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Abstract—In recent years, robotic technology has been in-
troduced to medical fields and many surgical robots have been
presented not only in academic fields but also as commercialized
products. In this paper, an outer shell type 2 DOF bending
manipulator using a spring-link mechanism is presented. The
mechanism was developed for a surgical robot, which can
implement various surgical treatment devices inside of the
manipulator. The spring-link mechanism is a simple combi-
nation of a flat spring and a rigid link with a passive joint
connection. The outer shell type 2 DOF bending manipulator
is composed by four spring-link mechanisms. The most unique
feature of the manipulator is that these four springs are
interconnected in the kinematics. Therefore, it is possible to
realize a robust and backlash-free motion by taking into account
the interconnections of springs such as an internal stress of the
structure. In addition, by locating four spring-link mechanisms
around the manipulator, it is possible to place medical devices
inside of the manipulator.

I. INTRODUCTION

In recent years, robotic technology has been introduced to
medical fields and many surgical robots have been presented
not only in academic fields but also as commercialized
products[1]. One of the most advantageous features of these
surgical robots is a dexterous motion in their miniature size.
By realizing the complex motions on the tip of surgical
tools, it is possible to introduce these surgical robots into
patient body to achieve Minimally Invasive Surgery (MIS).
For a successful example, the master-slave technology was
effectively introduced to the applications of MIS in Da
Vinci system[2]. In these backgrounds, many dexterous and
miniature surgical robots have been developed. Ikuta, et al.
presented a wire driven multi-DOF forceps[3]. Dario, et
al. presented a new mechatronic tool for computer assisted
arthroscopy using a wire driven mechanism[4]. Harada, et al.
realized a 2 DOF bending laser manipulator of 2.4 mm diam-
eter by using a wire driven mechanism[5]. And many wire
driven mechanism were presented in past studies[6]-[12]. As
a link driven mechanism, Merlet presented a micro parallel
robot for MIS[13]. Yamashtia, et al. proposed a slider linkage
mechanism for a endoscopic forceps manipulator[14]. The
author presented a link driven multiple DOF forceps[15].
These previously presented robots can be mainly classified

as wire mechanism and link mechanism. The wire mech-
anism has an advantage on miniaturization in multi-DOF
structures. However, there are extension, friction and cutting
problems as main drawbacks in using the wire mechanism.
On the other hand, rigidity and durability can be obtained by
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Fig. 3. Prototype of outer shell type 2 DOF bending manipulator using
spring-link mechanism

introducing the rigid link mechanism, however, the structure
requires usually a large number of mechanical components,
which can be drawbacks on a cost issue, miniaturization
and sterilization. Therefore, a new mechanism which can
realize advantageous features of both wire and rigid link
mechanisms is desired. In addition, various surgical treatment
devices (not only a gripper, but also an endoscope, a light
guide, an electric knife, and other advanced medical devices)
are expected to be implemented on the tip of surgical
robot for realizing more complex surgical procedures (Fig.1).
For realizing such a multi-tool device, an outer shell type
mechanism will be beneficial for putting these devices inside
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Fig. 4. Bending mechanism of the manipulator Fig. 5. Kinematic model of the manipulator

of the mechanism. Moreover, with the recent advancement
of medical imaging technology, image-guided surgery using
CT and/or MRI is becoming common. In introducing surgical
robots into the image-guided surgery, the position accuracy
is getting more important.
In this paper, an outer shell type 2 DOF bending manipu-

lator using spring-link mechanism is presented. The spring-
link mechanism is a simple combination of a flat spring
and a rigid link with a passive joint connection. The outer
shell bending manipulator is composed by four spring-link
mechanisms. The most unique feature of the manipulator
is that these four springs are interconnected and interact
regarding the kinematics of manipulator. Therefore, it is
possible to realize a robust and backlash-free motion by
taking into account the interconnections of springs such as an
internal stress of the structure. In addition, by locating four
spring-link mechanism around the manipulator, it is possible
to place medical devices inside of the manipulator.
The kinematics of the developed manipulator using the

spring-link mechanism is presented in chapter II. The proto-
type implementation and evaluations are described in chapter
III. A kinematic re-modeling for improvement of accuracy
is described in chapter IV. Finally, the conclusions of this
paper are given in chapter V.

II. KINEMATICS

A. Spring-link mechanism

The spring-link mechanism (Fig.2) is a simple combina-
tion of a flat spring and a rigid link with a passive joint
connection. These advantages below can be obtained by
introducing the spring-link mechanism into a manipulator.

• The interconnections of springs can be beneficial in
terms of robustness and accuracy of manipulator.

• Internal space can be obtained by locating the mecha-
nism around the manipulator.

