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1 | INTRODUCTION

Microsurgery is a procedure in which surgeons use a microscope to
magnify the view of the surgical area, with sutures and anastomoses
being performed on microscopic structures such as blood vessels,
nerves, lymph ducts and so on. This surgical technology has been
expanding its application range to maxillofacial surgery, head and
neck surgery, gynaecology, ophthalmology, neurosurgery, plastic
surgery and transplant surgery.}”® Recently, robot-assisted super-
microsurgery* and the high-performance video microscope® have
also been introduced.

Microsurgery is often performed in extremely narrow surgical
fields, relying on visual information from microscopic images and
using fragile suture threads. Therefore, the threads easily break if
trainee surgeons apply a slightly excessive force. The thread fragility
has been known to change depending on the suture diameter, knot
type and suture material.® Therefore, surgeons require a high level of
expertise to skilfully perform these surgical procedures especially in
traction operation and tension holding.

Robotic application has been considered a promising approach to
assist surgical procedures and train surgeons.””® For macrosurgery,
an important platform has been the Da Vinci Surgical System (Intu-
itive Surgical),’°=*® which is a teleoperation system comprising a
master robot and a slave robot with two or three arms. Recently,
microsurgical robotic technology has also been introduced wherein
the surgeon manipulates the master robot, and the slave robot fol-
lows the motion accordingly in the surgical area.** This system has a
great merit in assisting the performance of delicate tasks due to its
features such as filtering the surgeon's tremor.

However, most surgical robots neglect force information. Due to
the lack of force information, surgeons cannot adjust the robotic
force applied to the target such as organs and sutures. Consequently,
the surgery risks might be increased if inappropriate force is applied.
In particular, thread traction during suturing operation in microsur-
gery becomes difficult in the absence of force information. Although
it is also necessary to keep pulling the sutured thread when per-
forming continuous suturing, continuing to maintain constant tension
precisely and stably is very difficult. The fragile suture threads break
if excessive force is applied, whereas a low force may result in a loose
knot that unties after surgery. Tension accuracy is also closely
related to post-operative recovery.

Acquiring force information from the robots usually requires force
or tactile sensors. Some surgical assist technologies have been devel-

oped using force sensors to assist delicate surgical procedures®>*¢

or
perform palpation.?” Although these sensors have been investigated
and developed for these applications,*®-2° force sensors are difficult to
implement due to the limited space in the robot end effectors currently.
In terms of the cost and benefits, these sensors also increase costs and
degrade fault tolerance. Particularly in the case of precise force mea-
surement, the sensor is fragile because it is necessary to use a sensor
with a low allowable force in relation to dynamic range and resolution.
Although some efforts to obtain force information without using force

sensors have been reported, they have not yet achieved an accuracy
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FIGURE 1 Developed microsurgery-assist robot. The
developed robot composed of the arm (Uni ARM; Mitaka Kohki)
and winding parts

and characteristics suitable for microsurgery. It is difficult to obtain
accurate information on the low-frequency component of the force
using an accelerometer, and the method using fluid pressure causes a
certain degree of error in transient conditions.?* 24

This paper describes the development of a microsurgery-assisted
robot that can precisely and stably control the tension in order to
support traction and tension maintenance, which is one of the most
advanced and skilful tasks. This system makes it possible for even a
novice to perform the suturing process if he or she can make a loose
knot. This system differs from conventional system with strain-based

force sensors in that it estimates the force from the electrical
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The traction force command is given by
a pre-created program or the following manual operating device.

Magnet

Manual operating device

FIGURE 2 Detailed view of winding parts and manual operating device. Suture threads are held by the end effectors and wound by the
rotary motors with nylon wire and magnets. The command of the traction force is given by a pre-created program or manual operating device

shown in this figure

characteristics of the traction actuator and therefore does not break

even if excessive force is applied.

