
  

  

Abstract— There has been an ever increasing amount of 
research and development of technologies and methods to 
improve the safety of surgery such as Minimally Invasive 
Surgery (MIS). While these new technologies and methods 
have many advantages for patients, they often require 
surgeons to undergo long and difficult training. In this context, 
several training methods and metrics have been proposed, both 
to improve the surgeon’s abilities and also to assess his/her 
skills. 

Our research is aimed at using WB-2R (Waseda 
Bioinstrumentation system NO.2 Refined), to investigate and 
analyze a surgeon’s movements and performance. In this 
paper, we analyze the effects of two days of laparoscopic 
training on a novice subject. By using the Inertial 
Measurement Unit (IMU) of WB-2R it is possible to evaluate 
the novice’s ability and improvement to handle surgical 
instruments and perform some knots of basic C-Loop suture. 
The preliminary analysis of the data acquired during the 
experiments (the mean and standard deviation of acceleration; 
95% cumulated distribution of acceleration; the path length of 
the movements of hands and the execution time completing the 
knots) clearly shows the novice’s improvements after the 
training. WB-2R system could provide additional information 
improving to help assess the experience and performance of 
surgeons, and to show the effectiveness of laparoscopic training. 
These analyses and modeling are an important step to realize a 
better training/evaluation system for surgeons during MIS, to 
understand better how the surgery is performed. 

I. INTRODUCTION 

INIMALLY Invasive Surgery has become the 
dominant technique in modern surgery as it has less 

operative trauma for the patient than an equivalent invasive 
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procedure. Its operative time is longer, but hospitalization 
time is shorter. It causes less pain and scarring, speeds 
recovery, and reduces the incidence of post-surgical 
complications. 

While these new technologies have many advantages for 
patients, they often require surgeons to undergo long and 
difficult training.  

Mainly, MIS imposes limitations to surgeons in visual and 
haptic perceptions, and creates challenges unique to this type 
of surgery:  

• reduced depth perception of the operative field 
caused by the use of 2D monitors;  

• poor hand-eye coordination as a result of location of 
the monitor; 

• variable amplification; 
• mirrored movement and disorientation; 
• motion limitations due to trocar-induced invariant 

points; 
• reduced haptic feedback from the use of long and 

slender surgical instruments [1].  
As a result, with the shift from open surgery to MIS, new 
problems have arisen related to the training of surgeons. 

One of the paramount issues in this surgical education is 
the evaluation of surgical skill. In this context, it is 
fundamental to establish efficient training exercises to 
enhance the dexterity of surgeons and to define objective 
metrics for assessing their experience and performance [2]. 
An accurate means of assessing surgical skill would allow 
surgical educators to evaluate the effectiveness of skills 
training, monitoring progress and learning curves of students 
and residents along the course of their study [3,4]. And it is 
also very important to analyze how people move and interact 
during surgery and to understand how the surgery process is 
managed and performed. 

Various training procedures have been established to 
enhance the dexterity of surgeons, and skill evaluation 
metrics have been developed to assess the experience and 
performance of surgeons. Much of the previous work in the 
field of surgical training in virtual environments has been 
focused on the definition of metrics for an objective 
evaluation of surgical performance. 

One of the main objectives is to assess the abilities of 
surgeons by the comparison of different performance 
between experts and novices. Many kinematic parameters 
and various indexes have been proposed for different 
surgical exercises [5-7]; in addition, segmentation 
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procedures have been employed to characterize different 
phases of surgical movements [8,9]. Our research is focused 
on assessing the abilities of surgeons by measuring the 
movement of surgeon before and after the laparoscopic 
training. This study is very important to evaluate the 
effectiveness of the training systems; moreover, these 
objective data and expert’s suggestions allow the 
development of better training/evaluation systems. Our aim 
is to define a set of parameters that allow us to characterize 
the surgeon’s movements during a surgical procedure, in 
order to see how surgeons of different expertise rank acts 
during the operation in relation to these movement 
parameters, and to evaluate the improvement of performance 
after training. These analyses and modeling, in turn, 
represent a significant step towards the automatization and 
the robotic assistance of the surgical gesture.  
    In our previous research, we had already used Waseda 
Bioinstrumentation system WB-1R which consists of 
sensors that measure physiological parameters (heart rate, 
respiration, pulse wave, and perspiration) and a motion 
capture system that measures head motion, arm motion, and 
hand motion, to analyze surgeon’s performance during 
laparoscopic training in 2007 [10-12]. The analysis done by 
WB-1R showed that the expert surgeon shows consistently 
high levels of ability during different trials and exercises; the 
group of novices, instead, displays varying levels of ability, 
and an overall worst performance. However, WB-1R weighs 
2.2[kg] and is not wearable enough due to the mechanism 
configuration of motion capture system by using 
potentiometers. For this purpose, we develop a new motion 
capture system called WB-2R as shown in Fig.1 by using 
Inertial Measurement Unit (IMU) in 2007. 
 

