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SUMMARY

Background: This study aims to digitalize surgical maneuvers in ESS using a motion
capture system under standardized conditions provided by 3D printed-sinus models.

Methodology/Principal: Forty-seven otolaryngologists performed ESS on 3D printed
models manufactured from computed tomography (CT) images of actual patients.
Participants were classified to 3 groups according to the objective structured
technical skills assessment score. All surgical maneuverers performed during ESS
were captured by a motion capture system. The path length, velocity, acceleration,
and jerk were calculated for each surgical instrument and compared among the
groups. Principle Component Analysis (PCA) was utilized to identify which metrics
reflected surgical skill level. In addition, ten registrars repeated the surgical
dissection. Their motion metrics were also compared between first training and the
repeated training and then subjected to the PCA.

Results: Several metrics such as the angular acceleration and jerk of the cutting
forceps were identified by PCA as possible indicators distinguishing the different skill
levels for the ESS maneuvers. PCA analysis in the repetitive training also found the
angular metrics of the upturned-cutting forceps correlating to their skill improvement.

Conclusions: Combined with the validated 3D-printed sinus models, the motion
capture system provided the objective evaluation of the surgical performances of ESS.

Key words: Motion capture, surgical education, 3D-printer, simulation training, off-
the-job training



53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

Miyaji, et al. Motion analysis in Endoscopic Sinus Surgery, 15%/Aug/2022.

INTRODUCTION

Endoscopic Sinus Surgery (ESS) is the standard surgical procedure for the
management of chronic rhinosinusitis'"). ESS requires a unique set of surgical skills. It
requires a two-handed fine manipulation of endoscopes and instruments to create a
non-intuitive endoscopic 2D views on which surgical steps are performed. The
anatomical proximity to the orbits and skull base creates significant associated risks
with the surgery. Therefore, in order to perform safe and effective surgery, surgeons
need specific training in ESS techniques®.

A number of factors have increased the demand for surgical training including
work hour restrictions in residency programs and ethical concerns about patients'
safety in so-called "on-the-job training". In addition, there has been increased interest
in the standardization of the evaluation of surgeons undertaking exit examinations
with objective assessment of surgical skill deemed a necessary part of the
qualification process in addition to theoretical knowledge. One of factors that have
restricted the evaluation of endoscopic sinus surgical skill is the significant diversity
of the anatomy of paranasal sinuses and the lack of methods to analyze the fine motor
skill and dexterity of the surgeon. A recent publication by our group showed validated
the use of 3D-printed sinus models as a teaching medium for ESS surgical
performance, with sufficient face, content, and concurrent validity®.

A recent proposed solution to the evaluation of these surgical skills is the
motion capture system. Motion capture is the process of tracking and digitalizing the
movements of objects in space. The systems include optical, inertial sensors,
mechanical, and magnetic systems. In the optical system, infrared reflective markers
are attached to people or objects, and two or more cameras track the markers. The 3D
position of the marker is localized by combining the 2D position of the marker on
each camera image, of which the positional relationship had been identified in the
calibration process prior to measurements. The position (X, y, z) and orientation (roll,
pitch, yaw) of a rigid body can be localized by attaching three or more markers to the
rigid body. The acquired data also can be visualized in computed graphic images in
real time. Such digitalization allows for objective evaluation of the motion. The
usefulness of the system has been reported in a variety of medical procedures,
including laparoscopy*™®, arthroscopy!!?, bipolar hemostasis!", transcatheter aortic
valve implantation!?), central venous access procedure!!®), obstetric ultrasound
echoes! and tracheal intubation'®. To date there have been no reports applying the
motion capture system to ESS. There are, however, a number of challenges with ESS
as the surgical field is constricted and there is simultaneous use of an endoscope and
multiple surgical instruments all with access through one nostril.

In this study, we examined the feasibility of the objective evaluation of ESS
surgical performance by a newly designed motion capture system and manufactured
3D-printed sinus models. We also tried to identify the motion metrics reflecting the
different levels of surgical skills, aiming for objective evaluation of the surgical skills
in the future.

MATERIALS AND METHODS

Participants
This study was performed concurrently with the previously published study on
the validation of surgical training using 3D sinus models®. Forty-seven
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otolaryngologists voluntarily participated in the study. Before the study was
performed, the purpose and design of the study was explained to the participants. The
written informed consent was obtained from all participants.