2 | MATERIALS AND METHODS

We then developed the microsurgery-assisted robot by adhering to the
above-mentioned requirements. The developed robot winds the suture
thread with fibres, by using a rotary motor. The overview of the robot is
shown in Figure 1. The robot is mainly composed of an arm and the
winding parts. The arm (Uni ARM, Mitaka Kohki) has a balancing
mechanism and can easily fix its posture. A detailed view of the winding
part is shown in Figure 2. The basic function of this robot is that when
the surgeon activates the device, the winding part rotates and pulls the
sutures to generate the appropriate tension through sensorless force
control technology. The procedure for using the microsurgery-assisted
robot is shown in Figure 3. The surgeon will first manipulate the suture
and the needle to create a loose knot on targeted tissues such as blood
vessels, nerves and lymphatics. Note that this process is much easier
than traction, although it is not performed by a robot. For precise and
proper adjustment of the ligature force, the surgeon next holds both
ends of a loosely tied suture with the tip to which the medical clip is
connected (Disposable Micro Vascular Clip, Bear Medic). When the
surgeon flips the switch, traction is initiated and the knot is tightened
with precise and stable tension. The clips are sufficiently small to use in
narrow surgical fields, thus providing adaptability. The end effectors
are wound by rotary motors, using a nylon wire. By using a nylon wire
for a power transfer mechanism, the robot can maintain a distance from
the surgical field. Therefore, the compatibility requirement is satisfied.
The middle section of the nylon wire is equipped with magnets as safety
devices. If excessive tension is applied to the wire in case of failure, the

magnets are disconnected and avoid winding the suture thread with

high force. Therefore, safety is maintained even if the robot loses
control. The magnet is connected to the microsurgery-assisted robot or
guide hole through the fibre, so it will not be lost if it is disconnected. In
addition, the magnet will not fall into the body because the device is
covered in practical use.

Figure 4 shows the block diagram of the force sensorless tech-
nology. The 8, J, Jn, K¢, Kin, C, g, T'°3d, tmotor jef and s denote the
angle, inertia, nominal inertia, torque constant, nominal torque con-
stant, feedback controller, cut-off frequency, load torque, motor
torque, current reference and Laplace operator, respectively. The
dots above the variables mean the derivatives and the hat means
the estimated value. The basic principle of this force estimation is to
estimate the disturbance force from the current reference and the
angular velocity response, and then subtract the effects of gravity
8(0) and friction (8, 8) from the estimated disturbance force to
obtain the load force.

The command value of the traction force can be given by a pre-
created program, or it can be adjusted manually by the operating
device shown in Figure 2. In the latter case, by rotating the knob of
the operating device, the traction force can be adjusted from O to
200 mN. Figure 5 shows the experimental results of the precise
sensorless force control using the developed robot.

The range of possible winding force was determined by two

types of in vitro experiments carried out beforehand.*

2.1 | Rupture test (preliminary experiments
for robot design)

The rupture test aimed to measure the characteristics of a suture,
especially the force that causes the rupture, which was used to

design the output range of the microsurgery-assisted robot. Four
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FIGURE 3 Procedure for using microsurgery-assisted robot. The procedure of the microsurgery-assisted robot and an overview of each

process are shown
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FIGURE 4 Block diagram of sensorless force measurement.
The load force is estimated from the current reference and the
angular velocity response

types of sutures - 9-0, 10-0, 11-0 and 12-0 - were used in this
mechanical study. Linear motors with the sensorless force estimation
technology were used to apply traction to the sutures.?

2.2 | Traction test (preliminary experiments for
robot design)

The purpose of the traction test was to measure the actual force
applied by a skilled surgeon to the thread during suturing. The
measurement results were used to design the resolution and fast
response of the forces produced by the microsurgery-assisted
robot. Four types of sutures - 9-0, 10-0, 11-0 and 12-0 - were also
used in this study. One end of the suture was held by a skilled
surgeon and the other end was connected to a linear motor
controlled to a fixed position. Sensorless force estimation technol-
ogy was implemented in this linear motor, and a skilled surgeon
performed several traction actions in 10 s, at which time the trac-
tion force was measured.

In the in vivo pre-clinical study, a vascular anastomosis was
performed using a rat model. Under sufficient inhalation anaesthesia,
the rat was fixed in the supine position and a midline abdominal
incision was made to open the abdomen. At the beginning of the test,
the abdominal aorta and inferior vena cava of the rat were cut and
their positions fixed. Then, a suture thread 9-0 was inserted into the

edge of the cutting surface and a loose knot was made. Both ends of

the knot were held by the end effectors of the robot as shown in
Figure 6. After this preparation, a surgeon set the traction force using
the robot controller to complete the knotting.

The in vivo experimental protocols in this study were
approved by the Institutional Animal Care and Use Committee of
Keio University (Permit Number: 18011-0), which operates in
accordance with the Japanese Government for the care and use of
laboratory animals. All surgical procedures were performed under
general anaesthesia using medetomidine, midazolam and butor-
phanol tartrate. All efforts were made to minimize animal
suffering. The rats were purchased from CLEA Japan. The animals
were housed up to two rats per cage and kept under 12-h light/
dark cycles. Water and food were available ad libitum. The ani-
mals were euthanized by anaesthesia overdose 28 days after
surgery.

