Lietal.
Chinese Journal of Mechanical Engineering
https://doi.org/10.1186/510033-022-00731-2

Chinese Journal of Mechanical
Engineering

ORIGINAL ARTICLE Open Access

. . ®
A Robotic System with Robust Remote Sk
Center of Motion Constraint for Endometrial
Regeneration Surgery

Jianhua Li'*3, Chongyang Wang', Zhenxing Wang '3, Xiong Zheng*, Zhidong Wang®, Jichun Tan® and
Hao Liu™"

(2022) 35:76

Abstract

Surgical robots have been widely used in different procedures to improve and facilitate the surgery. However, there is
no robot designed for endometrial regeneration surgery, which is a new therapy for restoring fertility in women using
stem cells. Endometrial regeneration surgery requires processing of the endometrium and transplantation of stem
cells with minimal trauma to the uterus. In this paper, we introduce a surgical robotic system that consists of a dexter-
ous hysteroscope, supporting arm, and additional novel instruments to facilitate the operation and decrease trauma
to the uterus. Remote center of motion (RCM) constraint is required to protect the cervix of the uterus. First, the sup-
porting arm and hysteroscope are controlled separately in kinematics to ensure that the RCM constraint and hystero-
scope’s shape and posture are predictable. Then, a task-decoupled method is used to improve the robustness of the
RCM constraint. Experiments confirm that the proposed method is more robust and achieves higher RCM accuracy. In
addition, the master-slave control of a robot with RCM constraint is also verified. This study proposes the realization of

a robot with robust RCM control for endometrial regeneration surgery.

Keywords: Endometrial regeneration, Surgical robot, Remote center of motion, Task decoupled

1 Introduction

According to data from the World Health Organization,
the number of infertile women has increased to 30 mil-
lion worldwide [1, 2]. Intrauterine adhesions (IUAs) are
a major cause of secondary infertility; the majority of
IUAs are associated with uterine damage due to intrau-
terine surgery [3, 4]. Traditional remedies such as the
transcervical resection of adhesions and artificial hor-
mone therapy have a high recurrence rate of IUAs. Stem
cell therapy is a promising remedy to fundamentally cure
endometrial damage [5-7]. Creating transplant wounds
and transplanting stem cells are two key steps in endo-
metrial regeneration surgery, as displayed in Figure 1.
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However, handheld instruments and manual operation
methods make surgery difficult and limit the efficacy of
this new therapy. Moreover, these surgical procedures
can cause secondary uterine damage. During endome-
trial regeneration surgery, a hysteroscope is inserted into
the uterine cavity via the cervix. The motion of the hyst-
eroscope is constrained by the cervix, which can be con-
sidered a remote center of motion (RCM) constraint. To
facilitate this process and improve the outcome of stem
cell therapy, a robot designed for endometrial regenera-
tion surgery is required.

Several robotics systems have been designed by
researchers for diverse surgeries [8—11]. The Da Vinci
surgical system is the most successful commercial surgi-
cal robot. Although it has been used to perform a hys-
terectomy, surgery to remove a patient’s uterus, it has
no ability to process the endometrium without damag-
ing the uterus [12]. Another surgical robot, the Hominis
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Figure 1 Operations during endometrial regeneration surgery