Mock surgeries

The participants performed ESS surgeries on 3D-printed models in a sitting
position, as previously reported®. Briefly, a 4-mm rigid nasal endoscope and a
monitor (Telepac, Storz, Tuttlingen, Germany), standard ESS instruments (Storz), a
powered microdebrider (Medtronic, Jacksonville, FL) and 3D-printed models
(Fusetec, Adelaide, South Australia) were prepared. The models were manufactured
using 3D-printer technology from the CT scans of actual patients with chronic
rhinosinusitis and validated for ESS training®. Infrared reflective markers were
attached to the endoscope, pediatric backbiter forceps, straight-cutting forceps, and
upturned-cutting forceps, and the basement for 3D printed models. The infrared
reflective markers had individual arrangement patterns so that the motion capture
system could recognize and identify multiple instruments simultaneously.

The participants were allocated 45 minutes to complete a full house ESS
(sphenoethmoidectomy with frontal sinusotomy and maxillary antrostomy). Their
surgical performances were assessed by an expert rhinologist (MS) according to the
Objective Structured Assessment of Technical Skills (OSATS) score for ESS!®). The
interrater reliability of the OSATS score in this study was confirmed to be sufficiently
high (r=0.957, p<.001) in the previous report®. The assessment was done
independently of surgical experience. Participants were classified to three groups
according to their OSATS scores (experts: the top 1/3, intermediates: the middle 1/3,
and novices: the bottom 1/3 of the scores; Figure 1). After the surgeries, a
questionnaire survey was done to evaluate how much the installed markers interfered
with the procedure.

First, all participants performed the surgeries for Model 2 Right side (Figure
1A). The motion metrics were analyzed as described below, and compared among the
experts, the intermediates, and the novices. Further, ten otolaryngology registrars
(ENT surgical trainees) among the participants performed the surgeries an additional
six times as repetitive training. In the 1** and the final training (2", and 7" surgeries in
total, respectively), Model 2 Left were used to compare their motion metrics (Figure

1B). More details of the models and the repetitive training were previously
described®.

Motion analysis

To measure the ESS hand maneuver, a newly developed optical motion
capture system was utilized*'?. During the surgeries, 11 infrared cameras (OptiTrack
Prime 41, NaturalPoint Inc., USA) tracked the infrared reflective markers attached to
the 3D model, the endoscope, and the forceps, at 100 frame per second (Figure 2,
supplementary Figure 1, and supplementary video). The deficient ratio was
determined as the percent of the time that motion metrics were not captured. The
endoscope and each forceps had four infrared reflective markers with individual
arrangement patterns, respectively, so that the motion capture system could localize
the position (x, y, z) and orientation (roll, pitch, yaw) of multiple instruments
simultaneously. The tip position of the instruments was calculated from the position
and orientation of the marker set attached to the handle of the instrument.

The motion of the surgical instruments was analyzed in two coordinate
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153  systems: the Cartesian coordinate system and the angular coordinate system (Figure
154  3). The Cartesian coordinate system is the world coordinate system, independently of
155  the posture of the instruments. The x-, y-, and z-axes in the Cartesian were defined as
156  right-to-left, ventral-dorsal, and cephalon-caudal directions, respectively (Figure 3A).
157  The angular coordinate system was the system defined by the posture of the

158  instruments and consisted of the roll, pitch, and yaw axes (Figure 3B); The rotation in
159  the roll axis was defined as the rotation around the long axis of the forceps (a circular
160  movement). The rotation in the pitch axis was defined around the side-to-side axis of
161  the forceps (tips up and down). The rotation in the yaw axis was defined as the

162  rotation around the vertical axis of the forceps (tips move from side to side).

163 In this study, the following motion metrics in the Cartesian coordinate system
164  were analyzed; total path length of the tip trajectory (m) of instruments, and average
165  velocity (m/s), acceleration, acceleration (m/s?), and jerk (m/s’) of the tip of
166  instruments. Jerks are a further derivative of acceleration and represent the
167  smoothness of movement. In the angular coordinate system, average angular velocity
168  vector (rad/s), angular acceleration vector (rad/s?), and angular jerk vector (rad/s*)
169  were calculated. Greater detail is given in the supplementary materials and methods.
170

171
172  Analysis and statistics
173 Shapiro-Wilk tests were applied to evaluate whether the data fitted a normal

174  distribution curve. The data that was normally distributed was expressed as mean

175  (£SD), and the data not normally distributed was expressed as median with the

176  interquartile range. Parametric data were assessed with one-way ANOVA followed by
177  Tukey’s test among three or more groups. Non-parametric data were assessed with the
178  Kruskal-Wallis test followed by the Mann-Whitney U among the groups. The paired
179  Wilcoxon test was utilized for comparison before and after the repetitive training. P
180  values of less than 0.05 were considered statistically significant.