We confirmed whether the traction force was appropriate after

the completion of the knotting, by checking whether the knot was

loose.
3 | RESULTS
3.1 | Mechanical tests for the development of the

microsurgery-assisted robot

In the rupture tests, the 9-0, 10-0, 11-0 and 12-0 sutures were
ruptured by traction forces of 878.8, 767.4, 363.5 and 213.6 mN,
respectively (Figure 7). On the other hand, the traction test results
showed that the mean traction force of the 9-0, 10-0, 11-0 and 12-
0 sutures was 93.8 + 25.7, 91.9 + 10.0, 28.9 + 4.23 and 36.2 + 4.50
mN, respectively (Figure 8). The traction force of the skilled
surgeon in the traction test was confirmed to be sufficiently
below the rupture force. Furthermore, for sutures from 9-0 to 11-0,
the traction force of the skilled surgeon tended to decrease as
the sutures became thinner, whereas the 12-0 suture showed
greater traction force than the 11-0 suture. This result shows that it
is particularly difficult to adjust the traction force for sutures
thinner than 10-0. In Figure 5, the light green line is the command
given to the microsurgery-assisted robot (input by a pre-made
program) and the purple line is the response of the force.
The purple line shows the response value of the force. It can
be confirmed that precise force control has been successfully

achieved.



HANGAI ET AL

The International Journal of Medical Robotics

and Computer Assisted Surgery

220 T T . T
200
180
160
140

Force

Force [mN]
=y
o

220 . . s . .

Command —— -

FIGURE 5 Result of accuracy verification test of

developed microsurgery-assist robot with sensor-less
force control system. The traction force was adjusted
from O to 200 mN in this test. The result shows that
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FIGURE 6

In vivo traction experiment to confirm its
applicability to clinical practice. End effectors were used to hold the
suture threads in narrow surgical fields

3.2 | In vivo experiment using the developed
microsurgery-assisted robot

The resulting force response is shown in Figure 9. As shown in the
figure, the robot traction force was controlled precisely and stably
to the specified value, obtaining an error between the force
response and command in steady state (117-130 s) of only 0.66%.
Owing to this preciseness, a tight knot was successfully prepared
without breaking the suture thread. The sequence of steps to
tighten the knot and the images are shown in Figure 10. These
experimental results show that this system can achieve one of the
most difficult tasks, that is, pulling and maintaining suture tension,
and this system can greatly assist the surgeon in microsurgery. In
all trials of the in vivo experiments, it was confirmed that the su-
tures were 100% safe, with no breakage or loosening after

suturing.

30

4 | DISCUSSION

We developed a microsurgery-assisted robot to realize delicate su-
ture knotting with high precision, in place of a skilled surgeon. The
developed robot performs knotting by winding the suture thread
with rotary motors. The suture thread is held with small clips and
wound with a nylon wire. Therefore, the robot maintains a distance
from the surgical field and is compatible with the existing medical
equipment. To control the winding force precisely, sensorless force
control is implemented. This reduces the cost of the robot and en-
hances its fault tolerance. The developed robot realizes accurate
force control. The effectiveness of the developed robot was verified
through an in vivo experiment. The robot succeeded in knotting
a suture with precise force control, obtaining a control error
(difference between the command and the response) of only 0.66%
(i.e, 0.795 mN).

Until now, haptic sensation has been used in very few conven-
tional robots.'°"*3 Although attempts have been made to mount
haptics on robots in the past,’>~*” most of them have been large and
costly with sensors mounted on the tips.

To develop our robot, we first measured the traction used by
experts in microsurgery and then built a prototype to feed that
traction in the robot. Based on the data from experiments, the main
range of the traction force for the assistant robot was set from O to
200 mN.

The ultimate goal of this study is to complete difficult knots that
require delicate and precise knot force adjustments on behalf of a
skilled surgeon. In order to get there, this paper reported the
development and results of a microsurgery-assisted robot that can
precisely and stably control the tension in order to support traction
and tension maintenance, which is one of the most advanced and
skilful tasks. As shown in the experimental results, the developed
robot realizes precise traction force control for ensuring that the

thread does not break and the knot stays firmly in place. Force
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FIGURE 8 Results of traction test. How skilled surgeons apply tension force when pulling sutures was measured. (A) Result of 9-0 suture.
(B) Result of 10-0 suture. (C) Result of 11-0 suture. (D) Result of 12-0 suture



HANGAI ET AL

160 : r T T T

140 }

120 }

100 }

80 |

60

Force [mN]

40

20

220 . . . . . . .

