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Abstract: Gastrointestinal cancer, when detected early, is treated by accessing the lesion through
the natural orifice using flexible endoscopes. However, the limited degree-of-freedom (DOF) of
conventional treatment devices and the narrow surgical view through the endoscope demand ad-
vanced techniques. In contrast, multi-DOF forceps systems are an excellent alternative; however,
these systems often involve high fabrication costs because they require a large number of micro-parts.
To solve this problem, we designed compact multi-DOF endoluminal forceps with a monolithic
structure comprising compliant hinges. To allow an efficient stress dispersion at the base end when
the hinge bends, we proposed a novel design method to obtain the hinge parameters using the beam
of uniform strength theory. This method does not involve a high computational cost. The results
show that the improved design with a variable hinge thickness can reduce the maximum bending
stress, dispersing the stress in a larger area than that of the previous design considering a constant
thickness of the hinge. Moreover, the experiments conducted in a prototype confirm that the radius
of the curvature was significantly improved. The proposed method could aid in designing other
continuum robots relying on compliant hinges.

Keywords: design methodology; finite element analysis; medical robotics; surgical instruments;
soft robotics

1. Introduction

Advances in endoscopic equipment have enabled early diagnosis and minimally in-
vasive resection of esophageal, gastric, and colorectal cancers. In particular, endoscopic
submucosal dissection (ESD) is an advanced method that allows setting an arbitrary ex-
cision range. Moreover, ESD enables the accurate excising of larger lesions than other
procedures [1,2]. However, ESD is a time-consuming and challenging procedure. The risk
of bleeding or perforation with a slight operation error is present. Specifically, in cases
where the submucosa is not completely visible, the submucosal dissection is challenging. A
good field of view with counter traction can facilitate and save the ESD procedure [3,4]. In
this regard, articulated forceps are effective in obtaining adequate traction.

Previous studies have developed multi-DOF endoluminal forceps with articulated
joint structures [5–19]. For instance, Anubiscope [5], STRAS [6], EndoMaster [7], and
K-FLEX [8] have improved workability. Their effectiveness has been demonstrated by
performing ESD procedures using a porcine stomach and colon and comparing specimen
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size and dissection speed. Similarly, i2 Snake [9], EndoSamurai [10], ViaCath [11], and
Flex robotic system [12] are endoscopic surgical systems for natural orifice translumi-
nal endoscopic surgery (NOTES) or other endoscopic surgery. These devices [5–12] are
equipped with articulating segments. However, their diameters are not sufficiently small to
be inserted into the 2.8 mm channel of commercially available prevailing standard flexible
endoscopes. Other articulated devices [13–19] are within 2.6 mm in diameter. Thus, these
devices might be used with standard flexible endoscopes even though each mechanism has
its own limitations. Lee et al.’s [13] and Kawahara et al.’s [14] devices have only one-DOF
of bending. Prasai et al.’s [15] device has a problem that the bending radius becomes large
because it is bent by rotating a multi-layered concentric tube. Nakadate et al.’s [16–18]
and Ray et al.’s [19] mechanisms contain several micro-parts, which increases their cost.
Considering size and cost, a mechanism with the simplest possible structure is desirable.

Therefore, we designed a multi-DOF monolithic-structured forceps within 2.6 mm
in diameter. The designed forceps have a compact configuration composed of a grasping
segment, bending segment, and tendon-sheath driving segment. The grasping and bending
segments have a monolithic structure relying on a compliant mechanism [20], which
is a flexible mechanism achieving force and motion transmission through elastic body
deformation. The compliant mechanism has the advantages of being integrally molded
with a smaller size, lighter weight, and simpler structure than conventional mechanisms.
However, when a compliant joint bends, the stress generally concentrates at the end of
the base, placing heavy loads on the first few joints, leading to fatigue failure. This limits
the range of motion of the mechanism and is a typical inconvenience of continuum robots
using similar compliant joints [21–23].

In this regard, some studies have used FEA to improve the design of the joint
structures [24–27]. For instance, Park et al. [24] and Wu et al. [25] evaluated the design
optimization by changing the thickness of the hinge using FEA. Huang et al. [26] studied
the structural behavior of the snake-like mechanism depending on the dimensions of indi-
vidual joints and sought to achieve a particular curvature. Furthermore, the thickness of the
hinge varies along the structure. Coemert et al. [27] presented the design optimizations by
changing the thickness of the hinge for each segment using FEA to adjust a uniform stress
distribution. The design optimization approach was validated using a 1-DOF compliant
joint with three segments of elastic hinges. However, in these studies [24–27], a problem
arose regarding the high computational cost due to the nonlinear analysis with fine mesh
and the exploratory thickness determination of elastic hinges.

