
202 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 29, NO. 1, FEBRUARY 2024

Asymmetric Rolling Contact Joint for Enhanced
Payload Capabilities
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Abstract—It is challenging for a surgical joint to tolerate a
sufficient payload when downsizing its diameter. The trade-
off between payload and diameter is even more evident
when designing robots with strict size constraints, such as
in flexible endoscopic surgery applications. To address this
issue, we propose a novel asymmetric rolling contact (ARC)
joint that has two different rolling radii with a wire hole slit
that is actuated by a tendon-driven mechanism. The ARC
joint is designed to tolerate a high payload in the dominant
direction, such as when lifting tissue or pulling a suture
thread. We analyzed the effects of various design variables
on the payload capability of the ARC joint. The results of the
payload experiment suggest that the designed ARC joint
has a maximum payload of 2.6 N with a 3.4 mm diameter,
which enhances the payload by 71.9% compared to the
conventional symmetric rolling joint. We confirmed that the
endoscopic surgical task may be feasibly conducted using
the proposed joint for two major tasks: endoscopic submu-
cosal dissection and surgical suturing.

Index Terms—Flexible endoscopic surgery, high pay-
load, rolling contact joint, surgical manipulator, tendon-
driven mechanism.

I. INTRODUCTION

GASTROINTESTINAL (GI) cancer occurs frequently and
exhibited the second highest mortality rate according to

the World Health Organization (WHO) in 2018 [1]. Statistics
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show that the early detection and treatment of GI cancer are
crucial. Although standard endoscopy plays a significant role in
the early detection and treatment of GI cancer [2], this system
is designed for diagnosis and therefore has limitations when
used to perform more advanced procedures [3]. The flexible
instrument introduced in to the channel of the endoscope can
only be rotated and translated. In addition, because the standard
endoscope has one instrument channel, only a single instrument
can be used for endoscopic procedures. The lack of adequate
degrees of freedom (DOF) and low payload capabilities when
using a single instrument severely limits this system. Because
of the lack of tissue manipulation capabilities, it is not possible
to achieve adequate counter traction for dissecting and ensuring
proper endoscopic imaging [4], [5], which may result in bleeding
or perforation during endoscopic procedures [6]. Moreover, su-
turing for wound closure, which is an essential task in advanced
endoscopic surgery, is impossible because it requires at least two
dexterous instruments [7]. Although various dedicated manual
devices have been developed for suturing in flexible endoscopic
procedures [8], [9], [10], [11], they have limitations in their
applications toward flexible endoscopy, such as low dexterity,
low adaptability to various wound sizes, and lack of applicability
in other procedures.

Recently, to overcome the aforementioned limitations of
conventional endoscopes, flexible endoscopic surgery robots
for performing endoscopic surgery or for natural orifice trans-
luminal endoscopic surgery (NOTES) by approaching nar-
row and curved intraluminal space have been developed, such
as ViaCath [12], EndoMaster [13], [14], [15], FLEX [16],
[17], i2Snake [18], [19], STRAS [20], [21], RAFE [22], and
K-FLEX [23]. Most of these systems consist of a long and flexi-
ble overtube, with two flexible instruments deployed within the
inner channel. The flexible instrument steers the end-effector us-
ing an articulation joint to create the dexterous motions required
for tissue manipulation or suturing. In general, an articulation
joint consists of two bending DOFs, namely yaw and pitch. In
this article, yaw refers to the left and right bending movements
and pitch refers to the up and down bending movements when
viewing the surgical instrument from the frontal plane (axial di-
rection). Furthermore, this joint should have a sufficient payload
even with a small diameter for the purpose of lifting tissue during
endoscopic submucosal dissection (ESD) [24] or pulling thread
during suturing [25], [26]. However, the payload capability of
a surgical joint decreases exponentially with the size of the
joint. The payload of a joint is proportional to the following
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parameters: 1) size of the moment arm, that is, the diameter of
the joint, and 2) the allowable tension of the actuation wire, that
is, the size of the cross-sectional area of the actuation wire. As
a result, as the diameter of the surgical joint and cross-sectional
area of the actuation wire reduces, the payload of the joint
reduces significantly. Owing to the tradeoff between payload
and instrument diameter, downsizing the surgical joint while
maintaining payload is a challenging issue for stable endoscopic
surgery. Furthermore, the instrument payload during both the
straightening and bending phases must be high. In this study, the
straightening and bending phases describe straightening the joint
from a bent posture and bending the joint from a straightened
posture, respectively.