• Smooth bending shape of springs can prevent the dam-
age of surrounding environment.

The mechanism is exposed in the prototype presented in
the paper for conducting evaluations. However, a further
clinical-use prototype will be covered by a tube to prevent
the damage to surrounding tissues.

B. Kinematic model of the outer shell type 2 DOF bending
manipulator

The outer shell type 2 DOF bending manipulator (Fig.3)
realizes 2 DOF bending motions by two pairs of spring-link
mechanisms, which are located in face-to-face in each pair
(Fig.4). In this manipulator, a bending motion can be given
by the bending motions of each pair of springs, which are
driven by differential motions of the attached rigid links.
Fig.5 shows the kinematic model of the manipulator. In
this mechanism, the bending motion of a pair of spring-
link mechanisms affects on the other pair of spring-link
mechanisms. However, the effect can be compensated by
the passive joint, which connects between the spring and
the rigid link. Consequently, it is possible to control the 2
DOF bending motions independently. Each pair of spring-
link mechanisms has 2 DOF of linear motions of the rigid
links. Therefore, the mechanism requires 4 DOF of linear
actuators in total, and has redundancy in terms of the 2 DOF
bending motions. The redundancy is used for determining the
center of bending motion in terms of the axial and radial axis
of the manipulator. For example, in the case where the all
rigid links move in a same direction, the center of bending
motions moves in the long axis. On the other hand, the rate
of differential motions of a pair of rigid links determines
the center of rotation in the radial axis. Therefore, it is
possible to realize a smooth and compact bending motion
by determining the appropriate kinematic parameters.
For the inverse kinematic model of manipulator, first, the

input end-effector posture is described in Eulerian coordi-
nates by using the bending angles α and β.

φ = arcsin(cos α cosβ) (1)
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TABLE I

MOTOR SPECIFICATIONS

Model Maxon EC22 20W
Motor diameter φ22 mm
Length 82.8 mm
Speed at max continuous torque 16500 rpm
Max continuous torque 16.9 mN-m
Max continuous current 1.51 A

TABLE II

BALL SCREW SPECIFICATIONS

Model THK MDK0401-3
Outside diameter of thread 4 mm
Lead 1 mm
Length 64 mm
Basic static load rating 0.29 kN

· 3
4Tr(Y,

(
3
4
π − φ

2

)
) · 4

5Tr(Z,−θ) (3)

⎛
⎝ E0x

E0y
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⎞
⎠ =

⎛
⎝ −D cos θ (−1 + sin φ)

−D sin θ (−1 + sin φ)
D cosφ

⎞
⎠ (4)

D is the radius of bending curvature, Tr is the rotation of
each axis, and Tt is the translation of each axis.

From the coordinates of center of end-effector, the posi-
tions of passive joints E1−4, which are connecting between
the end-effector and four spring-link mechanisms, can be
obtained. By assuming the deformation of spring as a circular
arc as illustrated in Fig.4, the equations of linear link motions
L1−4 can be obtained. Thus, the inverse kinematic model of
manipulator can be obtained as following equations:

L1 = La − E1z

−
√

(La + B(E1x − R))2 − E2
1y (5)

L2 = La − E2z

−
√

(La + A(E2y − R))2 − E2
2x (6)

L3 = La − E3z

−
√

(La + B(E3x + R))2 − E2
3y (7)

L4 = La − E4z

−
√

(La + A(E4y + R))2 − E2
4x (8)

A =
(

α − sin α

1 − cosα

)
B =

(
β − sin β

1 − cosβ

)
(9)

R is the distance between the long axis of manipulator
and a spring. La is the length of springs.

III. PROTOTYPE IMPLEMENTATION
AND EVALUATION

The overview of prototype is shown in Fig.6. As the
material of springs, super-elastic alloy (Ni-Ti) was used. The
rigid links and other mechanical parts were fabricated from
stainless steel. The diameter of the tip of manipulator is 15
mm, and the diameter of the internal cavity is 10 mm. The
thickness of the robot is 2.5 mm in this implementation.
The size of robot can be modified up to the devices to be

Fig. 6. Overview of the prototype

Fig. 7. Results of FEM analysis (left: with slits, right: without slits)

implemented in the internal cavity. The working area of the
bending motions (α and β) are ± 45 deg, and it is adjustable
by an implementation of longer springs on the mechanism
(14 mm in this implementation, and longer springs can give
a wider working area of bending angles). Four spring-link
mechanisms are driven by DC servo motors and ball screws,
which are connected by couplings. The specification of these
mechanical components are described in Table I and II.

