent configuration. This capability, identified
as a white spot during the analysis of different existing flexible surgical instruments, was
successfully implemented through the proposed mechanical architecture.

The primary objective of this work was achieved: the instrument successfully demon-
strated independent 360◦ distal head rotation across the full bending range (0–90◦). This
capability, absent from analyzed instruments, enables grasper reorientation without reposi-
tioning the entire instrument.

The instrument achieved the desired ranges of motion for all four degrees of freedom:
90◦ bending (q1), 360◦ continuous distal head rotation (q2), 60◦ gripper opening (q3), and
180◦ rod rotation (q4). The decoupled actuation mechanism performed as designed, with
the distal head rotation remaining fully functional regardless of the bending angle.

Quantitative performance characterization: comprehensive quantitative testing was
performed to characterize the mechanical behavior of the instrument. Fatigue resistance
was evaluated through 500 complete bending cycles at maximum deflection (90◦), with
visual inspections and digital microscope examination at different intervals (20, 50, 75,
100, 150, 200, 300, 400, and 500 cycles). No visible damage, crack initiation, or permanent
deformation was observed throughout testing, demonstrating a 5–10× safety margin
relative to single-use operational requirements (50–100 cycles per typical procedure).

The grasping force capability was measured using a calibrated FSR 406 force sensor
with national instruments data acquisition, yielding approximately 2 N at maximum gripper
displacement. This value falls within the clinically relevant range for soft tissue manipulation,

https://doi.org/10.3390/robotics15020046

https://doi.org/10.3390/robotics15020046


Robotics 2026, 15, 46 26 of 34

where forces below approximately 5 N are recommended to avoid tissue damage while main-
taining a secure grip [87]. While sufficient for retraction and grasping tasks as demonstrated
in the experimental tests, higher forces would require structural reinforcement.

Tip position repeatability was assessed over 10 actuation cycles using millimeter
graph paper, resulting in a 2D repeatability of +/−2.86 mm (SD), with individual axis
deviations of SD(∆X) = 1.96 mm and SD(∆Y) = 2.08 mm. This level of repeatability
is consistent with open-loop tendon-driven systems, where hysteresis, cable slack, and
friction contribute to cycle-to-cycle variability. For the intended application of visually
guided tissue manipulation, the +/−2.86 mm variability is compensated by real-time visual
feedback from the laparoscopic camera. Implementation of closed-loop position control
using the integrated encoder feedback is expected to reduce this value below 1 mm.

Load-deflection characterization using an OptiTrack optical motion capture system
with six reflective markers provided comprehensive data on the flexible element’s mechani-
cal behavior. The nonlinear load–deflection relationship revealed three distinct behavioral
regions with quantifiable compliance characteristics: the initial high-compliance region
(0–150 g) exhibited a mean angular sensitivity of approximately 0.21◦/g, the intermedi-
ate region (150–420 g) showed a reduced sensitivity of 0.10◦/g as the triangular notches
progressively closed, and the stiffening region (420–670 g) further decreased to 0.09◦/g
as the element approached its geometric bending limit. At the maximum applied load of
670 g (6.57 N), the tip achieved a displacement of 74.95 mm (X) and 91.18 mm (Y), with
an angular deflection of 79.85◦, reaching 88.7% of the designed maximum of 90◦. The
remaining 10.2◦ gap between the load-test result and the full 90◦ range achieved by the
motorized prototype indicates that the actuation system provides sufficient force margin to
overcome friction and material resistance across the complete operational range.

Workspace characterization using OptiTrack motion capture revealed a mean position-
ing error of 4.10 mm and RMS error of 4.73 mm relative to theoretical constant-curvature
predictions. The mean error represents 3.9% of the maximum instrument reach (105 mm in
the straight configuration), while the maximum error of 8.33 mm (7.9% of reach) occurred
at 90◦ bending, where accumulated effects of discrete notch geometry, tendon friction, and
material viscoelasticity deviate most from the ideal continuous-curvature assumption. The
error progression across bending angles: 0 mm at 0◦, 2.22 mm at 30.9◦, 4.74 mm at 57.4◦,
6.99 mm at 79.8◦, and 8.33 mm at 90◦ confirms a monotonically increasing trend consistent
with the cumulative nature of geometric approximation errors. These positioning errors re-
main within acceptable limits for visually guided tissue manipulation, though closed-loop
control with position feedback would be required for sub-millimeter precision tasks.

The kinematic and FEM models serve independent, complementary purposes: the
kinematic model provides the geometric framework for motion planning, while FEM
validates structural integrity. Integration through experimentally derived correction factors
is identified as future work.

The functional tests were completed successfully. The instrument performed elastic
band transfer, wire path navigation, spring manipulation, and tissue grasping without
mechanical failures. These tests required coordinated use of multiple degrees of freedom,
confirming that the actuation system can handle combined movements.