Attempts have been made to increase the payloads of surgical
manipulators. Choi proposed an elbow pitch joint consisting of a
rigid rod and a flexible leaf spring to achieve a high payload [27].
This joint is similar to the slider-crank mechanism. However,
owing to the flexible leaf spring, the payload was enhanced with
a small looseness error. The rigid rod created a large moment
arm with respect to the pivot point, and this rod increased the
payload of the instrument. The maximum payload of the joint
was 10 N with a diameter of 8 mm. This instrument could
not perform two bending motions, however, because the use
of only one bending pivot point to achieve bidirectional bending
is impossible. Similarly, the elbow joint mechanism developed
by Hwang [28] deployed a slider-crank linkage to achieve a
high torque transmission capability. The payload increased as
the joint angle increased because of the effect of the moment
arm. This joint, with a diameter of 7 mm, could lift a weight
of more than 15 N. However, as found by Choi [27], this joint
was limited as only one bending motion and unilateral bending
were possible. Furthermore, the rigid slider-crank limited the
applicability of this system to flexible surgical instruments. A
constrained continuum joint with a small diameter (3.7 mm) was
also previously developed that exhibited a maximum payload of
3 N [29]. This joint structure enhanced the payload by con-
straining the redundancy of the continuum using auxiliary links.
However, it is difficult to implement multibending DOFs in this
structure, and the payload achieved in a straightened posture is
relatively low.

Currently, no surgical joints have been made that are capable
of two-DOF bending motions, can tolerate a high payload in both
straightening and bending phases, and are flexible for applica-
tions in GI procedures. The symmetric structure of a surgical
joint allows it to exert the same amount of force in both the yaw
(upward and downward) and pitch (leftward and rightward) di-
rections around the neutral axis. However, the payload required
for endoscopic tasks is asymmetric. For example, ESD mainly
requires a payload in the upward direction during endoscopy
for countertraction of the tissue rather than in the downward
direction [5] [see Fig. 1(a)]. In addition, knot tying during the
suturing task requires exerting an outward force during thread
pulling [see Fig. 1(b)].

In this study, we define the dominant direction as the direction
requiring a high payload, as shown in Fig. 1(c) in case of right
instrument. The dominant direction comprises straightening and
bending phases, as shown in Fig. 2, which shows the side view

Fig. 1. Depending on the task, the dominant direction of the required
payload differs. (a) During the ESD, the high payload of the forceps is
required to upwardly lift the tissue (blue arrow). (b) During knot tying,
the high payload of needle driver is required in the outward direction to
pull the thread tightly (red arrow). (c) Dominant direction of right surgical
instrument for tissue lifting (upward, blue arrow) and knot-tying (outward,
red arrow).

Fig. 2. Two phases of the bending motion of a joint depending on the
sign of the bending angle (θ). The straightening phase corresponds
to when the bending angle of the surgical instrument changes from
a negative value to 0◦. The bending phase corresponds to when the
bending angle changes from 0◦ to a positive value.

of the 1-DOF joint. The blue and green dashed and dotted
lines represent the neutral axes of the proximal and distal link,
respectively. Because this joint has 1 DOF, these neutral axes
should be on the paper plane. The bending angle (θ) is defined
as the angle between the proximal neutral axis and distal neutral
axis. Then, the positive bending angle is defined as the angle
generated when the neutral axis of Linkdist is moved from the
neutral axis ofLinkprox in the dominant direction (high payload
required direction). Therefore, the bending phase changes from
zero to the bending angle (negative and positive angle), and the
straightening phase returns to the zero state.

The goal of this study is to develop a steerable joint with a
high payload in the dominant direction. We propose a novel joint
design to enhance the payload in the dominant direction during
both the straightening and bending phases (see Fig. 3). This
joint has two different radii of the rolling surfaces. The rolling
surface is a round-shaped surface, in which rolling occurs at
joints where the adjacent links are in contact. When a joint
bends, the two adjacent links roll on this rolling surface. In
addition, the slit of the wire hole is designed to increase the
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Fig. 3. Two-DOF surgical instrument with an ARC joint. The red and
blue curved lines represent the large and small radii of the rolling sur-
face, respectively. The straight green line represents the slit of the wire
hole. The dominant direction of this instrument is upwards (red arrow).

payload during the bending phase while maintaining the payload
during the straightening phase. Moreover, this joint is capable of
two-DOF bending because it can alternate yaw and pitch, similar
to conventional joints.

The rest of this article is organized as follows. Compared
to the conventional symmetric rolling contact joint, Section
II describes the design process of the proposed asymmetric
rolling contact (ARC) joint in terms of the payload. The payload
capability of a real ARC joint is verified in Section III with
two major endoscopic surgical tasks, ESD and suturing. The
discussion for the experimental results is presented in Section
IV. Finally, V concludes this article.

In summary, the contributions of this study can be listed as
follows:

1) Novel joint design to tolerate a high payload in the dom-
inant direction.

2) Establishment of a process for designing an ARC joint.
3) Verification of the high payload capability of the proposed

ARC joint with a small diameter (payload: 2.6 N, diameter
of instrument: 3.4 mm).

4) Verification of endoscopic surgical performance of this
joint through two major tasks: a) ESD and b) suturing.

II. DESIGN OF ARC JOINT

A. Payload Analysis of Symmetric Joint

The payload of a single joint is shown in Fig. 4(a). The two
red lines on either side of the link represent the actuating wires.
The end-tip payload of the surgical instrument can be calculated
kinematically as

F =
τ

He
=

Tactm

He
(1)

where F is the payload generated at the end tip, τ is the
torque at the joint, He is the length between the contact point of
the joint and the end tip, Tact is the tension of the actuating wire,
and m is the magnitude of the moment arm between the contact
point of the joint and actuating wire. As per (1), the payload

Fig. 4. (a) Schematic diagram for the payload calculation of a sin-
gle joint. Simple kinematic structures of conventional symmetric joints:
(b) pulley, (c) pin, and (d) rolling contact joint.

increases as the tension of the actuating wire and moment arm
increases and the length of the end tip decreases. Owing to the
limited actuating power or breaking load of the actuating wire,
this tension may be limited. In addition, the length of the end tip
is determined depending on the use of the surgical instrument.
We next attempt to increase the magnitude of the moment arm,
particularly in the dominant direction.

