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Payload optimization of surgical instruments
with rolling joint mechanisms

Dong-Ho Lee, Minho Hwang, Joonhwan Kim, and Dong-Soo Kwon

Abstract— Many surgical robots with steerable surgical
instruments have been proposed for endoscopic surgery.
Surgical instruments should be small in size for insertion into the
body and be able to handle large payloads such as tissue. Because
the overall diameter and payload parameters are a trade-off, it
is difficult to design an instrument with a large payload while
reducing its diameter. In this paper, we optimize the payload of
a rolling joint mechanism by deriving the moment equilibrium
equation and constraints for endoscopic surgery. A scaled-up
prototype was fabricated with the design variables obtained
from the optimization, and the validity of the method for
calculating the payload was confirmed by the experimentally
measured payload. By plotting the distribution of payloads
obtained from the moment equilibrium equation, we also
confirmed that the payload obtained from the optimization is the
maximum. In addition, optimizations with different numbers of
joints confirm that the payload tends to decrease as the number
of joints increases. This payload optimization method could also
be extended to minimizing the deflection of the bending section
against external forces and minimizing the diameter of the
surgical instrument given the minimum required payload.

I. INTRODUCTION

Endoluminal and transluminal endoscopic surgeries are
surgeries in which an endoscope is inserted through natural
openings such as the mouth, anus, or vagina instead of
external incisions [1]. Because no external incisions are
required, these types of surgery preserve aesthetics, decrease
postoperative pain, and provide both rapid recovery and
shorter hospitalization periods [2], [3].

Conventional endoscopes have a limited ability to perform
surgery due to the lack DOFs (degrees of freedom) on their
surgical tools. Advanced robotic platforms have been
developed to achieve dexterous tissue manipulation capability,
such as MASTER [4], ViaCath [5], i2Snake [6], and ease [7].
We previously proposed K-FLEX [8] and a robotic surgical
instrument that can be attached onto a conventional
endoscope [9]. These systems have additional steerable
robotic surgical instruments to enable complex procedures
and master devices to control the instruments. Most flexible
instruments are driven by Bowden cables or other elastic
materials to guarantee flexibility.

The instruments should be small in size to be inserted into
natural openings, and strong sufficient to manipulate high
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payloads of organs at the same time. However, the diameter
and pay- load parameters have a trade-off relationship. This
is because the payload is generally proportional to the
moment arm between the joint and the actuated wire, and the
moment arm is proportional to the diameter of the joint. Most
previous studies have not addressed the payload clearly. The
systems were developed first, and the payload of the
instrument was measured through experiments.

Many efforts have addressed to overcome the trade-off in
continuum joints. Berthet-Rayne et al. [10] proposed the
design optimization to prevent the tendons and joints from
colliding during bending. However, the payload was not
considered in their optimization. Butler et al. [11] have
focused on deflection and proposed a method to reduce the
amount of deflection of continuum against environmental
loads. Some studies proposed methods to prevent shape
distortion in flexible instruments. Tapered wire paths between
each joint have been used to ensure that each joint has the
same angle given an external force [12], [13]. Another study
proposed an idea that, consecutive joints are mechanically
constrained by auxiliary rolling links to prevent shape
distortion and maximized the moment arm by routing the wire
path outside the joints [14]. In spite of these efforts in
continuum joints for surgical applications, neither of these
studies have addressed optimizing design variables of the
joint in perspective of payload capability.

In this paper, the payload of surgical instruments
consisting of a rolling contact joint mechanism was analyzed
and maximized by optimization of joint design variables. To
confirm the validity of the optimization, we compare the
calculated maximum payload and joint angles with respect to
an input wire tension and the experimentally measured values
in the scaled-up prototype. We also analyzed how frictional
forces affect payloads and looked at changes in the payload
optimization based on the number of joints.

II. METHOD

A. Flexible Surgical Instrument with Rolling Contact Joints

Most joints for a flexible surgical instrument can be
categorized as continuum joints or hyper-redundant joints.
Continuum joints use elastic structures such as elastic back-
bones and slit tubes [15]-[19]. They can be bent continuously,
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and thus they have an infinite number of DOFs. These joints
can be miniaturized because they are actuated only by the
structural inherent elasticity and wires. However, to resist the
inherent elasticity, a large tension is required to bend the
joints, which sometimes causes axial compression [20]. For
this reason, these joints are not suitable for surgical
instruments that must handle a large payload.