 
Fig. 1.  Overview of Waseda Bioinstrumentation system WB-2R 

 
WB-2R is the improved version of WB-2 [13], adding the 

lower limb motion capture system and the wireless 
communication with the PC. The whole system of WB-2R 
system can objectively measure the movements of the head, 
the arms, the legs and the hands and only weights 0.7[kg], 

thus resulting in a more wearable system than WB-1R. 
Therefore, this research aims at using the new motion 
capture system particularly in use of WB-2R IMU for the 
analysis of surgeon’s performance during laparoscopic 
training. The physiological analysis which was done in [12] 
will be integrated with the motion analysis for a further 
research in the next step experiments. 

 In this paper, we present the preliminary experiments and 
results of WB-2R system for assessing the performance of a 
novice subject based on the motion capture system before 
and after laparoscopic training. This paper is organized as 
follows: section II describes the system configuration of 
WB-2R; section III presents the experimental protocol; 
section IV presents preliminary experimental evaluation of 
WB-2R for analyzing the ability and performance of the 
subject before and after laparoscopic training; the discussion 
and the conclusions follow in section V. 

II. DESCRIPTION OF WB-2R SYSTEM  

 The WB-2R system mainly consists of two main parts: 
the Motion Capture and the Physiological Measurement. 
The physiological part of WB-2R can measure the ECG, 
respiration, perspiration and pulse wave; please refer to [10] 
for its detailed description. The motion capture part can 
measure the movement of whole body by using twelve IMU 
for upper body and eight IMU for lower body and two 
sensorized gloves. The position of each IMU in motion 
capture system is shown in Fig. 1. All the IMU are connected 
to a CPLD (Complex Programmable Logic Device) unit by 
using RS232 communication. Through a Bluetooth device 
embedded in the CPLD unit, a wireless communication 
between PC and WB-2R makes the system more portable 
and wearable. The block scheme of the entire system is 
shown in Fig. 2. The system frequency of motion capture 
part is 50Hz which is fast enough for measuring the 
movements of the surgeon, which are usually in the range 
0~4[Hz].  

 

  

Fig. 2.  System configuration of WB-2R 
 
The central part of motion capture system is the Inertial 



  

Measurement Unit (IMU) which consists of three types of 
sensors (gyroscope, accelerometer and magnetometer) to 
measure the orientation of human body. A picture of the 
IMU is shown in Fig. 3. A microcontroller in the IMU is 
used to collect all the data from the sensors. The IMU is 
compact and lightweight (size 30 x 30 [mm], and weight 
5.76 [g]); its size and weight, therefore, are suitable for 
portable/wearable applications.  

 

  
Fig. 3.  Inertial Measurement Unit of WB-2R 

The WB-2R IMU is composed by the following sensors: 
• 3-axis Accelerometer and 3 axis Magnetometer 

AMI601; 
• 2-axis gyroscope IDG300; 
• 1-axis gyroscope ENC-03. 

The sensor’s characteristics have been summarized in 
Table I.  