surgical system, was designed for transvaginal surgical
procedures at a single site [13]. It is also not applicable
to endometrial regeneration surgery because its instru-
ments work outside the uterus. Numerous robotic sys-
tems have been designed for natural orifice transluminal
endoscopic surgery. He et al. proposed a robot-assisted
method for nasal surgery [14]. Amanov et al. designed a
surgical system using concentric tube robots to complete
prostatectomy in the small luminal urethra space [15].
Similarly, Goldman et al. presented a continuum robot
for transurethral surgery [16]. Bajo et al. introduced an
endonasal telerobotic system for use in throat micro-
surgery [17]. Shang et al. designed a single-port robotic
system for transcanal microsurgery [18]. Lau et al. design
a flexible surgical robotic system for endoscopic submu-
cosal dissection [19]. These robots have achieved signifi-
cant progress in natural orifice transluminal surgery.
During endometrial regeneration surgery, the motion
of the hysteroscope can suffer from RCM constraint.
RCM constraint is a common problem in laparoscopic
surgery and ophthalmic microsurgery [9, 20]. Mechanical
RCM and programmable RCM are the two main methods
for realizing RCM constraint during surgical manipula-
tion. Addressing mechanical RCM, numerous research-
ers have proposed mechanical structures to realize RCM
constraints. He et al. designed a novel RCM mechanism
for a robot for retinal vascular bypass surgery [21]. Kim
et al. proposed a novel gravity-compensation mecha-
nism using RCM mechanisms [22]. Unlike mechanical
RCM, programmable RCM is realized by software and
is more flexible. To realize RCM constraint, two degree-
of-freedom (DOFs) of the robot are required. Aghakhani
et al. provided a general method to realize a surgical
robot’s control task with an RCM constraint using the
kinematics of an extended task [23]. Similarly, Sadeghian
et al. combined a task with an RCM constraint in an
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RCM-constrained Jacobian [24]. However, the extended-
task Jacobian could easily be singular. The tangent plane
of the access port can also be used to express the kin-
ematics of the RCM point [25]. However, determining
the tangent plane is difficult during application. Sandoval
et al. associated the RCM constraint with the task space
using the minimum distance between the surgical tool
and RCM point [26]. Using the null space of the robot
provides another method to realize the RCM constraint
[27-29]. A redundant robot is required to guarantee the
RCM. Zhang and Li et al. realized the visual tracking con-
trol of an endoscope with RCM constraints [30, 31].

Examining the existing surgical robots, several of these
can facilitate and improve different types of surgery;
however, none are intended for endometrial regeneration
surgery. In our previous work, a continuum manipulator
was designed to reach targets in the endometrium [32].
For endometrial regeneration surgery, a robot is required
to perform multiple tasks in the confined uterine cav-
ity while ensuring the safety of the uterus. To protect
the uterine cervix, the hysteroscope should be manipu-
lated using an RCM constraint. In this study, we design a
robotic system to facilitate and protect the uterus during
endometrial regeneration surgery. To maintain flexibility
while improving the stability of the robot, we propose
a task-decoupled method to control the hysteroscope
with robust RCM constraint. The method is evaluated
by comparing it with a general method, the extended-
task method. The control method of the robot is verified
experimentally.

The remainder of this paper is organized as follows.
Section 2 introduces the surgical procedure and design
of the robotic system. Section 3 details the kinematics of
the robot, realization of the RCM constraint, and control
method of the robot. Section 4 presents the experiments
and results. Section 5 concludes the study.

2 Design of the Robotic System

2.1 Surgical Procedure and Requirements

In endometrial regeneration surgery, the ultimate goal
is to transplant stem cells into the uterus and regenerate
the endometrium. To successfully perform endometrial
regeneration surgery, tasks such as diagnosing the uter-
ine cavity and processing the endometrium are required
before stem cell transplantation. The procedure for endo-
metrial regeneration surgery is as follows.

(1) Insert the hysteroscope into the vagina, through the
cervix, and into the uterus.

(2) Observe the uterine cavity, locate the uterine horn,
and determine the position of the transplantation.
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(3) Insert the instrument used to create a wound
through the channel of the hysteroscope into the
uterine cavity. Manipulate the hysteroscope to
locate the tip of the instrument at the position of
the adhesions. Scratch the endometrium to remove
the adhesions and create a regeneration environ-
ment for the stem cells.

(4) Replace the instrument used to create the wound
with the transplant instrument. Transplant the stem
cells on the transplant wounds.

To perform the operation in the uterine cavity, the
hysteroscope must be small in size and high in dexterity.
The small size of the hysteroscope can decrease the risk
of cervical invasion. The high dexterity enables the hys-
teroscope to avoid pulling the cervix during the opera-
tion. The actual instruments must be sufficiently small to
pass through the hysteroscope channel. The instrument
to create the wound must be capable of scratching the
endometrium with high quality and efficiency.