The integration with the ATHENA parallel robot system was successful. The in-
strument performed the stomach retraction procedure according to the medical protocol,
demonstrating that the proposed design can operate within a robotic surgical system.

The modular manufacturing approach using PolyJet 3D printing technology enabled
the fabrication of complex geometries, including the flexible element with embedded
channels for tendons and Nitinol reinforcements, in a single build.
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The literature analysis revealed that increased dexterity in flexible instruments gener-
ally reduces stiffness and force capability. The proposed design reflects this trade-off: the
Elastico PolyJet photopolymer (Shore 85A) provides the rubber-like flexibility necessary for
the 90◦ bending range, while the triangular notch geometry concentrates deformation at
controlled hinge points (Lh = 1.32 mm per notch). To partially compensate for the inherent
compliance, Nitinol reinforcement segments inserted through dedicated channels (H6,
H7) improve axial stiffness, reducing buckling risk during tissue manipulation. The FEM
analysis confirmed that the maximum logarithmic strain (LE = 0.314) remains well below
the material’s elongation at break (360–400%), providing a structural safety factor exceeding
three times for the flexible element.

The flexible element uses Elastico PolyJet photopolymer (Stratasys Ltd., Eden Prairie,
MN, USA), selected for its rubber-like flexibility. The triangular notch geometry provides
the required 90◦ bending range. Nitinol reinforcement segments inserted through dedicated
channels were included to improve axial stiffness.

Compared to representative instruments from the literature, the proposed design
achieves quantitative specifications that are competitive within its class: the 10 mm outer
diameter matches [59] and is compatible with standard laparoscopic ports, the 4-DOF
configuration is equivalent to [43,44,50,67], and the 90◦ bending range is comparable to [43]
(90◦ per joint) and approaches [44] (105◦), while instruments with larger bending angles
such as [67] (163.6◦) use smaller diameters (3.7 mm) with correspondingly reduced force
capability. The measured grasping force of approximately 2 N is adequate for soft tissue
manipulation tasks requiring forces below 5 N [87] and exceeds the force requirements
demonstrated during the functional tests (elastic band transfer, tissue grasping, stomach
retraction). The distinguishing feature of the proposed instrument remains the independent
360◦ distal head rotation while in a bent configuration, which was absent from all analyzed
instruments including the da Vinci EndoWrist system. This capability eliminates the
need to reposition the entire instrument for grasper reorientation, potentially reducing
operative time and instrument collisions in the confined surgical workspace. The 3D-
printed flexible element enables cost-effective manufacturing, with monolithic PolyJet
fabrication supporting potential single-use production.

Several limitations were identified during development and testing. The flexible
element design balances bending capability against structural rigidity. While the Nitinol
reinforcement segments improve axial stiffness, the inherent compliance of the Elastico
material may limit force transmission during demanding tissue manipulation tasks. The
literature indicates that grasping forces for soft tissue manipulation are typically below 5 N.
The Elastico PolyJet photopolymer used for the flexible element requires biocompatibility
validation per ISO 10993 standards [90] for clinical use. The DraftWhite (MED857) material
used for jaw components is intended for medical prototyping. Sterilizability was not tested;
for clinical application, the instrument would either require sterilization compatibility or
be designed as a single-use device manufactured in a sterile environment.

The prototype materials (Elastico, DraftWhite MED857) demonstrate mechanical
feasibility but are not validated for clinical use. Clinical translation would follow either
single-use manufacturing in sterile conditions, leveraging 3D printing cost-effectiveness, or
material substitution with ISO 10993-compliant medical-grade polymers.

The tests were conducted in laboratory conditions using training models and silicone
cords, not biological tissue. The quantitative characterization achieved in this study: grasp-
ing force (2 N, within the <5 N clinical requirement [87]), tip repeatability (±2.86 mm,
sufficient for visually guided manipulation), fatigue resistance (500 cycles, providing five to
ten times the safety margin over single-procedure requirements), load-deflection behavior
(79.85◦ at 6.57 N), and workspace accuracy (4.10 mm mean error, 3.9% of reach) establishes
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a baseline performance profile for the proposed design. Additional characterization re-
quired for comprehensive evaluation includes force transmission efficiency across different
bending configurations, dynamic response during rapid movements, and ex vivo tissue
interaction studies. The constant-curvature kinematic model does not account for friction,
elastic deformation, or dynamic effects, and the monotonically increasing positioning error
(from 0 mm at 0◦ to 8.33 mm at 90◦) quantifies the practical impact of these simplifications.

Based on the current results, several research directions are identified.
Tendon friction introduces hysteresis between commanded and actual bending angles.

During direction reversal, a dead-band zone occurs where tendon displacement does not
immediately produce tip motion. Material hysteresis in the Elastico photopolymer further
contributes to path-dependent behavior, meaning the tip position depends not only on the
current tendon lengths but also on the loading history. Additionally, the model assumes
quasi-static conditions; during rapid movements, inertial effects and tendon dynamics may
cause oscillations. These factors are expected to reduce positioning accuracy compared
to idealized kinematic predictions. Future work will focus on characterizing these effects
experimentally and developing compensation strategies, such as friction models or closed-
loop control with position feedback.