 
TABLE I  
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InvenSense Murata 

Range ±2 
[g] 

±0.3 
[mT] 

±500 
[deg/s] 

±300 
[deg/s] 

Output 
interface 

I2C I2C Analog Analog 

Sensitivity 
400 

[bit/g] 
10 

[bit/µT] 
2.0 

[mV/deg/s] 
0.67 

[mV/deg/s] 

Linearity (FS) 4% 1.3% 1% 5% 

III.  EXPERIMENTAL PROTOCOL 

The experiment was taken before and after laparoscopic 
training [14] in order to find out what kind of difference the 
subject will result in. The laparoscopic training was a two 
days training course which began with a curriculum 
combining lectures of VR simulator, dry box and animal 
training. The VR simulator provides a varied training 
program in basic laparoscopic surgery. A high degree of 
three-dimensional space recognition is made possible on a 
normal two-dimensional monitor, allowing for training of 

hand, eye and foot motion coordination. Through control of 
the degree of difficulty and the setting of training goals, 
training management is made possible. A camera mounted 
in the dry box grabs a remote image of the operation area 
which is shown in a monitor. The novice watching the image 
remotely sewed an artificial skin using laparoscopic forceps 
inside the dry box [15-17]. The dry box training is shown in 
Fig. 4. During the training course, the subject was not only 
accepted the laparoscopic training by dry box and VR 
simulator, but also attended lectures to study the basic 
knowledge of laparoscopic surgery. 

 
Fig. 4.  Experimental setup with WB-2R  

The subject with the WB-2R system performed 3 trials 
of 1 knot of basic C-loop suture as shown in Fig. 5 in front of 
the dry box before and after training course. The C-loop 
suture as a basic skill of laparoscopic surgery was one of the 
training items for the subject through the whole training 
procedure. During the laparoscopic training, there were not 
significant movements of the lower body. For this reason, 
we used only the upper body motion capture system of 
WB-2R which consists of 12 IMU to monitor subject’s 
motion. 

 
Fig. 5.  Procedure of basic C-loop suture [18] 

IV.  EXPERIMENTAL EVALUATION  

  During the laparoscopic training by the dry box, the 
significant motion of the subject is the movement of two 
arms. Therefore, in this paper, the analysis and evaluation of 
the subject’s performance mainly considers the following 
parameters obtained from analyzing the data of wrists, 
elbows and shoulders of subject’s arms: 

    

Monitor 

Dry box 

Upper body 
IMU x 12 

 



  

A. Mean and standard deviation of acceleration of 
left shoulder (LS), left elbow (LE), left wrist 
(LW), right shoulder (RS), right elbow (RE), 
right wrist (RW);  

B. 95% cumulated distribution of acceleration of LW 
and RW;  

C.  Path length of the movements of LW and RW;  
D. Duration of the exercises (execution time for 

exercise completion). 
The above parameters are chosen based on our previous 

research results and also some results done by other 
researchers [4, 19], which can clearly distinguish between 
the performance of experts and the performance of novices 
and are useful in the surgical skill assessment. 

A. Mean and standard Deviation of Acceleration 

The mean m shown in (1) is the summation of acceleration 
sample Ai from each IMU, divided by the number N of 
acceleration data. The standard deviation Std shown in (2) is 
the dispersion of acceleration data. 

 
(1) 

 
 

(2) 
 
The results of mean value and standard deviation of 

acceleration before and after training are shown in Fig.6 and 
Fig.7, respectively. It can be easily seen that the mean value 
and standard deviation of acceleration after training are 
lower than before the training. The mean acceleration values 
of left wrist and right wrist are bigger than the values of left 
elbow, left shoulder, right elbow and right shoulder because 
the movements of wrists are more significant to the suture. 
The movements of shoulders are quite small because the 
subject maintained the same posture of the upper body 
during the exercises. Because the mean describes the central 
location of the acceleration data, and the standard deviation 
describes the spread of acceleration, the movements of 
subject were more concentrated on a low varying movement 
after training. 

 
Fig. 6.   Mean value of acceleration before and after training 

 

 
Fig. 7.  Standard deviation of acceleration before and after training 

B. 95% Cumulated Distribution of Acceleration of LW and 
RW 

The cumulated distribution is calculated by using the 
histogram count function histc and cumulative sum function 
cumsum of MATLAB®. Fig. 8 and Fig. 9 show the 95% 
acceleration cumulated distribution of the left wrist and the 
right wrist, respectively. Again, it can be easily seen that 
there is a clear difference of these parameters before and 
after training. The distribution of acceleration data is more 
concentrated after training, which means the change 
tendency of subject’s movements is smaller. Therefore, the 
velocity of the movement after training is more stable than 
before training.  