Force e
Command ——

100 105 110 115 120 125 130 135
Time [s]

The International Journal of Medical Robotics

and Computer Assisted Surgery

FIGURE 9 Step response of traction force in in vivo
experiment. The developed robot succeeded to apply 120 mN
tension force precisely, with an error between the force
response and command in steady state (117-130 s) of only
0.66%

140

FIGURE 10 Sequence of steps to complete tighten knot. The knot-tightening process is completed by securing the clip in a loose knot and

switching on the robot

information can be obtained from observers implemented in the
control algorithms.2>=2” In this method, force information is esti-
mated based on the position, thus enabling sensorless force control.
If a typical commercial motor driver is used, calibration is not
necessary because the information needed to estimate the force is
the current reference calculated by the controller and the measured
position value. The accuracy of the force control in the in vivo
experiment was sufficiently high, to reproduce the delicate tasks as
performed by skilled surgeons.

Some robotic teleoperation systems, such as the Da Vinci
Surgical System,°"12 have been reported to assist surgical tasks by

realizing telesurgery or filtering the surgeons' tremor. However, most

conventional teleoperation systems do not utilize force information,
which increases the risk of medical accidents due to the difficulty of
force adjustment. By applying the observer-based force estimation to
the robotic teleoperation system, it can be expected that many
delicate and complicated tasks, such as suturing, become easier
without increasing costs or degrading fault tolerance.

Although the fixation arm, strings and clips used in this study are
commercially available for medical use, it is necessary to select and
install motors and covers that are appropriate for medical robots
before the entire device can be sold on the market. The device falls
under Class Il of medical devices; and therefore, the performance
and reliability of the device itself was confirmed first through
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the experiments described in this paper. We anticipate further work

verifying the clinical prognosis of the device from a clinical
perspective.

5 | CONCLUSIONS

We developed a microsurgery-assisted robot to realize the delicate
traction control with high precision for support difficult operation of
the microsurgery. In vitro and in vivo experiments were conducted to
confirm the performance of the device and its applicability to actual
suture traction work. The results revealed the breaking force of
the microfine thread and the waveform of the tension applied by a
skilled surgeon. In addition, the very fine traction forces that make
microsurgery difficult were successfully controlled. The accuracy of the
traction force control is very high compared to other approaches using
force sensors to acquire force information. The comparison with the
movement information of a skilled surgeon confirmed that the traction
force control performance of this robot far exceeds that of a skilled
surgeon. Since this device enabled precise control of tension, it is ex-
pected to clarify the relationship between tension and knot quality and
post-operative recovery in the future. It is also hoped that, in the future,
the applicability of this system will be expanded and this system will

serve as an alternative to skilled surgeons.

CONFLICTS OF INTEREST

Seiji Asoda received the funding from Japan Agency for Medical
Research and Development (AMED). The funder had no role in study
design, data collection and analysis, decision to publish, or prepara-

tion of the manuscript.

ORCID

Eiji Kobayashi "= https://orcid.org/0000-0001-8617-3778

REFERENCES

1. Tamai S. History of microsurgery - from the beginning until the end
of the 1970s. Microsurgery. 1993;14:6-13.

2. Tamai S. History of microsurgery. Plast Reconstr Surg. 2009;124:
e282-e294.

3. Markiewicz MR, Miloro M. The evolution of microvascular and
microneurosurgical maxillofacial reconstruction. J Oral Makxillofac
Surg. 2018;76:687-699.

4. van Mulken TJM, Schols RM, Scharmga AMJ, et al. First-in-human
robotic supermicrosurgery using a dedicated microsurgical robot for
treating breast cancer-related lymphedema: a randomized pilot trial.
Nat Commun. 2020;11:757.

5. Kobayashi E, Yamashita H. A newly developed 8K ultra-high-defi-
nition video microscope for microsurgery. Microsurgery. 2020;
40:278-279.

6. Tera H, Aberg C. Strength of knots in surgery in relation to type of
knot, type of suture material and dimension of suture thread. Acta
Chir Scand. 1977;143:75-83.

7. Brodie A, Vasdev N. The future of robotic surgery. Ann R Coll Surg
Engl. 2018;100:4-13.

8. Camarillo DB, Krummel TM, Salisbury JK, Jr. Robotic technology in
surgery: past, present, and future. Am J Surg. 2004;188:2S-15S.

HANGAI ET AL

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Noda VY, Ida Y, Tanaka S, et al. Impact of robotic assistance on pre-
cision of vitreoretinal surgical procedures. PLoS One. 2013;8:
e54116.