In this study, we propose a novel method to efficiently determine the thickness of the
elastic hinges by modeling the stress distribution mathematically using the theory of the
beam of uniform strength [28]. In particular, the technical contributions of this paper are:
(1) A novel design method was proposed to determine the thickness of continuum hinges
based on the beam of uniform strength theory. (2) Endoluminal forceps were developed
with a wide range of motion and a small radius of curvature even in a narrow lumen due
to the stress dispersion design method.

This paper is organized as follows: Section 2.1 presents the mechanical structure
of the designed forceps. Section 2.2 describes the design method for obtaining the new
hinge parameters. The section is followed by the stress evaluation through FEA presented
in Section 3.1. In Section 3.2, a prototype is used to compare the differences in motion
generation between the variable thickness of the hinge and the constant thickness of the
hinge. Section 4 discusses the results, as well as the study’s contributions and limitations.
Finally, Section 5 provides the conclusions.

2. Stress Dispersion Design Method

The proposed design method aims to reduce stress concentration at the end of the
base while ensuring a wide range of motion.
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2.1. Basic Design

The developed forceps structure consists of three segments: grasping, bending, and
driving, as shown in Figure 1. Although the grasping and bending segments are mono-
lithically structured, these segments provide 3-DOF, with 2-DOF of bending and grasping
through a tendon-sheath mechanism. A single-piece construction prevents losing parts in
the operation. In particular, the grasping segment has an outer diameter of 2.5 mm in the
proposed design. Moreover, the bending segment has an outer diameter of 2.3 mm because
the outer peripheral surface is assumed to be covered with a heat-shrinkable tube. The
driving segment has a compact structure consisting of five wires with an outer diameter of
0.3 mm and five tubes with an outer diameter of 0.6 mm. The wires are driving using servo
motors or a connected mechanical joystick. When tension is applied to the center wire, the
driving force transmission part is deformed in the loading direction, the side surface part
elastically deforms, and the tip opens and closes. The bending uses an antagonistic drive
method that bends up, down, left, and right through four wires. When tension is applied to
the wire, a bending moment is applied to the tip, deforming the continuous hinges to bend.
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Figure 1. Structure of the designed forceps.

Several studies [29–50] have introduced continuum robots using hinge designs. As
shown in Table 1, the hinge design can be classified into several types: (i) discrete joint [29–31],
(ii) uni-directional compliant joint [32–35], (iii) bi-directional compliant joint [36–41], (iv) cross-
axis compliant joint [42,43], (v) helical compliant joint [44–46], and (vi) symmetric compliant
joint [47–50]. We selected a symmetric compliant joint, which has the advantage of high flex-
ibility and strength for grasping and bending. By using elastic deformation, the mechanism
could be operated without mechanical backlash.
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Table 1. Classification of several hinge types in related studies: (i) discrete joint, (ii) uni-directional
compliant joint, (iii) bi-directional compliant joint, (iv) cross-axis compliant joint, (v) helical compliant
joint, and (vi) symmetric compliant joint.

i.
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Reference [29] – [31] [32] – [35] [36] – [41] [42] – [43] [44] – [46] [47] – [50]

𝑖𝑖. 𝑖𝑖𝑖. 𝑖𝑣. 𝑣. 𝑣𝑖.𝑖.

2.2. Design Improvement

A beam of uniform strength is a beam whose bending stress is constant in the lon-
gitudinal direction of the beam. For example, when considering a cantilever beam that
receives a concentrated load on the tip, the bending moment acting on the beam increases
proportionally to the distance from the tip. Therefore, if the cross-section is uniform, the
magnitude of bending stress is also proportional to the distance tip and becomes maximum
at the fixed end. If a beam is designed so that the section modulus increases proportionally
to the distance from the tip, the bending stress becomes constant regardless of the position.
In contrast, no straightforward method exists to determine the hinge size to distribute the
stress effectively because the designed forceps relies on a discontinuous beam. In this study,
we propose a method to effectively determine the parameters by using the beam of uniform
strength concept.

That is, assume a concentrated load P acting on the free end of the cantilever shown in
Figure 2, where x is the arbitrary position in the length direction. The cross-sectional shape
is a rectangle with a width of b and a thickness of hx at an arbitrary position in the length
direction. h0 is the thickness at x = l. When b is constant, hx becomes parabolic [51]. The
applied moment M and the section modulus Z are expressed as follows:

M = Px, Z =
bhx

2
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Figure 2. Diagram of beam of uniform strength.