 
Fig. 8.  95 % Acceleration cumulated distribution of Right Wrist (RW) 

 
Fig. 9.  95 % Acceleration cumulated distribution of Left Wrist (LW) 

NAm
N

i
i /

1
∑

=

=

∑
=

−=
N

i
i NAStd

1

/)( µ

Before training 

After training 

LS           LE          LW           RS            RE           RW 

Before training 

After training 

Before training 

After training 

Before training 

After training 

A
cc

el
er

at
io

n 
(m

/s2 ) 
P

e
rc

en
ta

ge
 o

f S
am

p
le

 Q
u

an
tit

y 
(%

)
 

LS           LE          LW           RS            RE          RW 

2.5 

2.0 

1.5 

1.0 

0 

0.5 

100 
  95 

80 

60 

40 

20 

0 0.5 1.0 1.5 2.0 2.5 2.7 3.0 3.5 4.0 4.5 4.7 5.0 
Acceleration Value (m/s2) 

100 
  95 

80 

60 

40 

20 

P
er

ce
n

ta
ge

 o
f S

am
pl

e 
Q

u
an

tit
y 

(%
)

 

A
cc

el
e

ra
tio

n 
(m

/s2 ) 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0 0 0.5 1.0 1.5 2.0 3.0 3.5 4.5 3.51 5.0 4.0 2.2 2.5 
Acceleration Value (m/s2) 



  

C. Path length of LW and RW 

Fig. 10 shows the path lengths of left wrist and right wrist. 
The path length is the total moving distance based on the 
human model described in [13]. There is evident difference 
of subject’s performance before and after training. The path 
lengths before training were usually bigger than after 
training. Integrating the results of execution time shown in 
Fig. 11, we can know that the subject completed the trials in 
a more efficient way after training due to the shorter path 
length within a shorter time. 

 
Fig. 10.  Path length of LW and RW before and after training 

D. Exercise Execution Time 

The last parameter analyzed is the execution time (the 
total time needed to complete each trial). As shown in Fig. 
11, this parameter clearly enables identification of the 
difference before and after laparoscopic training. As 
expected, novice completed the exercises taken after training 
faster than the ones before training. Integrating the results of 
execution time with the acceleration results of LW and RW 
shown in Fig. 6, we can also know that the subject completed 
the trials in a more efficient way as the acceleration value is 
smaller and execution time is shorter after training. 

Fig. 11.  Exercises Execution Time before and after training 

V. CONCLUSION 

WB-2R was originally developed as an instrument for the 
objective analysis of human-robot interaction. In this paper 
was described a very interesting application of the wearable 
bioinstrumentation system WB-2R as a tool to assess the 
performance of novice during laparoscopic. 

The advantage of this system is that it could be used as a 
measurement/validation tool not only during simulations but 
also during real surgery. 

In the preliminary experiments presented in this paper, we 
collected the movements of the upper body from the novice 
subject during a basic C-loop suture, to verify the 
effectiveness of the training course. The experimental data 
are obtained by using motion capture system of WB-2R. 

We presented the analysis of mean and standard deviation 
of acceleration value, 95% acceleration cumulated 
distribution, path length based on the movements of 
subject’s arms and execution time. Although this analysis 
shows only a preliminary experiment, the overall results are 
in line with the ones obtained with other - more expensive 
and more cumbersome - systems, thus confirming the 
validity of the proposed approach. 

The results presented in this paper are a clear step towards 
the development of a training system for an objective 
evaluation of the surgeon’s performance in particular during 
MIS. These results could also be extended to develop 
instruments and methodologies for a functional/ergonomic 
evaluation of surgical instruments. 

These analysis and modeling, moreover, are an important 
step towards the automatization and the robotic assistance of 
the surgical gesture.  

Currently, work is still in progress, and our future 
commitment in this field is to continue to analyze the 
performance of surgeons in more complex procedures and 
with other sensor systems, or with other types of 
experimental prototypes, such as by connecting the IMU to 
the laparoscopic forceps directly for assessing its dynamic 
track [20]. 
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