Hyper-redundant joints consist of a series of short and
rigid parts, which can be further divided into ball joints [21]-
[23] and rolling contact joints including pin joints [12]-[14],
[24], [25]. The ball joints, which can be treated as short 2-
DOF joints, can be miniaturized, but have low resistance
against torsion and low utility because the ball takes up space
in the middle of the joint. In contrast, a rolling contact joint
rolls on the circular surface between two joints and can be
actuated with wires without additional parts, so the rolling
joints can be miniaturized and tooltips such as forceps and
cautery can be inserted into the middle of the joint. For this
reason, we focus on rolling contact joint mechanisms.

A bending section of a surgical instrument can be
composed of single or a series of n rolling contact joints. In
Figs. 1 and 2, the bending sections have one DOF. If the
bending section has two DOFs, the joint is divided into two
halves, and the split parts are replaced by a rolling contact
joint for another DOF. The characteristics of the joint are
determined by its shape, which depends on the following
design variables: R is the radius of the rolling surface, B is the
step depth of the wire hole from the top of the rolling surface,
d is the distance from the center of the joint to the wire, 8, is
the rotation angle at the nt" joint, and H,, is the length of the
nt" joint. For the convenience and visualization of calculation
and manufacturing, all joints are constrained to be the same
length except for the distal joint with the tooltip at the end.
These variables determine the distance between the rolling
contact point and the wire (D) as well as the exposed wire
length between two adjacent joints (L) , which are
respectively expressed as

D,(8) = D, (—8) = d cos (g) — (R - B)sin (g) (1)

L,(0) = L,(—8) = 2R — 2d sin (g) —2(R—B) cos (g) @)

The subscript a indicates the bending direction, and the
subscript b indicates the stretching direction. When the
rolling joint moves from neutral to an angle 6, the total
amount the wires shrink and stretch is expressed as (3). If R
and B are the same, the total wire variation is zero, so the total
length of the wire is always kept constant.

AL = [L,y(8) — Ly (0)] + [Ly,(6) — Ly (0)]
= 4(R — B) [1 — cos (g)] 3)

Force F is the horizontal force at the tip of the instrument
and we define this as the payload. Further, tensions are
applied on both wires. These payload and wire tensions have
a functional relationship with joint angles. That is, when the
input tensions are determined, the joint angles are determined
by the payload. This relationship can be found by obtaining
the moment equilibrium on the rolling contact points. The
moment equilibrium is expressed as equation (4). It is
assumed that there is no axial force at the tip in the equation

Dy,

Fig. 1. Diagram of a single rolling contact joint
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Fig. 2. Diagram of a bending section consisting of a series of n rolling
contact joint

(4). In addition, it was assumed that there was no effect on the
stiffness of the bending section, except for that on the wire.

FUh+M =0 (4)

In equation (4), U is a (n X n) upper triangular matrix
where all entries are 1, his a (n X 1) column vector where
each row is h;, which is the vertical distance to the payload
direction between the rolling contact joints of the i and
(i + 1)t" joints and the last h,, is the vertical distance in
payload direction between the rolling contact point of the last
joint and the tip. In addition, M is a (n X 1) column vector,
where each row is M;. Further, M; is the moment about the
wire tensions at the i*" rolling contact point and is expressed
as the product of the distance from the rolling contact point to
the wire (d;) and tension (T). The tension T is a (2 X 1)
column vector, where each row is T, and T, . These are
expressed as

8;

h; = Rcos (Zjnziﬂ 0; — %) + (H; — 2R) cos(Z}l=i+1 Gj)
9

+Rcos (Z]-nziﬂ 0; + ;) 5)

Mi = le (6)

d; = [Dia Dib] = [D(Qi) D(_ei)] (7

T=[r. 7| ®)
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B. Payload Analysis

To analyze the payload, we assume that we have a simple
surgical instrument, n = 2. Then, the moment equilibrium
equation (4) is developed as follows.