2.2 Design of Dexterous Hysteroscope

Hysteroscope is a key component of this surgical sys-
tem. It feeds back a view of the uterine cavity and pro-
vides channels for the other instruments. Traditional
rigid hysteroscopes are stiff and have low dexterity, which
can damage the endometrium and cervix. More recent
flexible diagnostic hysteroscopes have the advantages of
smaller size and high compliance to ensure safety dur-
ing diagnostics. However, these devices are not suitable
for manipulation and suffer from poor load capabilities.
To overcome these difficulties, we designed a hystero-
scope with a flexible tip and rigid shaft body, as indicated
in Figure 2. The hysteroscope provided an inner channel
for the instruments used to function in the endometrium
and transplant the stem cells. The diameter of the hyst-
eroscope was 5 mm and the diameter of the inner chan-
nel was 2.5 mm. The length of the flexible segment was
30 mm. The flexible segment of the hysteroscope was
driven by two cables and could realize planar deforma-
tion. The rigid segment of the hysteroscope was fixed
to the actuation unit. The actuation unit had two lead
screws that were used to pull the cables. To determine
the pulling force, the two cables were separately fixed on
two force sensors and the sensors were installed on the
lead screws. In addition, a pair of gears was used to real-
ize the rotation of the hysteroscope along the axis of the
rigid segment. At the end of the actuation unit, there was
a slot where an additional instrument could be inserted.
The instrument could rotate along its axis by actuating
the slot. To increase the dexterity of the hysteroscope, a
supporting arm was used to provide additional DOFs to
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Figure 2 Structure details of flexible hysteroscope and actuation
unit

allow the hysteroscope to realize motions with the RCM
constraint.

2.3 Design of Additional Instruments

Two types of instruments are used in endometrial regen-
eration surgery. One is an instrument used to scratch
the endometrium. It was composed of a lantern-like
slicer, sheath tube, and handle. The slicer had multiple
thin beams that could be easily deformed. One end of
the slicer was supported by a sheath tube. The other end
of the slicer was fixed to the tip of a tendon that passed
through the slicer and sheath. When pulling the tendon,
the slicer could unfold, as displayed in Figure 3. The han-
dle was used to control the folding and unfolding of the
slicer. The handle was composed of two parts. One part
was fixed with the sheath; the other part, similar to a nut,
was fixed with the other tip of the tendon. By screwing
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the nut, the tendon could be pulled or pushed, result-
ing in unfolding and folding of the slicer. The instrument
used to scratch the endometrium is displayed in Fig-
ure 4. Figure 4(a) and (b) display an unfolded and folded
slicer, respectively. In the folded and unfolded positions,
the slicer maximum diameters were 1.5 mm and 6 mm,
respectively. When the slicer was folded, it could pass
through the channel in the hysteroscope. The handle
was then inserted into the slot of the actuation unit. Fig-
ure 4(c) indicates the structure of the instrument at the
proximal end. Figure 4(d) displays how the instrument
is inserted into the slot of the actuation unit. When the
slicer reaches the uterine cavity, it can be unfolded by
screwing the nut. The deformed beam of the slicer then
contacts the endometrial tissue. When actuating the slot,
the slicer could be rotated to scratch the endometrium.
The slicer was made of a thin-walled nitinol tube with an
outer diameter (OD) of 1.27 mm and inner diameter (ID)
of 1.07 mm. Thin beams were manufactured by grooving
the tube using a laser cutting method. The width of the
groove was 0.35 mm and the length of the groove was
6.5 mm; there were six grooves. The other instrument
was a long tube used to transmit the stem cell suspen-
sion. The tube could also pass through the channel of
the hysteroscope. The tube was connected to a syringe,
which was used to control the injection volume of the
stem cell suspension.