Thus, the maximum bending stress σmax is expressed as follows:

σx(max) =
M
Z

=
6Px
bhx

2 (2)

σl(max) =
6Pl
bh0

2 (3)
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Thus, the maximum bending stress σmax is expressed as follows:

σx(max) =
M
Z

=
6Px
bhx

2 (2)

σl(max) =
6Pl
bh0

2 (3)

Classification Discrete joint Ini-directional
compliant joint

Bi-directional
compliant joint

Cross-axis
compliant joint

Helical
compliant joint

Symmetric
compliant joint

Parts of joint Discrete Compliant Compliant Compliant Compliant Compliant

Symmetry Symmetric Asymmetric Asymmetric Asymmetric Asymmetric Symmetric

Direction of
bending Bi-directional Uni-directional Bi-directional Bi-directional Bi-directional Bi-directional

DOF of bending 1-DOF 1-DOF 1-DOF 1-DOF 2-DOF 2-DOF

Advantage Wide range of
motion

Campact
flexure, low

stress

Compact
flexure, low

stress

Compact
flexure Low stress High flexbility

and strength

Disadvantage High assembly
cost

Longer segment
with 2-DOF

Long segment
with 2-DOF

Complex
structure

Low position
accuracy High stress

Reference [29–31] [32–35] [36–41] [42,43] [44–46] [47–50]

2.2. Design Improvement

A beam of uniform strength is a beam whose bending stress is constant in the lon-
gitudinal direction of the beam. For example, when considering a cantilever beam that
receives a concentrated load on the tip, the bending moment acting on the beam increases
proportionally to the distance from the tip. Therefore, if the cross-section is uniform, the
magnitude of bending stress is also proportional to the distance tip and becomes maximum
at the fixed end. If a beam is designed so that the section modulus increases proportionally
to the distance from the tip, the bending stress becomes constant regardless of the position.
In contrast, no straightforward method exists to determine the hinge size to distribute the
stress effectively because the designed forceps relies on a discontinuous beam. In this study,
we propose a method to effectively determine the parameters by using the beam of uniform
strength concept.

That is, assume a concentrated load P acting on the free end of the cantilever shown in
Figure 2, where x is the arbitrary position in the length direction. The cross-sectional shape
is a rectangle with a width of b and a thickness of hx at an arbitrary position in the length
direction. h0 is the thickness at x = l. When b is constant, hx becomes parabolic [51]. The
applied moment M and the section modulus Z are expressed as follows:

M = Px, Z =
bhx

2

6
(1)

Thus, the maximum bending stress σmax is expressed as follows:

σx(max) =
M
Z

=
6Px
bhx

2 (2)

σl(max) =
6Pl
bh0

2 (3)
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where σx(max) and σl(max) are the maximum bending stress at an arbitrary position in the
length direction and the base end, respectively. Considering a beam of uniform strength,
σx(max) = σl(max). Therefore,

σx(max) =
6Px
bhx

2 =
6Pl
bh0

2 (4)

hx = h0

√
x
l

(5)

𝑃

𝑏ℎ! ℎ"

𝑥

𝑙

Figure 2. Diagram of beam of uniform strength.

Due to the size limitations of the endoluminal forceps, h0 = 0.6 mm, l = 30 mm.
By substituting these parameters into Equation (5), the thickness of the beam of uniform
strength can be calculated. The hinge thickness was determined according to the thick-
ness for each length of the beam of uniform strength. In the proposed method, average
thicknesses of two pairs of adjacent hinges are matched with thickness of beam of uniform
strength. The thicknesses for each position in the length direction of beam of uniform
strength, initial design, and improved design are shown in Figure 3. The hinge lengths
were designed as (a) 0.2 mm, (b) 0.4 mm, (c) 0.8 mm, and (d) 1.2 mm. Figure 4 shows the
initial and improved designs with the 0.4 mm length hinge.
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Figure 3. Thicknesses (beam of uniform strength, initial design, improved design) for each hinge
length: (a) 0.2 mm, (b) 0.4 mm, (c) 0.8 mm, and (d) 1.2 mm.
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Figure 4. Diagram of the forceps when the hinge length was 0.4 mm: (a) initial design and (b) im-
proved design.

3. Evaluation

The proposed design was evaluated using FEA and an experimental prototype to
confirm the effectiveness of the proposed stress dispersion design method.