181 Principal component analysis (PCA) was performed using the metrics showing
182  significant differences to examine which metrics contribute to the differentiation of
183  the surgical skills. The analysis is a data reduction technique used to summarize an
184  abundant number of variables to a small number of important and relevant features
185  (principal components). The results were expressed in the score plot and the loading
186  plot. The score plot was a data projection onto two-dimensional coordinates with the
187  first principal component on the x-axis and the second principal component on the y-
188  axis. The loadings plot demonstrated the relationship between the primary

189  components and the original variables. More details on PCA are provided in

190  supplemental materials and methods. All the analyses were performed using JMP 11
191  (SAS Institute Inc.).

192

193

194 RESULTS

195

196  Characteristics of participants and the deficient ratio of the data.

197 Forty-seven otolaryngologists participated the present study. The

198  characteristics of the participants are shown in supplementary Table 1. As the motion
199  capture system froze during one mock surgery, only 46 surgeries (97.87%) could be
200  analyzed in the present study. The motion metrics of the endoscope were missing

201  0.003%+0.01% of the time used. Similarly, the deficient ratio of the pediatric backbiter
202  forceps, the straight-cutting forceps, and the upturned-cutting forceps were 0.69+2.4%,
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4.54+14.0%, and 0.88+1.8%. The participants’ perceived degree of interference of the
infrared markers to the surgeries (0: not at all to 100: completely interfered) was
18.45+22.56 for the endoscope and 22.68+24.73 for the forceps, respectively.

The motion metrics showing significant differences among the groups
(Supplementary Table 2, 3, 4, and 5, and Figure 4 and 5.)

There were significant differences between the experts and the other groups in
24 out of 48 (50%) motion metrics analyzed in the present study. The motion metrics
of the upturned-cutting forceps was faster in the expert group than the others in the x-
axis (the velocity, the acceleration, and the jerk) and z-axis (the velocity, the
acceleration, and the jerk) in the Cartesian coordinate system (Supplementary Table
2). Superiority of the experts over the other groups was also found in the angular
coordinate system, in the roll axis (the angular velocity, acceleration, and jerk), in the
pitch axis (the angular velocity, acceleration, and jerk), and in the yaw axis (the
angular jerk). There was no significant difference in the path length of the upturned-
cutting forceps.

As for the straight-cutting forceps, all metrics (the velocity, acceleration, and
jerk) in the x-, y-, and z-axes in the Cartesian coordinate system were significantly
faster in the experts (Supplementary Table 3). Most metrics in the angular coordinate
system were also higher in the experts than the novices in the roll axis (the angular
velocity, acceleration, and jerk), in the pitch axis (the angular acceleration and jerk),
in the yaw axis (the angular acceleration and jerk). There was no significant
difference in the path length of the straight-cutting forceps.

Also, experts showed superiority in handling the pediatric backbiter forceps
over the other in the x-axis (the acceleration), the y-axis (the velocity and
acceleration), the z-axis (the velocity, acceleration, and jerk), and in the pitch axis (the
angular velocity, acceleration, and jerk, Supplementary Table 4). The path length of
the backbiter was significantly longer in the novices than in the other groups.

There were no significant differences among the groups in any metrics with
regard to the endoscope in the Cartesian and angular coordinate systems
(Supplementary Table 5).

Primary component analysis identified the motion metrics reflecting the different
levels of surgical skill.

Figure 4 shows the results of PCA regarding the group with different levels of
surgical skill. The experts were mainly distributed from the right side to the middle,
the intermediates in the middle, and the novices from the middle to the left. The 1%,
2" and 3" principal components explained 51.9%, 16.9%, and 10.8% of the total
variance, respectively. The 1st principal component was the most strongly affected by
angular acceleration and jerk of the straight forceps in the pitch and yaw axis,
followed by the acceleration of the upturned-cutting forceps in the z-axis, and the
angular velocity, acceleration, and jerk of the upturned-cutting forceps in the pitch
axis (Figure 5 and Supplementary Table 6). The 2nd principal component mainly
consists of the motion of the straight forceps in the Cartesian coordinate system, and
the 3rd component did the path length of pediatric backbiters. These results suggested
that these motion metrics, especially the angular movements of the forceps, reflects
different surgical skill levels well.