Sheath Handle Tendon Nut /

© (@

Figure 4 Instrument for scratching the endometrium
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Figure 5 Overview of robotic system

2.4 Integration of Robotic System

The robotic system used for endometrial regeneration
surgery is displayed in Figure 5. It consists of a supporting
arm, actuation unit, dexterous hysteroscope, and master
device. The surgeon could view the uterine cavity on a
monitor and control the motion of the hysteroscope by
manipulating the master device. A UR5 arm was used to
support the actuation unit and provide additional DOFs
to control the motion of the hysteroscope with an RCM
constraint. A camera with a resolution of 400 x 400 pixels
was fixed to the hysteroscope to view the uterine cavity.
The diameter of the camera was 1.7 mm. There were four
motors in the actuation unit. Two of these were used to
actuate the lead screws to pull the cables; one was used
to actuate the gears to rotate the hysteroscope; the last
was used to actuate the belt pulley to rotate the slicer. All
motors were powered by drivers (Copley Driver, USA)
and controlled by a controller (Copley CAN-USB; USA).
In addition, two force sensors were used to provide feed-
back on the actuation force. The sensors were connected
to two amplifiers (Futek; USA). Data acquisition equip-
ment (NI DAQ; USA) was used to acquire the force data.
Figure 6 displays the architecture of the robotic system.

3 Methodology

In this section, we introduce the direct kinematics of the
surgical robot and realization of the RCM constraint.
Then, the control method for the complete surgical robot
is introduced.

3.1 Kinematics of Surgical Robot

In the surgical system, the motion of the distal tip of the
hysteroscope is related to the actuation and supporting
arms. The actuation unit provides two DOFs: The rotation
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of the rigid segment and bending of the flexible segment.
The UR5 arm supports the hysteroscope unit, provides the
DOFs for remote center motion, and controls the position
of the rigid segment of the hysteroscope. We define the
joint vector of the UR5 arm as g, = [61,62, ..., 06]T. The
forward kinematics of the UR5 arm are expressed as

6 ~
OT,, (qu) — He&ei .OMW )
i=1

where &; is the screw axis of the ith joint and O0M,, is the
transformation matrix from frame {u} to frame {0} when
the joint values are zero, as indicated in Figure 7. For the
actuation unit, the rotation angle of the rigid segment
and bending angle of the flexible segment are defined
separately as 67 and 6s. Then, the transformation matrix
of the hysteroscope tip is expressed as

(2)

where &; and &g are the screw axes of the two additional
joints, {s1} is the frame related to the tip of the rigid seg-
ment, “M; is the transformation matrix from frame {s;}
to frame {0} when 6; = 0, and L is the length of the flex-
ible segment. &; has the format

OTe = OTu : 65797 UMy - eEsL’

57 = [01 W: 0,0,0, I]T, (3)
and &g has the format
6 T
kg = [0,0, 1,0, Lgo] : (4)

“ M1 has the format

s
T}LJ

Figure 7 Constraint of RCM and coordinate frames
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where H and W are the distances between frame {s;}
and frame {u} in x- and z-axis directions, respectively, as
indicated in Figure 7. Hence, the direct kinematics of the
robot are expressed.

3.2 RCM Constraint

During endometrial regeneration surgery, the hystero-
scope passes through the cervix to reach the uterine cav-
ity. The motion of the rigid segment is constrained by
the cervix, which is considered the RCM constraint. To
express the point on the rigid segment that instantane-
ously coincides with the position of the cervix, a variable
related to the insertion depth is used [23]. As indicated
in Figure 7, the RCM point on the rigid segment is
expressed as

Prcm = Psa + AP — P2)s
0<i<l1,

(6)

where p,; expresses the position of the distal tip of the
rigid segment, p, is the position of another fixed point
on the rigid segment, and 4 is the parameter that indi-
cates the insertion degree. For the two fixed points on the
rigid segment, their Jacobians are expressed as

]sl = AdTl (];)1
Jso = Adr, (J3,),
where J¥ is the spatial Jacobian of the UR5 arm, and T';
and T'; are two homogeneous matrices separately related

to p,; and pg,. The two homogeneous matrices have the
following formats:

T, = [sts Psl],

7)

0 1
(8)
T, — [1353 sz]'

Based on Eq. (6), the differential format of the RCM
point is derived as

> — ]sl,v"f';b(]sZ,v_]sl,v)]T(q_u)
Prem [ Ps2 — Ps1 A ’ (9)

where J;, and Jg, are separately the translational part
of the of J; and J ().