3.1. Finite Element Analysis

FEA was used to quantitatively evaluate the stress distribution to analyze whether a
reduction in the stress concentration was achieved. Initially, we determined the material
and FEA conditions. Polymer materials can be mass-produced at a low cost and discarded
after one-time use. PAI (Polyamide-imide) is a biocompatible material with a low Young’s
modulus and yield strength among similar polymer materials [24]. Therefore, PAI is
suitable as a material for the hinge of the forceps. In particular, FEMAP (SIEMENS PLM,
Stuttgart, Germany) was used to generate the mesh considering tetrahedral elements. The
analyses were conducted using the nonlinear numerical-analysis software DAFUL (Virtual
Motion, Seoul, Korea). Table 2 shows the physical properties of PAI and the mesh size
used for FEA. To be able to operate the forceps like a human wrist, the required range
of motion is ±90 degrees. Therefore, the force applied until the forceps bent 90 degrees
in FEA. The FEA considered that the tensile force was always perpendicular to the tip of
the surface each time the tip bent. First, a simulation was performed where a wire was
pulled and bent in a lateral direction. Subsequently, a simulation was performed where
two wires were pulled and bent in an oblique direction. The analysis conditions were set
so that the tensions of the two wires were equal. To show the effectiveness of the improved
design with a variable hinge thickness, we compared it to an initial design with a constant
hinge thickness. For the design used for comparison, only the hinge size was changed, and
the other parameters were maintained of the same size. The hinge thickness of the initial
design was 0.35 mm.

Table 2. Material properties and mesh size considered in the FEA.

Material Property Value

Young’s modulus 4000 (MPa)
Shearing modulus 1379 (MPa)
Yield strength 152 (MPa)
Poisson ratio 0.45
Mesh size 0.15 (mm)

The FEA results when the hinge length was 0.4 mm are shown in Figure 5. Figure 6
shows the evenly distributed stress when the hinge length was 0.4 mm. When the tip
was bent 90 degrees, the maximum stress of the initial design and improved design was
245 MPa and 148 MPa, respectively. Consequently, the maximum stress is smaller than the
yield strength of PAI. The improved design allowed stress dispersion, and the maximum
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stress was substantially reduced compared to that of the initial design. Figure 7 shows the
results of comparing the maximum stresses when FEA is performed using different hinge
lengths. For all hinge lengths, the improved design significantly reduced the maximum
stress compared to the initial design. However, the maximum bending stresses of the
initial design and the improved design are larger than the yield stress of PAI when pulling
with two wires. Therefore, the angle at the maximum bending stress that does not exceed
the yield stress is defined as the maximum bending angle, as shown in Figure 7. The
bending range of the improved design was larger than that of the initial design. Note
that the average analysis time for non-linear analysis using FEA required approximately
4800 s on a computer with an Intel Xeon W-3235 Dodeca-core 3.30 GHz, using 192 GB
of RAM. The proposed method can derive parameters in almost real time, even using
versatile numerical calculation software. Thus, the proposed method obtained the design
parameters with a lower computational cost than the design method of previous research
using FEA [24–27]. The results show the effectiveness of the proposed design method for
successful motion generation.
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Figure 5. FEA results when the hinge length was 0.4 mm: (a) initial design and (b) improved design.
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3.2. Prototype Experiment

This experiment aimed to validate the effectiveness of the proposed design method
by performing motion generation using a prototype. Similar to the FEA results, the
experiments confirmed that the smaller the radius of curvature, the more the stress can be
dispersed at the base end. Therefore, the radii of curvature of the improved design and the
initial design were compared as evaluation indexes. A 3D printer (Objet30, Stratasys, Eden
Prairie, MN, USA) was used to ensure rapid prototyping. The material of the 3D printer
was the acrylic resin Verowhite. This material will be replaced by biocompatible materials
such as PAI in the future. The experiments considered motion generation by pulling a
prototype fixed to a jig using an electric measuring stand (EMX-1000N, IMADA, Toyohashi,
Japan) and a force gauge (ZTA-5N, IMADA, Toyohashi, Japan) with a stainless wire with
an outer diameter of 0.3 mm. The prototype was printed together with the jig to provide
stable fixation for the measurements. This approach prevented the fixed end from shifting
or tilting. The hinge length was set to 0.4 mm, and other parameters were the same as the
design used in FEA. The outline of this experiment is shown in Figure 8. The force gauge
was varied up and down at a constant speed of 50 mm/min, and tension was applied to the
tip of the prototype with a wire. Due to the difficulties in measuring the radius of curvature,
we compared the displacement of the tips. The displacement was measured using a motion
analyzer (VW-9000, KEYENCE, Osaka, Japan) from a video obtained with a camera. The
prototype could bend within a range of 180 degrees. Figure 9 shows the displacement of
motion generation using the prototype for each hinge length. The results show that the
improved design for each hinge length had a smaller displacement than the initial design.
Therefore, the prototype experiments confirmed that the stress was significantly reduced.
The results with the fabricated prototype also show the effectiveness of the proposed design
method for successful motion generation.