Fig. 4 also shows the simple kinematic structures of the
pulley, pin, and rolling contact joints. When the bending angle
is changed, the moment arm proportional to the payload may be
calculated. For the pulley joint, the magnitudes of the left and
right sides of the moment arm are always constant and equal
to the pulley radius (R) or distance between the wire hole and
central axis of the link (d) regardless of the bending angle

ma (θ) = mb (θ) = R = d (2)

where the subscripts a and b denote the left- and right-sides,
respectively. However, the magnitudes of the moment arms of
the pin and rolling contact joints vary as the bending angle varies.
When the pin joint is bent, the moment arm is calculated as

ma (θ) = d cos
θ

2
−B sin

θ

2
(3)

mb (θ) = d cos
θ

2
+B sin

θ

2
(4)

where B is the hole height. When the rolling contact joint is
bent, the left- and right-side moment arms are calculated as

ma (θ) = d cos
θ

2
+ (R−B) sin

θ

2
(5)

mb (θ) = d cos
θ

2
− (R−B) sin

θ

2
(6)

where R denotes the radius of the rolling surface. In the
equations for the pin and rolling contact joints, the pin joint
can be regarded as a rolling contact joint with a radius of zero
for the rolling surface. To enhance the payload in the dominant
direction, the moment arm on the right side mb(θ) should be
increased. Fig. 5 shows a comparison of the moment arms on
the right side of each joint from a bending angle of −50◦ to 50◦.
Every joint had d= 2 mm such that their moment arms at 0◦ were
equivalent. The heights of the wire holes of the pin and rolling
contact joints were 2.5 mm. The radii of the rolling surface were
set to 1.5 mm (red solid line), 3 mm (green solid line), and 4.5 mm
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Fig. 5. Comparison of the magnitude of moment arms of conventional
symmetric joints in the dominant direction (right-side). Dashed line =
pulley joint; dashed and dotted line = pin joint; solid lines = rolling
contact joints.

Fig. 6. Change of magnitude of moment arm of the rolling contact
joint in dominant direction with respect to the change in R and B.
(a) Straightening phase. (b) Bending phase.

(blue solid line). As calculated from (2), the moment arm of the
pulley joint (dashed line) is constant at 2 mm, regardless of
the bending angle. For the pin joint (dashed and dotted lines),
the moment arm was less than 2 mm during the straightening
phase and greater than 2 mm during the bending phase. This
result implies that the pin joint is advantageous for the bending
phase; however, it is disadvantageous for the straightening phase
in terms of the moment arm. For the rolling contact joint, the
slope of the moment arm was affected by the difference between
the R and B.

A rolling contact joint should be designed such that it exhibits
a large magnitude of the moment arm in the dominant direction
during both the straightening and bending phases in terms of R
and B. The moment arm variation of the rolling contact joint
for R and B during both phases (−45◦ and 45◦) is presented in
Fig. 6 using (6). Here, the yellow regions indicate a relatively
larger moment arm than the blue regions. Note that during the
straightening phase [see Fig. 6(a)], the moment arm increases
as R increases and B decreases. However, during the bending
phase [see Fig. 6(b)], the moment arm increases as R decreases
and B increases. This suggests that if the joint design variables
R and B are determined differently according to both phases
during bending in the dominant direction, a properly designed
rolling contact joint may exhibit a high payload capability in the
dominant direction regardless of straightening or bending.

Fig. 7. Kinematic structure of an ARC joint.

B. Payload Analysis of ARC Joint

The kinematic structure of the proposed ARC joint is illus-
trated in Fig. 7. An obvious difference of this system from the
conventional rolling contact joint is that the proposed ARC joint
has two different radii of the rolling surface, Ra and Rb. The
value of Ra is relatively larger than that of Rb. In addition,
this ARC joint had a wire hole with a slit. Owing to this slit,
the height of the wire hole changes as the sign of the bending
angle changes, and the actuating wire path changes from the
red dotted line to a red solid line. Therefore, the magnitude
of the moment arm of the ARC joint on the right-hand side
increases. The magnitudes of the moment arms of the ARC joint
on the left- (ma) and right- (mb) hand sides differ from that of
the conventional rolling contact joint. During the straightening
phase (θ < 0), the two moment arms ma and mb are calculated
as

ma (θ) = d cos
θ

2
+ (Ra −Ba −Ba_sl) sin

θ

2
(7)

mb (θ) = d cos
θ

2
− (Ra −Bb) sin

θ

2
(8)

where Ba_sl is the height of the slit on the left-hand side. In this
phase, a large Ra makes ma large; therefore, the payload can
be higher than that achieved when Ra is small. The height of
the slit does not affect the payload. During the bending phase
(θ ≥ 0), ma and mb are calculated as

ma (θ) = d cos
θ

2
+ (Rb −Ba) sin

θ

2
(9)

mb (θ) = d cos
θ

2
− (Rb −Bb −Bb_sl) sin

θ

2
(10)

where Bb_sl is the height of the slit on the right-hand side. In
this phase, a smallRb makesmb larger. In addition, the height of
the slit increases, as shown by the red line in Fig. 7. Therefore,
the payload can be increased during both the straightening and
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TABLE I
SUMMARIZED RESULTS OF THE PAYLOAD IN THE DOMINANT DIRECTION DEPENDING ON THE JOINT TYPE