For the supporting arm, two tasks are required: Track-
ing the desired position of the rigid segment tip and
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Figure 8 Motion of hysteroscope with RCM constraint

ensuring that the RCM point coincides with the cervical
position. First, the error of the RCM is defined as

€RCM = P, — PRCM> (10)

where p, is the desired position of the remote center,
i.e., the position of the cervix. Unlike the work of [23],
which combines the two tasks into an extended task,
we propose a task-decoupled method to realize robust
RCM constraint. In the proposed method, the RCM con-
straint is considered as the primary task, where position
tracking is achieved using the null space projector of the
Jacobian of the RCM. This method does not increase the
dimension of the Jacobian algorithm; therefore, algorithm
singularity can be avoided. In addition, the error of the
RCM can be maintained at a low level because the RCM
constraint is the primary task in the algorithm. How-
ever, position tracking could fail if its position-tracking
instantaneous motion conflicts with the RCM constraint.
To ensure that the position-tracking task does not con-
flict with the RCM constraint task, the position-tracking
instantaneous motion is decoupled into insertion and
directional motions, as displayed in Figure 8. Figure 8(a)
indicates the pure directional motion. Figure 8(b) is the
pure insertion motion. Figure 8(c) displays the hybrid
motion of the directional and insertion motions. For
the RCM constraint, neither the insertion nor rotation
motion can cause an error in the RCM. Thus, the joint
velocity of the supporting arm is expressed as

4y = Jremerem + (I =Trcar - Trem) [ 4, ﬂT'

(11)
where J%o =T o (Trem ~]1T3CM)_1 is the pseudoin-
verse of the RCM Jacobian, ¢, is related to the direc-
tional motion, and J.is related to the insertion motion. To
obtain the value g,, which is used to realize directional
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motion, the direction error must be defined. For the rigid
segment, its desired direction rs; , can be easily obtained
using the desired position and position of the cervix. The
desired direction of the rigid segment can be written as

Vslz = (psl,d _pc)/‘Psl,d —DPc) (12)

where p; ; is the desired position of the rigid segment
tip. Subsequently, the direction error of the rigid segment
is expressed as

fe(Qu) = r;rl,z ' (Psl _psZ)/‘psl _psZI‘ (13)

Using the gradient of the direction error, ¢, is obtained
as

q, = ke - Vfo/|Vf.

where k. is a positive coefficient and Vf', is the gradient of
the direction error. For the insertion motion, 4 is written
as

) (14)

J=k;(g —7), (15)

where k; is a positive coefficient and 1, is the desired
insertion distance. Using Eq. (11), we can realize reliable
control of the position tracking of the rigid segment with
a remote center motion constraint.

3.3 Control of Robot System

During the surgical process, to reach the desired position
and direction, both the supporting arm and flexible seg-
ment of the hysteroscope must be controlled.

Although the control of the entire robot system can
be realized using the inverse differential kinematics of
the robot system, the bending angle of the flexible seg-
ment is unpredictable during the iterative process. We
directly calculate the bending and rotation angles of
the flexible segment using the inverse kinematics of the
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flexible segment. This ensures that the bending of the
flexible segment is predicted. Therefore, the flexible seg-
ment and supporting arm are controlled separately in the
kinematics, as indicated in Figure 9. First, we identify the
desired position of the RCM point in the robotic frame.
After engaging the teaching mode of the supporting arm,
the tip of the hysteroscope can be moved to the desired
position. Using the feedback values of the joints and ini-
tial value of 4, we can obtain the initial value of ppc;; and
initial direction of the rigid segment [Fit,x Yinit,y Yinit,z ).
The flexible segment is assumed to have a constant cur-
vature. The relationship between the bending angle of
the flexible segment 65 and target is indicated in Figure 8.
We use the parameter « to determine whether bending
is required for the flexible segment to reach the desired
direction. It is defined as

o — arccos (,5 | (Pd—PRm))

{I’d - pRCM’ (16)

where p, is the desired position and r; is the desired
direction. When o = 0, no bending is required for the
flexible segment. Under this condition, we have

67 =0,
g = 0,
17
Fsiz =714, ( )