{(h1 + hy)F = =TyDyq + Ty Dy )
hoF = =TqDzq + Ty Dy
To summarize this for F,
F= _TaD}:a:’ijlb
1 2
F _ ~TaD2q+TpD3p (10)
= —

If no payload (F = 0) is required, d; must be equal to d.
This implies that each joint always moves at the same angle.
However, when the payload is required, the joints have
different angles depending on the magnitude of the payload
and tensions. To confirm this, the payload that satisfies
equation (10) is plotted against 6; and 6, with randomly
assigned variables (Fig. 3). When the base tensions are kept
constant, the angles of the joints are determined according to
the payload. Given this behavior, we considered a method to
raise the payload curve with respect to the payload axis. This
implies that we need to maximize the payload by optimizing
the design variables of the rolling joint.
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Fig. 3. Payload distributions with randomly assigned variables, when n = 2
and (H; =30 mm,H, = 35mm,R =10 mm,B =3 mm,d =8 mm, T, =
50N, and T, = ON,). It is assumed that T}, is zero because the bending
direction dominates the stretching direction in the bending.

C. Objective Function

The goal of optimization is to minimize the objective
function with the 2-norm of the inverse of the payload. The
payload function is composed of design variables, and
therefore, the variables to be determined through optimization
are R, B, and H. When n = 2, the payload is represented by
two equations through (4), and whenn = x, the payload is
represented by x equations. It does not matter which of the
payloads is used as the objective function.

i 1 = et
o=

D. Constraints for the Optimization

hy+h, 2

TlaDla+T1bD1b

2

, (n=2)

(11)

—TzaD2a+T2bD2b

When optimizing the payload, there are four major
constraints that arise from the geometrical structure of the
instrument.

(1) Maximum range of the joint angle

The range of one joint should be the total required angle
(Breq) divided by n. In this study, 6,4 is 120 degrees.

(12)

_ Breq <0, < Oreq
n n

(2) Working range of the rolling surface

The joint must have sufficient rolling surface to rotate to
the maximum angle. In other words, the distance from the
center of the joint to the rolling contact point at the maximum
rotation must be smaller than the distance from the center of
the joint to the wire (Fig. 4).

(13)

Rsm( Zreq) <d

Fig. 4. Constraint of working range of the rolling surface
(3) Minimum step depth of wire

The distance of the wire hole from the top of the rolling
surface (B) must be greater than the distance from the rolling
contact point at maximum rolling to the top of the rolling
surface (Fig. 5).

(14)

o(r-ee(3)

Fig. 5. Constraint of the minimum step depth of the wire
(4) Radius of curvature

To use a surgical instrument with an existing endoscope
or a new endoscopic system, the radius of curvature at its
maximum bending should be less than or equal to the
minimum radius of a conventional endoscope. In contrast, to
access the area under an endoscope or in a new endoscopic
system, the minimum radius of curvature of the instrument
should be larger than the sum of the diameter of the endoscope
and the instrument radius. The radius of curvature was
obtained using the similarity of the blue and yellow triangles
shown in Fig. 6. In (15), a is the half of the sum of the
diameter of the endoscope and the radius of the instrument,
and B is the minimum radius of curvature of conventional
endoscopes.

R cos(%)—(R—g)+R sin(9;§q> tan(irzq)

Oreq
tan(=55)

p= ,aspsp (15
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Fig. 6. Constraint of radius of curvature

(5) Wire slack protection

As mentioned in (3), the change in the total wire length
differs according to the R and B. If R < B, AL is negative.
This means that the wire will loosen and the instrument will
no longer hold the current posture. As a result, it will be easily
distorted by external forces. Thus, R should be larger than B.

R>B (16)

E. Payload Optimization

Because the objective function (11) has high nonlinearity,
optimization was performed using MATLAB's Global
Optimization Toolbox. The ‘fmincon’ function was used,
which is suitable for finding the minimum of a constrained
nonlinear multivariable problem. As solvers, ‘MultiStart” and
‘GlobalSearch’ was used and the results of both solvers were
verified to be the same. The result of the optimization consists
of the values of R, B, and H that maximize the maximum
payload.