Fig. 8. Comparison of the magnitudes of moment arms in the domi-
nant direction. Dashed line = pulley joint; dashed and dotted line = pin
joint; red solid line = symmetric rolling contact joint with R = 1.5 mm;
orange solid line = symmetric rolling contact joint with R = 4.5 mm; blue
dotted line = proposed ARC joint with Ra = 4.5 mm and Rb = 1.5 mm;
green dashed line = proposed ARC joint with a wire hole slit.

bending phases by utilizing an asymmetric rolling surface and
wire hole with a slit.

Fig. 8 shows the simulation results of the moment arm vari-
ation of the proposed ARC joint with Ra = 4.5 mm and Rb

= 1.5 mm in the dominant direction. The magnitude of the
moment arm of the proposed ARC joint followed that of the
symmetric rolling contact joint with an R value of 4.5 mm
during the straightening phase (θ < 0). After passing through
0◦, the magnitude of the moment arm of the ARC joint followed
that of the symmetric rolling contact joint with an R value
of 1.5 mm during the bending phase (θ ≥ 0). Notably, during
both phases, the ARC joint exhibits the advantages of both a
large radius of the rolling surface during the straightening phase
and a small radius of the rolling surface during the bending
phase. In addition, as Bb_sl increased, the magnitude of the
moment arm in the dominant direction during the bending phase
increased. However, the magnitude of the moment arm during
the straightening phase did not change because the slit did not
affect the actuating wire path.

To quantitatively compare the payload among the abovemen-
tioned joints, the average length of the moment arm for each
joint was calculated for bending angles of −50◦ and 50◦ (see
Table I). The results suggest that a long length corresponds to
a higher payload capability than achieved with a short length
within the bending phase. The ratio of increase was calculated
based on the moment at which the area of the pin joint was
zero. Notably, regardless of the radius of the rolling surface of
the rolling contact joint, the average length of the moment arm
was constant at 1.94 mm. In addition, as shown in Fig. 5, the
magnitude of the moment arm of the symmetric rolling contact

joint decreased in the straightening phase and increased in the
bending phase as the radius of the rolling surface decreased. The
pin joint, which can be regarded as a symmetric rolling contact
joint with a radius of zero on the rolling surface, had the same
average value as that of the moment arm. For the pulley joint, the
length of the moment arm was constant regardless of the bending
angle, and the average length of the moment arm increased by
3.3%.

However, the proposed ARC joint exhibited a higher payload
capability than other investigated joints. The length of the mo-
ment arm of the ARC joint without a slit increased by 16.6%
compared to those of the pin and symmetric rolling contact joints
and by 12.9% compared to the pulley joint. For the ARC joint
with a slit, the length of the moment arm increased by 27.5%
compared to the pin and symmetric rolling contact joints, and it
increased by 23.5% compared to the pulley joint. Conversely, the
payload in the nondominant direction decreased, as expected.
For the ARC joint without a slit, the payload decreased by
17.0% compared with the symmetric rolling contact joint. For
the ARC joint with the wire hole slit, the payload decreased by
only 0.06%. These results indicate that even though the payload
of the ARC joint in the nondominant direction is smaller, it
is comparable to that of the conventional rolling contact joint.
Therefore, it was confirmed that the proposed ARC joint had a
higher payload capability than other conventional joints.

C. Design Constraints of the ARC Joint

In this section, the design constraints of the ARC joint with
diameter of 3.4 mm are determined. The goal is to design a
flexible instrument with an ARC joint that is suitable for ESD
and general suturing tasks. Although various studies have been
conducted considering the design parameters of rolling contact
joints [29], [30], [31], only symmetric rolling contact joints have
been investigated. Because the ARC joint has two different radii,
Ra and Rb should also be determined as design constraints
(DCs). The following DCs were set:

1) DC 1. Higher payload in dominant direction: To generate
a higher payload in the dominant direction, Ra should be larger
than Rb

Ra > Rb. (11)

2) DC 2. Minimum number of joints for one bending process:
As the number of joints increases, the stiffness of the under-
actuated manipulator decreases [31]. Therefore, the number of
joints should be small. However, in a single joint for one bending
process, the excessive bending of the wire occurs, which causes
high friction between the wire and link and results in wire
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wear or permanent deformation. Considering these effects, the
minimum number of joints (n) required for one bending process
was determined to be two

n ≥ 2. (12)