P =pq—L-ra

We considered the conditions for & # 0. According to
Figure 9, we can obtain 0g by solving

t

tan g tan (63/2) -

(18)
where L denotes the length of the flexible segment. Next,
we obtain the desired direction of the rigid segment using

<|Pd — o] cosa - |pa — Prey| sin ) 63

L o
P4 — g tan (78)"01 —Prem

(19)

rsi,z = L o8 .
’P — g, tan (7)'”01 _pRCM’

The desired position of the rigid segment tip is
expressed as

L ¢ Og L ¢ Og
=p;— —tan| — |rg— —tan | — |rs,.
Ps1,da = P4 O a ) d O a 5 sl,z

(20)

In addition, rotation of the segment is also required

to bring the bending plane of the flexible segment par-

allel to the desired direction. The rotation angle 67 can
be obtained using
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67 = arccos <rd X

has the format

Ws1 = Finjtz X Vsl,z-

(Pd - PRCM)
|Pd - PRCM|

(22)

T
) * Wsl - Finity | »

(21)
where @y is the skew-symmetry of the rotation vector in
the direction of the rigid segment from 7y, to rg ;. It
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Hence, the angles related to the flexible segment are all
resolved. To control the supporting arm, rs1, and p;; 4
are used as inputs for the RCM control. A diagram of
the control method for the robotic system is displayed in
Figure 10.

4 Experiments

4.1 Parameters Identification of Flexible Segment

The desired bending angle of the flexible segment was
calculated using its inverse kinematics. This was achieved
by controlling the actuation displacements of the cables.
To improve the control accuracy of the hysteroscope,
parameters including the composite bending stiffness of
the flexible segment and elastic coefficient of the cables
must be identified. The bending stiffness of the hyst-
eroscope differs when different instruments are in the
channel. Therefore, three cases must be considered: no
instrument in the channel, the slicer in the channel, and
the tube in the channel. Figure 11(a) displays these three

()
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Figure 11 Evaluation of flexible segment
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Table 1 Reach target with random initial joint values

Method Success rate Mean number of Mean egcy
iterations

Extended task 52/200 87 3.86

Task decoupled 141/200 153 0.68

cases. The flexible segment was deformed separately in
each situation by pulling the cables. The actuation force
and displacement were recorded during the processes.
To determine the bend angle of the flexible segment, a
colored label was attached to the tip of the flexible seg-
ment. The flexible segment was then captured by a cam-
era and its bending angle was obtained using the method
in Ref. [33]. Figure 11(b) indicates the relationship
between the actuation force and bend angle for the dif-
ferent instruments in the hysteroscope. The bending stift-
nesses of the three cases were 14.18, 5.77, and 8.06°/N.
When the slicer was in the channel, the flexible segment
demonstrated the greatest stiffness. The elastic coefficient
of the cables was 0.076 mm/N. The elastic elongation of
the cables can be compensated using these parameters.
Experiments were performed to evaluate the bending
angle accuracy of the flexible segment. Five desired bend-
ing angles varying from 10° to 50° at intervals of 10° were
selected. The real bending angle of the flexible segment
was measured using the images. The results are presented
in Figure 11(d). The mean error was 3.3°. Figure 11(c) dis-
plays the moments of the slicer rotating when the flexible
segment was bent. The rotational speed of the slicer was
200 r/min. The rotation of the slicer did not influence the
robot system.

