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Technologies for surgical robots have been devel-
oped mainly in the field of laparoscopic surgery, 
and more advanced robotic technologies are nec-

essary for neurosurgical robots, which require greater ac-
curacy and safety. To this end, we have been developing 
the neurosurgical robot MM-3, which has been designed 
to assist surgeons in performing complex microsurgical 
tasks.7 The MM-3 robotic system uses the so-called mas-
ter-slave control, in which the hand motion of the operator 
(i.e., surgeon) is measured with master manipulator(s), and 
the motion is scaled down and then replicated by the slave 
manipulator(s). The motion-scaling ratio—the ratio of the 

slave robot’s motion to the corresponding master manipu-
lator’s motion—needs to be small for accuracy in precise 
tasks. However, a small motion-scaling ratio can prolong 
the task completion time and increase the physical and 
mental burdens of the operator, as a larger hand motion is 
required. In this paper, we propose a method to dynami-
cally and automatically control the motion-scaling ratio by 
recognizing the intention of the operator. In other words, 
the robot’s velocity would automatically decrease when the 
robotic system recognizes that the operator is initiating a 
precise task, such as needle driving or looping, while the 
velocity would automatically increase for a coarse motion.
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OBJECTIVE Advanced and intelligent robotic control is necessary for neurosurgical robots, which require great accu-
racy and precision. In this article, the authors propose methods for dynamically and automatically controlling the motion-
scaling ratio of a master-slave neurosurgical robotic system to reduce the task completion time.
METHODS Three dynamic motion-scaling modes were proposed and compared with the conventional fixed motion-
scaling mode. These 3 modes were defined as follows: 1) the distance between a target point and the tip of the slave 
manipulator, 2) the distance between the tips of the slave manipulators, and 3) the velocity of the master manipulator. 
Five test subjects, 2 of whom were neurosurgeons, sutured 0.3-mm artificial blood vessels using the MM-3 neurosurgi-
cal robot in each mode.
RESULTS The task time, total path length, and helpfulness score were evaluated. Although no statistically significant 
differences were observed, the mode using the distance between the tips of the slave manipulators improves the sutur-
ing performance.
CONCLUSIONS Dynamic motion scaling has great potential for the intelligent and accurate control of neurosurgical 
robots.
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Methods
Microsurgical Robotic System MM-3 and Its Control

The MM-3 is a prototype robot being developed by the 
University of Tokyo, and access is limited to those who 
are involved in the research. In the MM-3 system, the op-
erator moves a pair of master manipulators while seeing 
a stereo-microscopic view and bimanually controls the 
slave manipulators, as shown in Fig. 1.
A fixed motion-scaling ratio of 0.33 had been used previ-
ously for anastomoses of 0.3-mm artificial blood vessels. 
However, the task completion time for this procedure was 
much longer than that for a manual operation. Therefore, 
we proposed a method to dynamically and automatically 
modulate the motion-scaling ratio during a task.5 Prelimi-
nary experiments were carried out by engineering stu-
dents, who concluded that dynamic motion scaling had 
great potential.4 This article proposes 4 motion-scaling 
modes: fixed, target, slave, and velocity as demonstrated 
in Video 1. The performance of these 4 modes was evalu-
ated by neurosurgeons and engineering students.

VIDEO 1. Video clip showing the master-slave system of the MM-3 
robot in use. Copyright University of Tokyo. Published with permis-
sion. Click here to view.

Fixed Mode
This is the conventional mode used in most existing 

surgical robots. The motion-scaling ratio is preset and re-
mains unchanged during a task.

Target Mode
The target mode allows for dynamic motion scaling us-

ing the distance between a target and the tip of the slave 
manipulator. A smaller motion-scaling ratio is used when 
the distance between a predefined target (e.g., the edge of a 
blood vessel) and the tip of the slave manipulator is small-
er. This mode assumes that the operator wants to carry out 
a more precise task when the robot is closer to the target.

Slave Mode
The slave mode provides dynamic motion scaling using 

the distance between the tips of the slave manipulators. 

A smaller motion-scaling ratio is used when the distance 
between the tips of the slave manipulators is smaller. This 
mode assumes that the operator wants to perform a more 
precise task when the slave manipulators approach each 
other. This mode applies only to a bimanual task, and the 
same motion-scaling ratio is used for both slave manipula-
tors.

Velocity Mode
The velocity mode allows for dynamic motion scaling 

using the velocity of the master manipulator. A smaller 
motion-scaling ratio is used when the velocity of the mas-
ter manipulator is slower. This mode assumes that the op-
erator wants to perform a task more precisely when slow-
ing down his/her hand motion.