3) DC 3. Stack sequence of joint for bending DOFs: For the
ESD task, surgical instruments should be accessible regardless
of the direction of the lesion and should be capable of grasping
and lifting the mucosa layer in the desired direction. Therefore,
for the ESD task, the minimum bending DOF was 2. Mean-
while, the basic motions of the suturing task comprise reach,
orientation, push, and pull [32]. Among them, the reach motion
requires a bending motion of the instrument with two DOFs.
Therefore, the minimum bending DOF for ESD and general
suturing was 2. The number of joints required for two bending
DOFs (pitch and yaw) was determined based on research on
the joint stack sequence [33]. It was found that for a two-DOF
discrete bending joint, the 2n+1 unit can perfectly transmit a
proximal axial rotation to the distal tip. Therefore, the stack
sequence was determined as Y-P-Y-P-Y from the proximal side,
where Y and P are the yaw and pitch, respectively.

4) DC 4. Maximum bending angle of entire instrument: The
range of motion changes θreq.max according to the size of R.
Using a simple trigonometric calculation for the radius of the
rolling surface, the following equation was derived:

2nsin−1

(
d

R

)
≥ θreq.max. (13)

In this study, θreq.max was set to be 100◦ using plane. The d,
the distance between the wire hole and central axis of the link
should be large to achieve a high payload within the mechanical
limits of the link, as can be seen in (8) and (10). As this distance
increases, the length between the wire hole and the outer surface
of the link shortens, making it very difficult to manufacturing.
Therefore, considering the manufacturability of the link and wire
hole, distance d was determined to be 1.25 mm. Meanwhile, the
minimum bending angle occurs when the number of joints is
small and the radius of the rolling surface is large. When θreq.max

is 100◦, d is 1.25 mm, and n is two, Ra and Rb should satisfy
the following inequality:

0 < Rb < Ra ≤ 2.95. (14)

5) DC 5. Minimum radius of bending curvature: Considering
the two-DOF bending joint, the radius of the bending curvature
can be calculated as

H cos
θreq.max

2n +R
(

1 − cos
θreq.max

2n

)

sin
θreq.max

2n

≤ ρreq.min (15)

where H and θreq.max are the length of the link and maximum
bending angle of the entire instrument, respectively. The bending
curvature of the ARC joint varies according to the size of R. The
worst case in terms of the radius of bending curvature occurs
when n and R are large such that complete bending occurs. When
ρreq.min is 10 mm, n is 3, and R is 2.9 mm, as obtained above,
the link length H may then be determined as

H ≤ 2.86. (16)

Fig. 9. Cylindrical shape of the flexible instrument.

6) DC 6. Maximum workspace of instrument: For the two-
DOF bending instrument, the workspace had a cylindrical shape
(see Fig. 9). The workspace of the instrument can be expressed
as

(2He −Ra −Rb) sin θ + 2 (Ra +Rb)

n∑
i=1

sin
2i− 1

2n
θ

+ 2 (2H −Ra −Rb)

n∑
i=1

sin

(
2 (i− 1)

2n
θ

)
≥ Dreq.max

(17)

where He is the length of the end tip of the instrument, such as
a cautery knife or grasper. If Ra and Rb are combined on the
left-hand side and rearranged, (17) can be written as

Ra +Rb ≥
4H

∑n
i=1 sin

2(i−1)
2n θ + 2He sin θ −Dreq.max

sin θ − 2
∑n

i=1 sin
2i−1
2n θ + 2

∑n
i=1 sin

2(i−1)
2n θ

.

(18)

Considering early-stage tumors that exhibit an average di-
ameter of approximately 30 mm [34], it is necessary to have a
workspace larger than the size of the lesion to perform the entire
ESD process using only the surgical instrument without the
movement of the overtube. Therefore, under conservative condi-
tions that exclude the movement of the overtube, the workspace
of the surgical instrument must be able to access a circular
area with a radius of approximately 30 mm or more in front
of the endoscope. Ra and Rb should be therefore determined by
considering this circular area.

7) DC 7. Minimum magnitude of moment arm: Because of the
asymmetric shape of the proposed joint’s rolling surface, it has
a lower magnitude of the moment arm in the nondominant di-
rection compared to that in the dominant direction. The moment
arm in the nondominant direction should be positive for bending
motions conducted over the entire bending range. Moreover, d
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Fig. 10. Kinematic structure of the ARC joint for calculating the wire
length between nearby links.

is a criterion used to determine the minimum magnitude of the
moment arm because it relates to the magnitude of the moment
arm achieved when the instrument is in a neutral position. The
magnitude of the moment arm in the nondominant direction
during the bending phase can be expressed using the criterion d
as follows:

ma = d cos
θreq.max

2
+ (Rb −Ba) sin

θreq.max

2
≥ d (19)

where θreq.max is the maximum bending angle of a single joint.
Using a simple trigonometric calculation, the height of the wire
hole Ba can be calculated as follows:

Ba = Ra

(
1 − cos

θreq.max

2

)

+

(
d−Ra sin

θreq.max

2

)
tan

θreq.max

2
. (20)

When d is 1.25 and θreq.max is 50◦, by substituting (20) into
(19), the following constraint can be obtained:

Rb ≥ 0.094Ra + 0.277. (21)

The magnitude of the moment arm in the nondominant direc-
tion during the straightening phase was not considered because
we aim to design a joint with a high payload in the dominant
direction. If the magnitude of the moment arm in the nondomi-
nant during the straightening phase is larger than d, Rb should
be much larger than Ra. However, this did not correspond to the
purpose of the study.