Krapohl BD, Reichert B, Machens HG, et al. Computer-guided
microsurgery: surgical evaluation of a telerobotic arm. Microsurgery.
2001;21:22-29.

Katz RD, Rosson GD, Taylor JA, et al. Robotics in microsurgery: use
of a surgical robot to perform a free flap in a pig. Microsurgery.
2005;25:566-569.

Clarke NS, Price J, Boyd T, et al. Robotic-assisted microvascular
surgery: skill acquisition in a rat model. J Robot Surg. 2018;12:
331-336.

van Mulken TJM, Schols RM, Qiu SS, et al. Robotic (super) micro-
surgery: feasibility of a new master-slave platform in an in vivo
animal model and future directions. J Surg Oncol. 2018;118:826-831.
van Mulken TJM, Boymans CAEM, Schols RM, et al. Preclinical
experience using a new robotic system created for microsurgery.
Plast Reconstr Surg. 2018;142:1367-1376.

Guo S, Wang Y, Xiao N, et al. Study on real-time force feedback for a
master-slave interventional surgical robotic system. Biomed Micro-
devices. 2018;20(2):37.

Abiri A, Pensa J, Tao A, et al. Multi-modal haptic feedback for grip
force reduction in robotic surgery. Sci Rep. 2019;9:5016.
Konstantinova J, Cotugno G, Dasgupta P, et al. Palpation force
modulation strategies to identify hard regions in soft tissue organs.
PLoS One. 2017;12:e0171706.

lordachita |, Sun Z, Balicki M, et al. A sub-millimetric, 0.25 mN
resolution fully integrated fiber-optic force-sensing tool for retinal
microsurgery. Int J Comput Assist Radiol Surg. 2009;4:383-390.
Abushagur AA, Arsad N, Reaz MI, et al. Advances in bio-tactile
sensors for minimally invasive surgery using the fibre Bragg grating
force sensor technique: a survey. Sensors. 2014;14:6633-6665.

He X, Handa J, Gehlbach P, et al. A submillimetric 3-DOF force
sensing instrument with integrated fiber Bragg grating for retinal
microsurgery. IEEE Trans Biomed Eng. 2014;61:522-534.

Spiewak SA. Acceleration based indirect force measurement in metal
cutting processes. Int J Mach Tools Manuf. 1995;1:1-17.

Osa T, Abawi CF, Sugita N, et al. Hand-held bone cutting tool with
autonomous penetration detection for spinal surgery. IEEE/ASME
Trans Mechatron. 2015;20(6):3018-3027.

Kim T-Y, Woo J, Shin D, Kim J. Indirect cutting force measurement in
multi-axis simultaneous NC milling processes. Int J Mach Tools Manuf.
1999;39:1717-1731.

Haraguchi D, Kanno T, Tadano K, Kawashima K. A pneumatically
driven surgical manipulator with a flexible distal joint capable of
force sensing. IEEE/ASME Trans Mechatron. 2015;20(6):2950-2961.
Kobayashi E. New trends in translational microsurgery. Acta Cir Bras.
2018;33:862-867.

Kasahara Y, Kawana H, Usuda S, et al. Telerobotic-assisted bone-
drilling system using bilateral control with feed operation scaling
and cutting force scaling. Int J Med Robot. 2012;8:221-229.
Abeykoon AMH, Ohnishi K. Virtual tool for bilaterally controlled
forceps robot-for minimally invasive surgery. Int J Med Robot.
2007;3:271-280.

How to cite this article: Hangai S, Nozaki T, Soma T, et al.
Development of a microsurgery-assisted robot for
high-precision thread traction and tension control,

and confirmation of its applicability. Int J Med Robot. 2021;17:
€2205. https://doi.org/10.1002/rcs.2205



https://orcid.org/0000-0001-8617-3778
https://orcid.org/0000-0001-8617-3778
https://doi.org/10.1002/rcs.2205
https://orcid.org/0000-0001-8617-3778

	Development of a microsurgery‐assisted robot for high‐precision thread traction and tension control, and confirmation of it ...
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Rupture test (preliminary experiments for robot design)
	2.2 | Traction test (preliminary experiments for robot design)

	3 | RESULTS
	3.1 | Mechanical tests for the development of the microsurgery‐assisted robot
	3.2 | In vivo experiment using the developed microsurgery‐assisted robot

	4 | DISCUSSION
	5 | CONCLUSIONS
	CONFLICTS OF INTEREST