4.2 RCM Constraint Evaluation in Simulation

In this section, we compare the task-decoupled method
(proposed method) with the general extended-task
method using simulation. All control algorithms were
written in MATLAB. In the simulation, the robustness
and accuracy of the two methods for the RCM constraint
were verified. First, the supporting arm was controlled
to reach a target with a constant relative position of [10,
0, 30" to the initial position. Two hundred random joint
values within the range [—m, 7] were used as the initial
joint values. The initial value of A was set to 0.8. Algo-
rithmic singularities or joint limits can be encountered
during the process of reaching a desired position. There-
fore, not all initial joint values led to the successful per-
formance of the task. We recorded the times required to
successfully reach the desired positions, number of itera-
tions, and error of the RCM when using the two control
methods. The results are presented in Table 1. The task-
decoupled method was more robust for different initial
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gestures of the supporting arm. Although the proposed
method required more iterations than the extended-task
method, it achieved a more accurate RCM constraint.
Next, the supporting arm was controlled to reach differ-
ent targets with the same initial joint values. The relative
position of the target was set as [x, y, 30]". The range of x
and y was [—30, 30]. Again, 200 random values for x and
y were used. In the simulation, four cases with different
initial joint values were performed separately using the
task-decoupled and extended-task methods. The results
are presented in Table 2. According to Table 2, the task-
decoupled method could address the majority of the
random targets and achieve higher success rates. There-
fore, it was more robust allowing the supporting arm to
reach different targets with different initial joint values.
Furthermore, the proposed method ensured a low error
rate for the RCM, less than 0.6 mm. Figure 12 displays
the variation of the parameters while reaching a target
using the two methods. For the task-decoupled method,
the variation in 4 was uniform and the RCM error was
maintained at a stable low level. This is largely a conse-
quence of the decoupling of the tracking task and RCM
constraint. Conflict between the two tasks was avoided.

4.3 Master-Slave Control Evaluation

In this section, we describe the experimental evaluation
of the robot in master-slave control mode. The core con-
trol algorithm of the robot, written in MATLAB, was
integrated into a C++ shared library. The library was
then called by a C++ program, which was used to con-
trol all the devices including the supporting arm, actua-
tion unit, and master device. In addition, the motion of
the robot was visualizable in real time using robotics sim-
ulation software (CoppeliaSim). To constrain the motion
of the robot, a hysteroscope was inserted into a hole in
an acrylic plate. The diameter of the hole was 5 mm and
the hole was considered to be the RCM point. The mas-
ter device was manipulated by an operator. The tip of
the robot was controlled to track the desired position

Table 2 Reach random targets with same initial joint values

Method Successrate  Mean number Mean egcy
of iterations
Extended task Case 1 103/200 112 2.04
Case2 64/200 189 4.16
Case3 0/200 - -
Case4 0/200 - -
Task decoupled Case 1 122/200 290 0.56
Case2 182/200 216 0.30
Case3  154/200 265 0.34
Case 4 135/200 173 042
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Figure 12 Simulation results for robot to reach target with RCM constraint using two different methods

and direction commanded by the master device at a fre-
quency of 50 Hz. The results of the experiments are pre-
sented in Figure 13. The results confirm that the rigid
segment of the hysteroscope was well constrained by the
RCM point during the entire manipulation process. In
addition, the tip of the hysteroscope could reach differ-
ent positions in different directions because the motion
of the robot was constrained by the RCM point.

5 Conclusions

(1) In this paper, we introduced a robotic system with
a robust RCM constraint for endometrial regener-
ation surgery. The robotic system was expected to

perform two key processes: processing the endo-
metrium and transplanting stem cells during sur-
gery. To the best of our knowledge, this is the first
study of robotic endometrial regeneration surgery.
The robot was composed primarily of a dexterous
hysteroscope, actuation unit, and supporting arm. It
exhibited high dexterity and compliance. To ensure
a valid RCM constraint and predictable hystero-
scope shape and posture, the supporting arm and
hysteroscope were controlled separately in kin-
ematics. In addition, a novel instrument that could
be folded and unfolded was designed to process the
endometrium.

To improve the robustness and flexibility of the
RCM constraint, we proposed a task-decoupled
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Figure 13 Master-slave control with RCM constraint

method to ensure the RCM constraint. The RCM
constraint was considered as the primary task; tip
position tracking was realized using the null space
of the RCM Jacobian. To avoid conflict between the
RCM constraint and tip motion, the motion of the
rigid segment of the hysteroscope was decoupled
into insertion and directional motion, which were
orthogonal to the RCM constraint motion.

(4) Experiments confirmed that the task-decoupled
method was more robust than the extended-task
method. The task-decoupled method also achieved
high RCM accuracy. Lastly, the robot with the RCM
constraint was verified under master-slave control.
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