A. FEM analysis for spring design

For developing the spring-link mechanism, the character-
istic of springs is important. The springs must be bend in
a range of elastic deformation for preventing a breakage.
Therefore, round shape slits were fabricated on the surface of
springs for a wide range of elastic deformation. The dimen-
sions of slits are 1.0 mm of diameter, 1.4 mm of pitch and
0.5 mm of depth from the surface of spring. By conducting
FEM analysis in trying many patterns of slits, the design
parameters were determined. Fig.7 shows a deformation of
a spring in applying a load on the tip of spring. Comparing
with a spring without slits, the deformation can be seen
clearly in a round shape in the case that the spring has slits.
In this implementation, the mechanical design was given in
a trial, and further analysis is on-going work for an optimal
design.

B. Accuracy test

To test the accuracy of manipulator, a sine curve
(amplitude:±30 deg, cycle:20 s) was given as the bending
angle order, then the positions of motors are controlled
by using the inverse kinematic model. The position of
manipulator was measured by using a 3D position sensor,
Optotrak (Northern Digital Inc.) for the evaluation. The
accuracy of Optotrak is 0.1 mm of RMS positional accuracy,
and 0.01 mm of resolution. The manipulator was controlled
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by using VxWorks 5.5.1 at a control frequency of 1 kHz.
The experimental setup is shown in Fig.8. The measurement
was conducted in α and β axes independently. As the end-
effector is supported by bending springs, the manipulator
naturally has a shift of axial center by its interconnected
structure. However, it is confirmed that the axial center shift
has accurate repeatability by trial experiments. Therefore, the
accuracy was evaluated by measuring the bending angles α
and β.
Fig.9 shows the experimental result of accuracy test in α

axis. From the result, it was observed that the bending angle
of manipulator was smaller than it was expected from the
kinematic model. The error was observed in maximum 2.3
deg on the peak of trajectory. This error was observed both in
α and β axes. On the other hand, the average error of repeat
motions of α and β axes was 0.010 deg and the maximum
error was 0.031 deg. The result shows the high accuracy
on repeat motions, however, the absolute position error was
large. The error cause and the improvement of accuracy are
discussed in the chapter IV.

C. Rigidity test

The rigidity of the manipulator was measured by applying
a load on the tip of manipulator. Then the displacement of
the tip of manipulator was measured by using Optotrak in the
same experimental setup as the accuracy test. The bending
angle (α axis) was varied from 0 to 30 deg in every 10
deg. The load was gradually applied from 0 to 5 N in every
0.5 N, and unloaded from 5 to 0 N in the same manner.
The load was applied directly to the bending direction. From
the experimental result (Fig.10), the average of rigidity was
27.95 N/mm. The experimental result revealed a high rigidity
of the manipulator. In addition, rigidity was getting higher
in increasing the bending angle. This can be considered as
the effect of spring components. In increasing the bending
angle, the pair of springs was bended in sharper angles.
Therefore, the internal force of the mechanism was increased,
eventually, the internal force increased the rigidity of the
manipulator.

IV. IMPROVEMENT OF THE KINEMATIC MODEL

From the result of accuracy test, a high repeat accuracy
was observed, however, the absolute position error was
large. For improving the absolute position accuracy, further
analysis and experiments were conducted.

A. Deformation of the springs

As an unique characteristic of the manipulator, the struc-
ture is composed by spring elements. The deformation of the
springs is assumed as a circular arc (length of La and side
length of R + D) in the kinematic model. However, in the
case, where the deformation is not precisely match on the
kinematic model, it can be a cause of the absolute position
error. Therefore, the deformation of springs in a bending
motion was measured by using a 2D laser displacement
meter (LJ-G080, Keyence Inc.). The experimental result in a
bending motion of 30 deg is shown in Fig.11. From this
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Fig. 10. Experimental result of rigidity test (α axis)

result, it was observed that the measured bending curve
was internally shifted comparing than it was expected in
the kinematic model. As the mechanism does not have
mechanical constraints to the internal direction, the spring
slightly shifted to the internal direction in a bending motion.
Therefore, from this measurement, it was assumed that
the mismatch between the kinematic model and the actual
mechanism occurred. (The other spring in the pair was not
measurable because of an occlusion problem of mechanical
parts from the laser scan.) From the result of the accuracy
test, it was observed that the bending angle of manipulator
was smaller than it was expected from the kinematic model.
Therefore, it is concerned that this mismatch is related
to the absolute position error. Thus, the mismatch have
to be compensated for obtaining the further accuracy of
manipulator. The error might be removed by introducing an
additional mechanical constraints on the springs. However,
introducing these additional mechanical components will
raise a cost issue on the production processes. In addition,
the mechanism will be more complex and may raise the
difficulties for a further miniaturization of the structure.
Therefore, we propose a method for improving the accuracy
of manipulator by optimizing a mechanical parameter in the
kinematic model.
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Fig. 11. Experimental result of 2D laser displacement measurement
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Fig. 13. Position error in varying R
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Fig. 14. Trajectory of manipulator in varying R