8) DC 8. Avoiding slack in wire: Wire slack during the bending
motion degrades the positional accuracy of the instrument. It
occurs when the change in the length of the actuating wire
required to drive the joint is less than zero. At this time, the
change in the wire driving the other joints is not considered.
For example, to calculate the slack in the pitch joint, only the
actuating wire for the driving pitch joint is considered. As shown
in Fig. 10, the wire lengths and total change in the wire were
calculated differently based on the sign of the bending angle.
When the bending angle is less than 0◦, the calculation results
may be expressed as

La (θ) =2

(
Ra−(Ra −Ba −Ba_sl) cos

θ

2
+d sin

θ

2

)

Fig. 11. Feasible regions for the design parameter for Ra and Rb.

Lb (θ) = 2

(
Ra − (Ra −Bb) cos

θ

2
− d sin

θ

2

)

ΔLasy_n (θ) = 2 (2Ra −Ba −Bb −Ba_sl)

(
1 − cos

θ

2

)

(22)

where La, Lb, and ΔLasy_n(θ) are the wire length on the left-
hand side, wire length on the right-hand side, and total change
in the wire length of the ARC joint with a negative bending
angle, respectively. When the bending angle is greater than 0◦,
the calculation results may be expressed as

La (θ) = 2

(
Rb − (Rb −Ba) cos

θ

2
+ d sin

θ

2

)

Lb (θ) = 2

(
Rb − (Rb −Bb −Bb_sl) cos

θ

2
− d sin

θ

2

)

ΔLasy_p (θ) = 2 (2Rb −Ba −Bb −Bb_sl)

(
1 − cos

θ

2

)

(23)

where ΔLasy_p(θ) is the total change in the wire length of
the ARC joints with positive bending angles. Consequently, the
constraints for Ra and Rb can be derived as

Ra >
1
2
(Ba +Bb +Ba_sl) = 1.32 (θ < 0)

Rb >
1
2
(Ba +Bb +Bb_sl) = 1.24 (θ > 0) . (24)

We considered various design constraints. To determine Ra

and Rb, the design constraints 1, 4, 7, and 8 are shown in
Fig. 11. In this study, the design constraint 6 did not affect the
determination of Ra and Rb. If the design constraints change
depending on the task environment, design constraint 6 may
have an impact. The green area shows the feasible range of Ra

and the Rb that satisfies three of these constraints. Because the
effect of the payload enhancement in the dominant direction of
the ARC joint increases as Ra increases and Rb decreases, the
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TABLE II
DETERMINED DESIGN PARAMETERS OF THE INSTRUMENT

Fig. 12. Surgical instrument utilizing the ARC joint. (a) 3-D CAD model
and (b) fabricated instrument with actuating wire configuration.

objective function becomes

argmin
Ra,Rb

Rb

Ra
. (25)

Therefore,Ra andRb were determined as 2.9 mm and 1.3 mm,
respectively. In addition, the remaining design parameters of the
ARC joint were determined, as listed in Table II.

Applying the above design parameters, a flexible endoscopic
surgical instrument with a diameter of 3.4 mm was designed
[see Fig. 12(a)]. There are five DOFs in this surgical instru-
ment, which consist of translation, roll, pitch, and yaw from
the proximal end, and the grasper as an end-effector. Fig. 12(b)
shows the fabricated surgical instrument using the ARC joint.
Stainless-steel 304 (SUS 304) was used as the link. For the actu-
ating wire, a 7±7 stranded stainless-steel wire with a diameter
of 0.36 mm was used, and the diameter of the wire hole of each
link was designed to be 0.5 mm. The National Electrical Code
(NEC) recommends a wire-hole-to-wire fill ratio of lower than
53% [35]. In addition, the coil springs were used as a sheath
with an outer diameter of 0.8 mm and inner diameter of 0.5 mm.

III. EXPERIMENTS AND RESULTS

A. Payload Experiment

To compare the payload capability of the designed system
with that of a conventional joint, a symmetric rolling contact
joint was designed with a rolling surface radius of 1.5 mm
(see Fig. 13). All design variables except for the radius of the
rolling surface were identical. Because the pulley joint always
has the same size moment arm regardless of the bending angle,
it is obvious that similar experimental results will be obtained
even if the payload experiment is conducted. In addition, a pin
joint can be considered as a symmetric rolling contact joint
with a radius of rolling surface of zero, as explained in Section
II. Therefore, the payload experimental result of the pin joint
can be predicted in the payload experiment. To ensure that the

Fig. 13. Experimental setup for measuring the payload. (a) Schematic
diagram of payload measurement method. (b) Overview of the experi-
mental setup.