Finally, a feasibility test was conducted to confirm that the mucous membrane could
be lifted by the improved forceps. As shown in Figure 10, a pre-cut simulated intestinal
four-layered sheet (Kyoto Kagaku, Kyoto, Japan) was successfully lifted by the 3D-printed
prototype based on the improved design. Therefore, the result confirmed the feasibility of
the improved design.

Displacement

Displacement

(a) (b)

(c)

Figure 8. Experimental image of the motion generation using the prototype: (a) experimental setup,
(b) initial design, and (c) improved design.
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Figure 10. Experimental image of lifting a simulated intestinal sheet using the improved forceps

4. Discussions

The novel design method proposed in this study largely decreased the stress, providing
a practical way for designing continuum-compliant structures. Moreover, the proposed
method obtained the design parameters at a lower computational cost than FEA. This has
been successfully demonstrated in the FEA and the prototype experiment. Nevertheless,
some aspects should be discussed.

First, FEA results showed that the maximum bending stress is smaller than the yield
strength of PAI. This is a significant achievement, as designing below yield stress in limited
sizes and materials with conventional design methods is challenging. However, the same
mesh size was applied to verify the effectiveness of the proposed design method using
FEA. The validity of the mesh size should be further investigated by performing a mesh
sensitivity analysis.

Second, stress evaluation was performed only for wire tension without grasping an
object. Therefore, the maximum stress is expected to be higher while holding an object.
Further, when lifting a part of the mucous membrane, there is a possibility to cause a large
deformation. It should be investigated assuming a clinical application. On the other hand,
the proposed method could also be applied to the design improvement of the grasping
segment. In addition, the stress concentration at the base end of the bending segment
was improved. However, it is necessary to consider compressive stress and rigidity as
evaluation indexes.

Third, there is a possibility that an external force may be applied to the forceps in
the narrow gastrointestinal tract. This aspect was not considered in this study. Moreover,
covering the bending segment with a heat-shrinkable tube might affect the stress dispersion
and the radius of curvature.

Finally, the prototype was developed using rapid prototyping with Verowhite. How-
ever, the 3D printing method of PAI is typically a fused deposition modeling (FDM) method;
thus, this method is not suitable for building micro-parts. In addition, the FEA results and
prototype experiments showed similar tendencies but with some errors between each other.
There are differences in material properties such as yield stress and elongation between
VeroWhite and PAI. Future work should be conducted in these directions.

5. Conclusions

In this study, we proposed a stress-dispersion design method for a multi-DOF continuum-
compliant structure. Moreover, its effectiveness in designing endoluminal forceps was
verified. The proposed method obtained the hinge thickness according to the thickness
of the beam of uniform strength. The improved design dispersed the stress, and the
maximum stress was substantially reduced compared to the initial design. Thus, a wide
range of motion was achieved. In addition, we experimented with a prototype. The results
confirmed that the radius of curvature was significantly improved. The proposed method
could be a great advantage for endoluminal procedures in narrow lumens. The findings
can be summarized as follows: (1) The proposed design method can efficiently determine
the hinge thickness even with different hinge lengths. (2) A stress concentration could be
prevented by changing the hinge thickness of each segment for a compliant joint based on
the theory of beam of uniform strength. This versatile method could improve the design of
other continuum robots relying on compliant hinges.
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The proposed design method could be applied to various medical robots. For instance,
in the tip bending of catheters and endoscopes, the proposed method could allow low-
cost manufacturing with a smaller diameter than the conventional design. Moreover, by
applying the proposed method to biomimetic robots, such as snakes and octopuses, it could
be possible to enter into narrower spaces by downsizing.

In the future, we will perform the experiments using a porcine stomach and colon.
The grasping structure should be further improved. For instance, shape optimization
can be performed using methods, such as topology optimization, FEA, and strength of
materials. The improved forceps have a wide range of motion with a simple structure and
is suitable for mass production. Thus, it can be manufactured at a low cost. Therefore, these
forceps have the potential for ESD procedures, NOTES, ERCP (Endoscopic Retrograde
Cholangiopancreatography), and endoscopic hemostasis.
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