Change of the motion metrics by registrars’repetitive surgical training.
Next, it was examined how motion metrics changed as registrars repeated
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surgical training: ten otolaryngology registrars repeated the surgeries six times on the
models as part of their repetitive training. Their improvement in surgical skills has
been validated previously®. Significant changes after the trainings were found in 7
out of the 48 metrics: the path length of the pediatric backbiter forceps (x-, y-, and z-
axis), the angular velocity of the straight forceps in the yaw axis, and the angular
velocity, acceleration, and jerk of the upturned-cutting forceps in the pitch-axis
(Supplementary Table 7). Overall, the path lengths got significantly shorter and the
angular motions faster, similar to the experts in the above investigation. However, no
motion metrics of the forceps changed when measured in the Cartesian coordinate
system. There were no significant differences in the metrics related to the endoscope
movement in the Cartesian or the angular coordinate system.

The metrics that showed significant differences were subjected to primary
component analysis (Figure 6). The 60.3% and 36.4% of the total variances were
explained with the first and second principal components, respectively. The first
principal component was mostly affected by the angular velocity of the straight
forceps in the yaw axis, followed by the angular motion of the upturned-cutting
forceps (Figure 6 and Supplementary Table 8). The second principal component
consists of the path lengths of the pediatric backbiter forceps. These results support
the improvement in surgical skill of the registrars through the repetitive training.

DISCUSSION

The assessment of surgical skill has remained and enigma for accreditation by
colleges around the world. To test surgical skill surgeons have used cadavers. One of
the major confounding factors has been the variability in the anatomy of cadavers as
the surgical skill of the various surgeons been examined cannot be compared if the
anatomy on which they are operating is different. In this study this was overcome by
using validated high fidelity 3D printed models constructed from the actual anatomy
of patients. This allowed the same anatomy to be given to all surgeons therefore
allowing surgical skill levels to be compared. This is the first study we are aware of
where simultaneous motion tracking of multiple surgical instruments during ESS has
been recorded and analyzed. This study has shown that surgical skill levels differ
depending upon the level of the surgeon and in the registrar group that skill levels can
improve with repetitive training.

Previous research using motion tracking to evaluate surgical performances
during ESS was done using a commercially available image guidance system!®. In
this study, six otolaryngology experts and nine registrars performed ethmoidectomies
on actual patients and the motion of the endoscope and surgical instruments were
analyzed based on the position data measured with the image guidance system.
However, as the surgeries were performed in actual patients with different anatomies,
the motions could not be measured under the same conditions. Further, the frame rate
was limited (5 frames/sec) as the image guide system was not designed especially for
motion tracking. The motion metrics were analyzed for the sum of motion of all the
instruments, not for each instrument, individually. The analysis was not done
separately for each axis (x-, y-, and z-axis in the Cartesian coordinate system and roll-,
pitch-, and yaw-axis in the angular coordinate system), but for all axes together.

Our study was performed under the standardized conditions provided by the
3D models. The high-speed motion capture system allowed for high quality and speed

6
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of motion tracking as high as 100 frames/sec. Further, by being attached to different
patterns of infrared markers, different surgical instruments were measured and
separately analyzed. The movement of instruments was also analyzed individually on
each axis. This provided more detailed findings on surgeons' hand maneuvers during
ESS. Overall, the experts demonstrated superiority in handling the forceps in speeds,
accelerations, and jerks to novices, but not the endoscope. The principal component
analysis in the different groups identified the following motion metrics as the main
contributor to the first principal component; (1) angular motion of the straight forceps
in the pitch and yaw axis, (2) the linear acceleration of the upturned-cutting forceps in
the z-axis, and (3) the angular motion of the upturned-cutting forceps in the pitch axis.
This means that these metrics varied most largely among the surgeons with different
surgical skills, suggesting being possible indicators of surgical skills. All these
motions corresponded to the movement needed to adjust the tip of forceps to the
structure to be resected and are frequently repeated during ESS procedures. Such fine
manipulation within the limited space of the nasal cavity under the planar view of 2D
monitors required highly trained visual-spatial and motor skills. As these metrics were
different for the different skill groups they indicated the various surgical skill levels.
This finding was also supported by the results from the training cohort showing that
some of these metrics improved as the registrars trained.