The control system requires further development. The current open-loop control with
visual feedback limits precision and repeatability. Future work will focus on implementing
position feedback control using encoder data to enable closed-loop tip positioning and
improve the accuracy of the instrument movements.

While initial quantitative characterization has been performed (grasping force, repeata-
bility, fatigue, load-deflection), additional measurements are needed for comprehensive
performance evaluation. This includes workspace analysis and comparison with existing
instruments, dynamic response characterization, and force transmission efficiency under
various bending configurations. These measurements would provide objective data for
comparison with other flexible surgical instruments in the literature.

Sterilizability was not tested in this study. For clinical application, the instrument
must withstand sterilization methods or be designed as a single-use device manufactured
in a sterile environment. The 3D printing manufacturing approach may be particularly
suitable for single-use instruments, eliminating sterilization requirements.

The current prototype uses forceps as the end-effector. The modular design of the
distal head allows for the development of alternative end-effectors for different surgical
tasks. Future work will include scissors for tissue cutting, needle holders for suturing, and
specialized graspers for specific tissue types.

The current 10 mm diameter is compatible with standard laparoscopic ports, but
smaller versions would expand the range of surgical applications. Future development
could explore miniaturized versions (5–8 mm diameter) for procedures requiring smaller
incisions or for pediatric applications.

The current study demonstrated integration with the ATHENA parallel robot system.
Future work will explore compatibility with other surgical robots to increase the potential
clinical applicability.

Collaboration with surgeons is essential to validate the practical benefits of the pro-
posed design. Future studies will include usability assessments in realistic surgical training
scenarios and comparative studies with existing instruments to quantify any improvements
in task completion time or precision.

7. Conclusions
This paper presents a novel 4-DOF flexible laparoscopic instrument designed to

overcome a major limitation of current surgical robotic tools—the inability to rotate the

https://doi.org/10.3390/robotics15020046

https://doi.org/10.3390/robotics15020046


Robotics 2026, 15, 46 29 of 34

distal head while the instrument is in a bent configuration. The instrument features a 10 mm
outer diameter compatible with standard laparoscopic ports, a 50 mm flexible section
with six triangular notches per side, and achieves the following measured performance:
bending range of 0–90◦ (q1), continuous 360◦ distal head rotation independent of bending
configuration (q2), gripper opening of 0–60◦ (q3), and rod rotation of 180◦ (q4).

Quantitative characterization demonstrated the following: (1) a grasping force of
approximately 2 N, suitable for soft tissue manipulation; (2) tip position repeatability of
±2.86 mm; (3) fatigue resistance exceeding 500 bending cycles at maximum deflection
without visible degradation, confirmed by digital microscope inspection; (4) load-deflection
behavior characterized using optical motion capture, revealing a maximum angular de-
flection of 79.85◦ and tip displacement of 91.18 mm at 670 g applied load, and (5) and
workspace positioning accuracy with mean error of 4.10 mm and RMS error of 4.73 mm
relative to theoretical predictions.

The flexible element, manufactured using Elastico PolyJet photopolymer, demon-
strated successful operation during manipulation tests including elastic band transfer, wire
path navigation, spring manipulation, and tissue grasping. Integration with the ATHENA
parallel robot system validated the instrument’s capability to perform stomach retraction
during a simulated pancreatic surgery procedure.

8. Patents
1. Patent pending—Doina Pisla, Damien Chablat, Iosif Birlescu, Calin Vaida, Alexan-

dru Pusca, Paul Tucan, Bogdan Gherman, Automated instrument for robot-assisted
minimally invasive surgery, Romania, Patent number: RO138293A0. 2024, pp.15.

2. Patent pending—International patent, Doina Pisla, Damien Chablat, Iosif Birlescu,
Calin Vaida, Alexandru Pusca, Paul Tucan, Bogdan Gherman, Automated instrument
for robot-assisted minimally invasive surgery, INPIFR2414038/13.12.2024.
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RST Robotic Surgical Tool
DOF Degree(s) of Freedom
TM Tendon-Driven Manipulator
TSM Tendon-Driven Serpentine Manipulator
TCM Tendon-Driven Continuum Manipulator
CTM Concentric Tube Manipulator
SMA Shape Memory Alloys
TEMS Trans Anal Endoscopic Microsurgery
SILS Single-Incision Laparoscopic Surgery
RCM Remote Center of Motion
FEA Finite Element Analysis
FEM Finite Element Method
CAD Computer-Aided Design
PWM Pulse Width Modulation
I2C Inter-Integrated Circuit
USB Universal Serial Bus
3D Three-Dimensional
CT Computed Tomography
MRI Magnetic Resonance Imaging
CCW Counterclockwise
CW Clockwise
MVP Minimum Viable Product
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