The constraints mentioned in Section II-D should be
modified for the inputs needed by optimization functions. The
minimum step depth of the wire (14), radius of curvature (15),
and wire slack protection (16) constraints were applied as
nonlinear inequality conditions, and the other constraints (12,
13) were applied as lower and upper bounds. In addition, the
condition that all payloads calculated by the moment
equilibrium equation according to the number of joints should
be equal was applied as a nonlinear equality condition.

III. EXPERIMENT AND RESULT

A. Optimization of a Scaled-up Prototype

To validate the objective function used to calculate the
payload and the optimization method, we applied the

optimization method to the previously proposed concept of a
surgical instrument attached to an endoscope [9]. For the
convenience of calculation, it is assumed that the number of
joints (n) is two, the joints only move up and down (1 DOF),
and the maximum range of motion of the bending section
(Qreq) is £120 degrees. The diameter of the instrument is 3.7
mm and the distance from the center of the joint to the wire
(d) is 1.4 mm. The radius of curvature of the bending section
should be less than 18.56 mm, which is the minimum radius
of curvature of a conventional endoscope according to the
specifications of commercially available endoscope parts. In
addition, the radius of curvature should be greater than the
half of the sum of the diameter of the endoscope and the radius
of the instrument in order to enable it to reach below the
endoscope. The bound of the minimum radius of curvature,
including a margin, was set to 9 mm.

However, it is difficult to confirm that the optimization is
properly performed under these conditions. The tension of the
wires, the angle of each joint, and the payload had to be
measured, but the joints were too small to be implemented in
a 3.7 mm diameter instrument joint. To attach encoders on
each joint to measure the actual joint angles, we scaled up all
the parameters five times physically. However, the number of
joints (n) and the maximum angle range of motion (6,q) were
not scaled up, and the diameter of the wire and wire paths
were not scaled up to make the actuating environment as close
to the actual one as possible.

The diameter of the prototype is 18.5 mm, and the initial
values and bounds for the optimization are summarized in
Table I. We used a 7 X 7 stranded wire cables for actuation
with 0.36 mm in diameter. The tension T, was limited by
considering a safety factor of 2.0 from the maximum tensile
strength of the wire cable (approximately 100 N). The
optimization results of both solvers resulted in R = 14.00
mm, B = 1.87mm, and H; = 47.63 mm. When tension T,
was applied to 50.00 N, 6, was—60.00°, 8,was—1.23°, and
the payload was 5.72 N (Table II).

TABLE 1. INITIAL CONDITIONS AND BOUNDS FOR THE OPTIMIZATION
OF THE SCALED-UP PROTOTYPE
Initial conditions Bounds
6,6, = —60°, —60° < 64,0, <60°
T,=0N, 0<T,<50N
R =0mm, 9
. req
B = 0mm, OSde/sm(ﬁ> mm

H, =0 ,H, =60 ,
! mm, Hz mm 0<B<cmm
d=7mm,

a=45mm,B = 92.8 mm 0<H <cmm

TABLE II. RESULT OF THE OPTIMIZATION IN THE PROTO TYPE
R(mm) | B(mm) | H(mm) | T,(N) | 6:(deg) | 6,(deg) | payload (N)
14.00 1.87 47.63 50.00 -60.00 -1.23 5.72

B. Payload Verification

We set up an experimental testbed to compare the
simulated optimization results with the measured using the
scaled-up prototype. The prototype was built on a 3D printer
and set to move horizontally (1 DOF) to eliminate the effects
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of gravity. Rotary encoders (RM-08, RLS) were attached to
the center of the rolling circle of each joint to obtain the angle
of the joints in real-time, and load cells (333FDX, KTOYO)
were applied to the driving unit to measure the tension. To
apply a payload to the joint end, the wire was also used as the
driving unit. In addition, the rotary encoder and the load cell
were used to check whether the wire was located
perpendicular to the distal joint and how much tension was
applied. The testbed is shown in Fig. 7.