In this study, the hand maneuver was analyzed not only in the Cartesian
coordinate system but also in the angular coordinate system. Therefore, the same
motion could be differently analyzed in the two coordinates, depending on the posture
of forceps. For example, when the forceps are pointed in a cephalic direction, the
pitch axis corresponds to the z-axis of the Cartesian coordinates, whereas when the
forceps are pointed sideways, the pitch axis corresponds to the y-axis of the Cartesian
coordinates.

The principal component analysis revealed that the metrics in the angular
coordinate system largely contributed to the first principal components rather than
those in the Cartesian coordinate system. In addition, the skill improvement in the
training study was not detected in the metrics in the Cartesian coordinate system but
in the angular coordinate system. Therefore, the angular coordinate system could be
more suitable for analyzing hand maneuvers for ESS than the Cartesian coordinate
system. As the forceps for ESS are designed to be held in a pistol-like fashion, the
radial and ulnar flexion of the hand corresponds to the movement of the pitch axis of
the forceps. Similarly, the palmar dorsiflexion corresponds to the yaw axis, and the
radial and palmar abduction to the roll axis. We speculated that the hand movement,
an angular movement with the wrist as the axis, is reflected in an angular movement
of the forceps more directly than as linear movement in the Cartesian coordinates.

It should be noted that the insertion and desertion of surgical instruments (the
motion relative to the world coordinate system) cannot be evaluated in the angular
coordinate system. This was why the Cartesian coordinate system analysis was also
necessary, although neither differences among the different groups nor improvements
through the training were found in metrics in the Cartesian coordinate system.

As well as acceleration, jerk also markedly contributed to the first principal
component on the PCA analysis. Jerks are a further derivative of acceleration and
represent the smoothness of movement. There are many reports identifying the jerk as
the indicator of surgical skill. Faster jerks are related to dexterous skill in
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laparoscopy™® and central venous access procedures'®, while slower jerks indicated
matured skills in arthroscopy!?, bipolar hemostasis''", transcatheter aortic valve
implantation!?, obstetric ultrasound echoes ' and bipolar ablation!®. In cases of
ESS, the movement of cutting forceps is not a big motion with a long stroke but a
collective of repetitive small motions with a shorter pathway. Experts would repeat
this fine manipulation of forceps more efficiently, and this may have resulted in the
experts' 'less smoothness' with a higher jerk than the others.

The path length of the instruments did not significantly distinguish between
different skill levels other than with the pediatric back biters where the path length
was significantly longer in the novices and shortened after the training. The pediatric
backbiter forceps were utilized only once for a specific task, the uncinectomy. The
shortened path length in the experts and in the registrars after training would reflect
the higher efficiency in the uncinectomy.

Endoscopy was not a differentiate factor between the groups or change in the
training study. Different skill levels might be reflected in the location of an endoscope,
not in its movement. It is possible that our methods were not sensitive enough to
detect the differences. Further studies are necessary to optimize the analysis of the
endoscope's movement.

This study has several limitations. Firstly, the number of surgical instruments
analyzed in this study was limited. Secondly, the infrared markers attached to the
instruments could have affected the ability of the surgeon to perform certain tasks.
Thirdly, the system measures only performance based on time-dependent manner and
smoothness of movement, which is just one factor of skill acquisition in ESS. For
example, complications could not be evaluated with the system. However, this study
is a useful start to the objective evaluation of surgical education in ESS.
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FIGURES LEGENDS

Figure 1. The flow of the present study. (A) Forty-seven participants performed ESS
mock surgeries on 3D-printed models (Model 2Rt). Participants were classified to
three groups according to the Objective Structured Assessment of Technical Skills
(OSATS) score for ESS (experts: the top 1/3, intermediates: the middle 1/3, and
novices: the bottom 1/3 of the scores). The motion metrics were analyzed and
compared among the experts, the intermediates, and the novices.

(B) Ten otolaryngology registrars performed the mock surgeries an additional six
times as repetitive training. In the 1st and the final training (2nd, and 7th surgeries in
total, respectively), Model 2Lt were used to compare their motion metrics.

Supplementary Figure. 1. Photographs of the simulation training and the surgical
instruments attached thae infrared reflective markers.

The motion capture system, which consisted of 11 infrared cameras,
simultaneously tracked the movement of the endoscope and the forceps during the
mock surgery (A). The infrared reflective markers were attached to the endoscope (B),
the pediatric backbiter forceps (C), the straight-cutting forceps (D), and the upturned-
cutting forceps (E).