Experimental Methods
The experimental task was to suture 0.3-mm artificial 

blood vessels made of silicone (Microvascular Practice 
Card, Muranaka Medical Instruments Co.) with a 12-0 
surgical suture (10V43–10R, Muranaka Medical Instru-
ments) incorporating 1 stitch and 1 knot. The target was 
set at the middle of the 2 artificial blood vessels to be su-
tured. The motion-scaling ratio for the fixed mode was set 
as 0.33. The lower and higher thresholds (Thl and Thh, 
respectively) for the control in the target, slave, and veloc-
ity modes were defined as Thl_Target (mm), Thh_Target 
(mm), Thl_Slave (mm), Thh_Slave (mm), Thl_Velocity 
(mm/sec), and Thh_Velocity (mm/sec). The motion-scal-
ing ratio was modulated linearly from 0.2 to 0.5, as shown 
in Fig. 2. Each threshold was determined by analyzing the 
distances between the target and the tips of the slave ma-
nipulators, the distance between the tips of the slave ma-
nipulators, and the velocities of the master manipulators 
during a pair of suturing tasks performed by 2 engineering 
students who were experienced in using the MM-3 robot.

Then, 2 neurosurgeons and 3 engineering students 
were asked to perform the same suturing task in each 
mode in random order. The time from needle insertion to 
the completion of knot tying and the total path length of 
the right and left master manipulators were measured. The 

FIG. 1. Photographs of the master-slave microsurgical robot MM-3.
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total path length is equal to the total path length of the 
right and left hands of the operator; a larger path length in-
dicates inefficiency in manipulation and resultant physical 
fatigue. Additionally, a survey was conducted to evaluate 
the mental burden on the operator. The helpfulness score 
was designated on a scale of 1 to 5 points as follows: 1, 
very frustrated; 2, frustrated; 3, normal; 4, helpful; and 
5, very helpful. All participants were asked to score each 
mode immediately after performing each task. The results 
were analyzed using the Wilcoxon rank-sum test with 
JMP statistical software (SAS Institute, Inc.); p < 0.05 was 
deemed statistically significant.

Results
The distances between the target and the tips of the 

slave manipulators varied in a range from 0 mm to ap-
proximately 4 mm in the needle-driving and looping tasks, 
which require very great precision, whereas the distance 
increased to more than 25 mm in the thread-pulling task 
(i.e., pulling the thread after needle extraction and before 
the looping task), which does not need precision. There-
fore, the thresholds were determined as Thl_Target = 4 
mm and Thh_Target = 6 mm, to provide a stable fixed mo-
tion during the precise tasks and prevent a sudden change 
in motion scaling during a coarse motion. The distance 
between the tips of the slave manipulators varied from 1 
mm to approximately 4 mm in the needle-driving task and 

from 1 mm to approximately 3 mm in the looping task. 
The distance increased to more than 25 mm in the thread-
pulling task. Accordingly, the thresholds were determined 
as Thl_Slave = 4 mm and Thh_Slave = 6 mm. The veloci-
ties of the master manipulators were slower than 50 mm/
sec for most of the time in the needle-driving and looping 
tasks. Therefore, the thresholds were determined to pre-
vent sudden changes in coarse motion as Thl_Velocity = 
50 mm/sec and Thh_Velocity = 100 mm/sec. The suturing 
experiment was conducted with these values.

Figure 3 shows the time and total path length for the 5 
subjects, and the details of the results including the help-
fulness score are shown in Tables 1–3. No statistically 
significant difference was observed when comparing each 
pair of the modes for each metric.

Discussion
Navigation-based neurosurgical robots have been used 

clinically. The history of neurosurgical robots was sum-
marized by Smith and associates.8 Master-slave neuro-
surgical robots, such as NeuRobot,2 Neuromate,9 and 
our MM-3, are designed to assist surgeons in performing 
complicated tasks, but further technological advances are 
needed before they can be widely used in a clinical set-
ting. Neurosurgical master-slave robots must be designed 
with stricter parameters than laparoscopic surgical robots. 
Specifically, the small workspace, small microscopic view 

FIG. 2. Modulation of the motion-scaling ratio.

FIG. 3. Experimental results: time (left) and total path length (right).
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field, greater precision, and instruments with a small di-
ameter are all challenges for researchers in engineering, 
and the state-of-the-art laparoscopic robotic technologies 
cannot simply be transferred to neurosurgical robots. The 
implementation of intelligent functions in master-slave 
neurosurgical robots would propel advances in robotic 
neurosurgery.