Considering the position and orientation of the end-
effector of the joint at the joint angles obtained in Table II
when a tension of 50 N was applied, the position of the driving
unit for the payload was set so that the payload could act
perpendicular to the wire. The experiment was started with
the joints in a neutral position and the tension was applied at
5 N with pretension on both sides. The inputs were added
alternately between the driving unit for the joints and the
driving unit for the payload. The wire in the bending direction
was then pulled and the wire in the stretching direction was
partially released. When the joint was partially bent, the
payload wire was pulled more so that the joints were also
stretched to some extent. This was repeated until the payload
reached 50N, at which time the joint angles and payload were
measured.

C. Effect of the number of joints on optimization

In addition, we investigated the dependence of the
optimization on the number of joints. Our hypothesis was that
as the number of joints increase, the flexibility increases, and
therefore, the stiffness and payload would decrease. To

Motors for bending and
ion measuring sensors

Motor for gayload and
Tenswn measuring sensor

.
Scaled-up prototype
of rolling contact joints

Fig. 7. Fabricated scaled-up prototype and testbed environment

TABLE III. MEASURED JOINT ANGLES AND PAYLOAD
To(N) | 6:(deg) | 6,(deg) | payload (N)
Measured values 50.23 -59.92 1.27 5.69

TABLEIV. RESULT OF THE OPTIMIZATION ACCORTING TO THE NUMBER
OF JOINTS
A e e e R e
2 14.00 1.87 47.63 121.63 5.72
3 20.47 1.23 30.13 140.73 5.68
4 27.05 0.92 22.02 153.11 5.62
5 33.67 0.74 17.63 164.19 5.57

confirm this, additional optimizations were performed by
increasing only the number of joints on the scaled-up
prototype, and all conditions remained the same. Table IV
summarizes the optimized design variables, length of the
bending section, and maximum payload according to the
number of joints. The length of the bending section is the
distance from the center of the rolling circle of the first joint
to the end tip when the joint is straightened.

IV. DISCUSSION

The experiment result of the payload verification shows
that the measured joint angles and the payload are almost
equal to the values obtained from the optimization (Table III).
However, it does not guarantee that the payload obtained
through optimization really the maximum payload. To
confirm this, we plotted the distribution of payload with
respect to 8; and 6,. As can be seen in Fig. 8, the payload at
the position obtained from the optimization result is identical
to the payload obtained from the optimization result.
Moreover, it can be visually confirmed that the position with
the largest payload in the line at which the payloads intersect.
Therefore, the payload obtained through optimization is the
maximum payload.

0,: —60.00°
0,:1.23°
Payload:5.72 N

z, 0,:60.00°
B 8,:60.00°
—% 2 Payload: 0.00 N
o
14
0 60
i) 40
60  _40 20 0 20
20 4 g g5 O g [36d]
0, [deg] 2 9€9

Fig. 8. Payload distributions for the optimized prototype

The optimization results according to the number of
joints were as expected. As the number of joints increases,
the value of R increases and that of B decreases. This is
because the angle range over which one joint should
rotate decreases. In addition, H gradually decreased, but
the length of the entire bending section gradually increased
(Table. TV). As shown in equation (9), the payload is
proportional to the distance between the wire and the rolling
contact point. Moreover, it is inversely proportional to the
distance between the rolling contact point and the end-
effector of the bending section. Thereafter, the effect of the
decrease in payload due to the increase in the length of the
bending section is more dominant.

V. CONCLUSION

This paper presented the optimization of the joint design
variables of flexible surgical instruments to maximize
payload, which was derived from the moment equilibrium
equation. A scaled-up prototype was fabricated using the
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design variables obtained from the optimization, and the
validity of the proposed method, which calculates the payload
from the moment equilibrium equations, was confirmed by
showing that the payload obtained from the optimization is
the same as the payload measured in the experiment. By
plotting the payload distribution, it was also confirmed that
the payload obtained from the optimization is the maximum.
In addition, the payload tended to decrease as the number of
joints increased.

This payload optimization method could also be extended
to minimizing the deflection of the bending section against
external forces and minimizing the diameter of the surgical
instrument given the minimum required payload. To do this,
the factor that is to be minimized must be represented by
design variables and applied in an objective function. As
further work, analysis of frictional force and other external
forces will be additionally conducted and the optimization
method will be extended to two DOFs.
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