Figure 2 and supplementary video: Overview of the measurement system of hand
maneuver for ESS. (Left) The endoscopic view of the mock surgery for the 3D
models. (Upper Right) A participant engaging in the mock surgery. The infrared
reflective markers attached to the surgical instruments were tracked with 11 infrared
cameras. (Lower Right) Computer display showing the movements of surgical
instruments. Sky-blue and yellow dots corresponding to the reflective markers
attached to the pediatric backbiter forceps and the endoscopy, respectively.

Figure 3. (A) The definition of the Cartesian coordinate system in the study. The x-,
y- and z-axes were defined as right-to-left (the red arrow), ventral-dorsal (the green
arrow) and cephalon-caudal directions (the blue arrow). (B) The definition of the
motion in the angular coordinate system in the study. The sky-blue, yellow, and
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purple arrows stand for roll, pitch, and yaw, respectively. (C) The rotation in roll axis
was defined as the rotation around the long axis of the forceps (a circular movement;
the sky-blue arrow). (D) The rotation in the pitch axis was defined around the side-to-
side axis of the forceps (tips’ up and down movement; the yellow arrow). (E) The
rotation in the yaw axis was defined as the rotation around the vertical axis of the
forceps (tips movement from side to side; the purple arrow).

Figure 4. Principal component analysis regarding the groups with different levels of
surgical skill.

(A) The principal component score plots. (B) The Loading plots of 1st and 2nd
principal components. P: Pediatric backbiter forceps, S: Straight-cutting forceps, U:
Upturned-cutting forceps, PL: Path length, Ve; Velocity, Ac: Acceleration, Je: Jerk,
aVe: angular velocity, aAc: angular acceleration, aJe: angular Jerk, x: x-axis, y: y-axis,
z: z-axis, roll: roll-axis, pitch: pitch-axis, and yaw: yaw-axis.

Figure 5. Motion metrics which significantly contributed to the first principal
component in the principal component analysis regarding the groups with different
levels of surgical skill. (A) Angular jerk of the straight forceps in the pitch axis, (B)
Angular acceleration of the straight forceps in the pitch axis, (C) Angular jerk of the
straight forceps in the yaw axis, (D) Angular acceleration of the straight forceps in the
yaw axis, (E) Acceleration of the upturned-cutting forceps in the z-axis, (F) Angular
velocity of the upturned-cutting forceps in the pitch axis, (G) Angular acceleration of
the upturned-cutting forceps in the pitch axis, (H) Angular jerk of the upturned-
cutting forceps in the pitch axis, (I) Jerk of the upturned-cutting forceps in the z-axis.
S: Straight-cutting forceps, U: Upturned-cutting forceps, Je: Jerk, aVe: angular
velocity, aAc: angular acceleration, aJe: angular Jerk, pitch: pitch-axis, and yaw: yaw-
axis.

Figure 6. Motion analysis in the training study. (A) The principal component score
plots. Blue dots: the 1st training, Red dots: the final training. (B) The Loading plots of
Ist and 2nd principal components. (C-F) Motion metrics which significantly
contributed to the first principal component in the principal component analysis in the
training study. (C) Angular velocity of the straight forceps in the yaw axis, (D)
Angular acceleration of the upturned-cutting forceps in the pitch axis, (E) Angular
jerk of the upturned-cutting forceps in the pitch axis, (F) Angular velocity of the
upturned-cutting forceps in the forceps-in the pitch axis. P: Pediatric backbiter forceps,
S: Straight-cutting forceps, U: Upturned-cutting forceps, PL: Path length, aVe:
angular velocity, aAc: angular acceleration, aJe: angular Jerk, x: x-axis, y: y-axis, z: z-
axis, pitch: pitch-axis, and yaw: yaw-axis.
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TABLES

Supplementary Table 1. Characteristics of participants in the present study.
Supplementary Table 2. The measurement metrics of the upturned-cutting forceps.
Supplementary Table 3. The measurement metrics of the straight-cutting forceps.
Supplementary Table 4. The measurement metrics of the pediatric back-biter forceps.
Supplementary Table 5. The measurement metrics of the endoscope.

Supplementary Table 6. The motion metrics that contributed to the 1st, 2nd and 3rd
principal component in the PCA among the groups.

Supplementary Table 7. Motion metrics showing significant changes after the
repetitive trainings.

Supplementary Table 8. The motion metrics measured in the repetitive training that
contributed to the first and second principal components in the PCA.
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