magnitude of the moment arm of the measuring wire was nearly
constant regardless of the bending angle of the bending joint,
a semicircular disk with a radius of 40 mm (Rsem), which is
considerably larger than the diameter of the joint, was attached
to the distal end of the joint. A measuring wire fixed to the end of
the semicircular disk was wound around it and fixed to the load
cell (Tmea) for a green line in Fig. 13(b). Before bending, the joint
was placed in a neutral position (0◦) and all the actuating wires
[orange lines in the Fig. 13(b)] were pulled using dc motors
by a pretension force of 5 N. The measuring wire was pulled
using a dc motor until it moved. The tension of the actuating
wire (Tact) and the tension of the measuring wire were measured
using the load cells while bending the joint in the dominant
direction with the actuating wire. The payload experiment was
repeated five times for each angular condition and the payload
data were obtained as the average value of the measured tension.
We used five motors of Dynamixel XM-430 (ROBOTIS Ins.,
South Korea). Four motors were used for winding and releasing
the actuating wires and one motor was used for winding the
measuring wire. Five load cells of 333FDX (KTOYO co., Ltd,
South Korea) were used to measure the tension of wires.

Fig. 14 shows the experimental results obtained while increas-
ing the tension of the actuating wire at five bending angles from
−40◦ to 40◦ at intervals of 20◦. The red and black solid lines
represent the payloads of the symmetric rolling joint and the
proposed ARC joint, respectively. In Fig. 14, the bending angles
of −40◦ and −20◦ correspond to the straightening phase, while
the bending angles of 20◦ and 40◦ correspond to the bending
phase. Except for the case in which the magnitudes of the
moment arms of both joints are equal and the bending angle
is 0◦, the payload of the ARC joint is always greater than that
of the conventional symmetric rolling contact joint in both the
straightening and bending phases. The quantitative values of the
payload are summarized in Table III. When the bending angle
was −40◦ and Tact was 60 N, Tmea for the symmetric rolling
contact and ARC joints were 1.69 N and 2.62 N, respectively.
The Tmea value of the ARC joint was enhanced by 55.0% com-
pared with that of the symmetric rolling contact joint. Similarly,
when the bending angles were −20◦, 20◦, and 40◦, the payload
of the ARC joint was enhanced by 26.0%, 40.1%, and 71.9%
respectively, compared to the symmetric rolling contact joint.
In this payload experiment, we compared the payload to the
symmetric rolling contact joint with a radius of 1.5 mm as a



210 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 29, NO. 1, FEBRUARY 2024

Fig. 14. Experimental results of payload of the surgical instrument with the ARC joint with a diameter of 3.4 mm. Red and black solid lines
represent the conventional symmetric rolling contact joint and the proposed ARC joint, respectively. Bending angle: (a)−40◦, (b) −20◦, (c) 0◦,
(d) 20◦, and (e) 40◦.

TABLE III
PAYLOAD OF THE JOINT AT A TENSION OF 60 N

Fig. 15. Experimental setting for ex vivo surgical tasks.

comparison target. The ratio of increase could vary depending
on the radius of the symmetric rolling contact joint.

B. Ex Vivo Trials: ESD and Suturing

To verify the endoscopic surgical performance of the proposed
ARC joint, preliminary ex vivo experiments were performed
for ESD and general suturing tasks on an extracted porcine
stomach (see the supplementary video). Grasping forceps and
needle drivers with the proposed ARC joint were used as sur-
gical instruments for the ESD and suturing tasks, respectively.
Fig. 15 shows the experimental setup for the ex vivo experiments.
K-FLEX [23], a flexible endoscopic surgical platform that was
developed by our research team, was used as a flexible channel
to introduce the flexible instruments into the surgical site. Er-
gonomic and intuitive master devices with redundant joints [36]
that were also developed by our research team were used to
operate the surgical instruments. The operator manipulated the
master devices while watching the endoscopic video, which was
displayed from the camera fixed at the end of the overtube.

Fig. 16(a)–(c) shows the complete ESD procedure. The op-
erator manipulated the hook cautery using the rightmost master

Fig. 16. Experimental procedure and results. (a) ESD task, (b) endo-
scopic view of the ESD task, (c) dissected specimen, (d) suturing task,
(e) endoscopic view for suturing, and (f) completed knot.

device and grasping forceps with the leftmost master device.
They manipulated the master devices to mark the lesion location
(marking), inject the solution (injection), precut the mucosa
layer around lesion (precut), dissect the mucosa with a hook
cautery (dissection), and lift the flap of the mucosal layer with
the grasping forceps. Using the grasping forceps with the pro-
posed ARC joint, the operator can effectively lift the flap of the
mucosal layer to expose the dissection plane and produce the
endoscopic view [see Fig. 16(b)]. The ESD task was performed
without perforation. The entire procedure took approximately
635 s and the procedure speed was 1.47 mm2/s (dissected area:
934.6 mm2).