B. Improvement of accuracy by varying a kinematic param-
eter

The deformation of springs in the kinematic model are
given by the following equation:

(X − D)2 + Z2 = (R + D)2 (10)

(PX , PY , PZ ) is the coordinates of a tip of spring, which can
be determined by the bending angles α and β. On the other
hand, the following equation can be given from the length
of spring La and the side length R + D for determining the
deformation of springs.

π

4
(R + D) = La (11)

R is an actual mechanical parameter and can not be
varied. However, by varying R in the kinematic model
numerically, it is possible to change the deformation of
springs as shown in Fig.12. The mechanical length of R
was originally configured as 4.9 mm in this prototype.
1) Determination of R: The absolute position error was

measured in varying the kinematic parameter R in the same
manner of the accuracy test (Fig.13). R was varied from
4.5 to 6.0 mm, and the error was measured on the peak of
trajectory. From this result, the optimal R was 5.39 mm.
By configuring R as 5.39 mm, the absolute position error
decreased down to 0.05 deg in average. By this experiment, it
was observed that the absolute position error was drastically
improved by determining the optimal R. A comparison of
the trajectory between R = 4.9 mm and R = 5.39 mm was
illustrated in Fig.14.
2) Estimation of R: From the section B.1) in this chap-

ter, it was shown that the accuracy can be improved by
optimizing a kinematic parameter. Therefore, the additional

TABLE III

POSITION ERROR OF MOTIONS IN α AXIS

Angle Non-compensated [deg] Compensated [deg]
[deg] Average SD Average SD
10 0.018 0.039 0.093 0.012
20 0.588 0.159 -0.113 0.033
30 2.280 0.124 -0.050 0.070

experiments were conducted in different trajectories for
adopting this optimization method to a free-motion, for such
a master-slave control. As the position order, the sine curve
was used as well as the previous experiment. The amplitude
was set as ±20 and ±10 deg, the cycle time was set as 20
s. The optimal R of each trajectory was determined by the
same manner introduced in the section B.1) in this chapter.
From the experimental result, the improvement of accuracy
was observed by introducing the compensation method. It
was shown that the effect of the compensation was clearly
shown in a larger bending angle(Table III). In addition, it
was observed that the optimal kinematic parameterR lineally
changes depending on the target position(Fig.15). From these
results, it is suggested that the accuracy can be improved by
changing the kinematic parameter R adaptively in a free-
motion.

Fig.16 shows the experimental result of free-motion. A
position order of a single bending motion (α axis) was given
by a master device, which was operated by a free hand
motion. Then, the manipulator followed the position order
in real-time as a slave robot. The absolute position error
measured in a same manner with the accuracy test was 0.015
deg in average. Thus, the advantage of the proposed method
was clearly shown in this experiment.
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Fig. 16. Trajectory of a free-motion in optimal R
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Fig. 17. Implementation of the outer shell type 2 DOF bending manipulator
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V. CONCLUSIONS

In this paper, the outer shell type 2 DOF bending ma-
nipulator using spring-link mechanism is presented. As an
unique characteristic of the manipulator, the structure is
composed by spring elements, and these spring elements
are interconnected. From the evaluation tests, it was shown
that the manipulator has high rigidity and repeat accuracy. In
addition, a method of accuracy improvement was presented
in this paper. From the evaluation test, it was observed
that the absolute position accuracy was drastically improved
on a single bending motion. Therefore, the presented error
compensation method showed an advantage of the manip-
ulator. Introducing the presented method to a multi-DOF
bending motion is currently on-going work. A high accuracy
manipulator such we presented in this paper can be benefi-
cial, especially on image-guided surgical applications. An
implementation of the manipulator as a multi-tool equipped
surgical tool (Fig.17) is also on-going work.
Comparing with a wire mechanism, the presented mecha-

nism showed an advantage on accuracy, as it does not have
drawbacks on frictions and extensions on its power transmis-
sions. On the other hand, comparing with a link mechanism,
the manipulator has relatively a simple mechanism, and
realized an internal cavity in the structure by introducing
the elastic mechanism around the manipulator. In addition,
the presented mechanism realizes backlash-free motions for
further accuracy. In further development of the manipulator,
a repeat durability test is required to clarify the advantages
of the proposed manipulator. In addition, an implementation
method for more miniaturized mechanism based on the
presented manipulator is currently under development.
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