Theoretically, there should be great advantages to the 
proposed dynamic motion-scaling methods, but we did not 
observe any statistical significance in the experimental re-
sults. This outcome was partially because the number of ex-
periment participants was limited. The MM-3 robot is still 
under development, and only researchers who have been 
involved in the development are capable of performing 
robotic microsuturing. The participants in the experiment 
were qualified, as all of them were capable of suturing 0.3-
mm artificial blood vessels using the MM-3 robot. The task 
was also designed to be simple so that the total experiment 
time for each participant would be less than 30 minutes. 
The time needed for the thread-pulling task, which should 
benefit most from this dynamic motion scaling, accounted 
for less than 10% of the total time needed for the suturing 
incorporating 1 stitch and 1 knot. The dynamic motion-
scaling modes would have a greater impact if they were 
applied to a task requiring more frequent coarse motions. 
Surgical usefulness will be evaluated in the future with a 
more complex and difficult task performed by neurosur-
geons who were not involved in the development.

Although there was no statistically significant differ-

ence, the average times for target mode and slave mode 
both decreased 6.7% from the conventional fixed mode, 
while the time increased 1.2% for the velocity mode. The 
average total path length for target mode increased 7.8%, 
but the average total path lengths for slave and velocity 
modes decreased by 0.3% and 12.8%, respectively. Ac-
cording to these results, the slave mode would be the most 
useful. Moreover, none of the test subjects experienced 
frustration with this mode, as the result of the helpfulness 
score shows. Further investigations will better consider 
the experimental tasks.

The partial automation of surgical robots is currently 
being intensely discussed in several engineering commu-
nities. The automation of dynamic motion scaling is a new 
and original proposal that is trying to incorporate intel-
ligence into the neurosurgical robot. Compared with other 
automated controls of surgical robots, such as in fully 
automated suturing,6 the responsibility of the operator is 
greater in our scenario, which is an advantage considering 
regulatory issues.

Our approach is a step toward artificial intelligence 
(AI)–based robotic surgery, and this paper describes pos-
sible methods to associate a surgeon’s hand motion with 
the intended motion accuracy. Once the learning process 
is implemented, the methods will be sophisticated, lead-
ing to an autonomous and real-time customization of ro-
botic control parameters. The next step is to collect data 
from board-certified neurosurgeons and assimilate the 
data through machine-learning algorithms to extract and 
implement skills in the robot. Even a young and inexperi-
enced surgeon would then be able to perform skilled mi-
crosurgical tasks in AI-based robotic surgery. To advance 
AI-based robotic microsurgery, we have been studying as-
sessments of neurosurgical skill,3 autonomous recognition 
of surgical tools in a microscopic view,1 and autonomous 
recognition of microsurgical processes. Regulatory issues 
must also be discussed with authorities because AI-based 
surgical robots can be customized to each operator and is 
capable of evolving after their approval.

Conclusions
Dynamic motion scaling has great potential for the in-

telligent and accurate control of neurosurgical robots. Dy-
namic motion scaling based on the distance between the 
tips of the slave manipulators could be the most useful, but 
further investigations are needed.

TABLE 1. Time in seconds to complete tasks with various motion 
control modes

Subject No. Fixed Target Slave Velocity

1 117 114 114 93
2 96 96 96 86
3 105 76 76 136
4 147 136 136 173
5 99 104 104 83
Mean 112.8 105.2 105.2 114.2
SD 18.6 19.8 19.8 35.1

A longer task completion time indicates inefficiency in manipulation.

TABLE 2. Total path length in millimeters to complete tasks with 
various motion control modes

Subject No. Fixed Target Slave Velocity

1 1913.3 2293.6 1294.0 977.9
2 1130.3 1356.8 1373.9 988.0
3 905.0 681.9 734.6 1022.3
4 1325.3 1171.9 1896.6 1726.7
5 801.5 1046.1 754.8 584.0
Mean 1215.1 1310.1 1210.8 1059.8
SD 393.5 539.1 433.3 370.0

The total path length of the right and left master manipulators is equal to the 
total path length of the right and left hands of the operator. A larger path length 
indicates inefficiency in manipulation and resultant physical fatigue.

TABLE 3. Helpfulness score in completing tasks with various 
motion control modes

Subject No. Fixed Target Slave Velocity

1 4 3 3 2
2 2 2 3 3
3 3 3 4 3
4 3 3 4 3
5 3 3 3 4

The score indicates the mental burden on the operator. The scores are as fol-
lows: 1, very frustrating; 2, frustrating; 3, normal; 4, helpful; and 5, very helpful.
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