In addition, the suturing task was performed with two needle
drivers comprising the ARC joint [see Fig. 16(d)–(f)]. In this
suturing task, a simple interrupted suture, a popular suturing
method, was used as the stitching procedure. The operator
pierced the mucosal layer with the rightmost needle driver while
holding the mucosal layer with the leftmost needle driver. After
stitching, knot tying was performed by making two loops and
pulling the thread on both sides. Fig. 16(f) shows that the incision
was completely sutured using two needle drivers. The entire
procedure took approximately 8 min, with 5 min for stitching
and 3 min for knot tying. Furthermore, to verify the safety of
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suturing performed using the proposed instrument with the ARC
joint, the tension of the thread after knot-tying was measured.
The force for tissue damage was previously reported to be
1.5 N [37]. We found that the completed knot was not released
or broken until a thread tension of 6.2 N, was enacted, indicating
a secure suture.

IV. DISCUSSION

Payload experimental results show that the proposed ARC
joint has significantly enhanced payload capability in domi-
nant direction compared to the conventional symmetric rolling
contact joint. Furthermore, the difference in payload between
the symmetric rolling contact joints and the ARC joint also
increased as the absolute value of bending angle of the joint
increased. In particular, the rate of payload increases in bending
phase was higher than that of increase in straightening phase with
the effect of the slit of wire hole. This payload characteristics of
the ARC joint is advantageous when lifting the mucosa upward.
Because of the elastic behavior of mucosa, the stress increases
as it is stretched by tension [38]. Therefore, a higher force
is required as the mucosa is stretched. Similarly, it is helpful
for knot-tying because the payload increases as the bending
angle of the surgical instrument increases during pulling the
thread outward. In addition, ex vivo tests for ESD and general
suturing tasks were performed to verify the endoscopic surgical
performance of this system. Using grasping forceps, the operator
could effectively lift the flap of the mucosal layer to expose the
dissection plane during an ESD task and it allowed operator
to dissect the mucosal layer easily. In a previous study [39],
we performed the ESD task from precut to dissection using
a symmetric rolling contact joint. Although the entire proce-
dure speed (from marking to dissection) was not measured, the
procedure speed for precut and dissection were 2.37 mm2/s
and 1.69 mm2/s, respectively. In this study, using the proposed
ARC joint, the procedure speed for precut and dissection were
12.5 mm2/s and 2.1 mm2/s, respectively. Thus, a faster ESD
task is possible when using the proposed ARC joint. Also, a
suturing task was successfully completed with the proposed
ARC joint. Secure operation was possible not only in looping
motion (requiring dexterity of surgical instruments) but also in
knot-tying (requiring high payload capability).

The greatest advantage of the proposed joint is its extendibil-
ity. The joint was designed based on a conventional symmetric
rolling contact joint. Therefore, wherever a symmetric rolling
contact joint is used, this joint can be applied and used to exert
a high payload. For the same reason, depending on the joint
stack sequence, 1-DOF bending or 2-DOF bending motion can
be easily realized. In addition, this joint can be easily designed
in a variety of sizes (even less than 3.4 mm) depending on the
usage environment and required amount of payload. Above all,
the enhanced payload capability of this joint in the dominant
direction may be useful for cable-driven instruments composed
of single or multiple joints that require a high payload in a
specific direction.

In summary, the ARC joint, compared to previous studies with
symmetric joints, enables a 2-DOF bending motion and can be

realized in the same size as the symmetric joint. However, it
possesses a higher payload capability in the dominant direction
and it demonstrated superior performance in surgical tasks in
terms of process speed.

V. CONCLUSION

In this study, an ARC joint was proposed to overcome the limi-
tations of conventional flexible endoscopic instruments with low
payload capabilities. To generate a high payload in the dominant
direction within the limited size of the flexible instrument, the
ARC joint was designed to have two different radii for the rolling
surface and wire hole with a slit. The payload at a single ARC
joint was calculated, confirming its higher payload capability in
the dominant direction compared to other conventional joints,
pulleys, pins, and rolling joints. Subsequently, the design con-
straints were determined, and the design parameters were set.
An experimental evaluation of the system was performed using
a surgical instrument, and it was verified that the proposed ARC
joint can lift enhanced payloads compared to those observed
using the conventional symmetric rolling contact joint. To verify
the feasibility for the endoscopic surgical performance, ex vivo
tests for ESD and general suturing tasks were also performed
and the proposed ARC joint successfully completed these
tasks.

In future, stiffness analysis is required as the joint’s stiffness
under an external force is an important factor in designing a
flexible instrument. Stiffness is affected by the stiffness of the
actuating wire, number of joints, and length and pretension
of the actuating wire. In addition, the hysteresis of the ARC
joint should be investigated. Unlike the conventional symmetric
joints, the proposed ARC joint is expected to exhibit asymmet-
rical hysteresis behavior because the lengths and tensions of
the wire required for bending in the dominant and nondomi-
nant directions differ. This asymmetric hysteresis degrades the
positional accuracy in both the directions and it is a challenge
to compensate for this hysteresis. One of the possible ways to
compensate for the asymmetric hysteresis is to use two actuators
for one bending DOF while pushing or releasing actuating wires.
Asymmetric hysteresis could be reduced if two actuators are con-
trolled by two different wire lengths required for joint bending.
Although the subject in this study followed the expert’s surgical
guide during the ex vivo test, verification with experts will be
carried out to rigorously compare the surgical performance of the
proposed surgical instrument with that of a conventional flexible
endoscope.
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