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TABLES

Supplementary Table 1. Characteristics of participants in the present study.

	
	
	
	
	P value

	
	Experts

(n=15)
	Intermediates

(n=15)
	Novices

(n=16)
	ANOVA/
Kruskal-Wallis
	Experts vs. Intermediates
	Intermediates vs. Novices
	Experts. vs. Novices

	OSATS score
	72.93(4.35
	55.20(3.67
	38.38(7.27
	<.001
	<.001
	<.001
	<.001

	Experienced years (ave.)
	17.87(8.69
	10.13(5.91
	4.50(5.35
	<.001
	0.009
	0.065
	<.001

	Gender (F/M)
	1/14
	1/14
	4/12
	
	
	
	

	Dominant hand (Right/Left)
	15/0
	15/0
	15/1
	
	
	
	

	Experienced ESS cases (ave.)
	598.67(764.96
	56.27(39.93
	8.25(13.89
	<.001
	0.001
	0.942
	<.001


Supplementary Table 2. The measurement metrics of the upper-cutting forceps.

	
	
	P value

	
	Experts

(n=15)
	Intermediates

(n=15)
	Novices

(n=16)
	Kruskal-wallis
	Experts vs. Intermediates
	Intermediates vs. Novices
	Experts. vs. Novices

	Path length (m)
	
	
	
	

	 X-axis
	2.014 (1.487-3.111)
	2.076 (1.585-2.567)
	1.192 (0.5601-2.368)
	0.074 
	0.455
	0.144
	0.028

	 Y-axis
	3.337 (2.228-4.501)
	3.115 (2.784-3.922)
	1.771 (1.126-3.392)
	0.143 
	1
	0.133
	0.066

	 Z-axis
	3.683 (2.741-4.469)
	3.5733 (2.929-4.083)
	1.786 (1.1743-3.910)
	0.130 
	0.868
	0.155
	0.050

	
	
	
	
	
	
	
	

	Velocity (m/s)
	
	
	
	
	
	
	

	 X-axis
	0.007 (0.006-0.009)
	0.006 (0.006-0.007)
	0.005(0.005-0.007)
	0.026 
	0.047
	0.527
	0.014

	 Y-axis
	0.010 (0.009-0.013)
	0.010 (0.009-0.011)
	0.010 (0.008-0.011)
	0.382 
	0.499
	0.678
	0.147

	 Z-axis
	0.012 (0.011-0.013)
	0.010 (0.010-0.011)
	0.010 (0.008-0.011)
	0.011 
	0.047
	0.058
	0.013

	
	
	
	
	
	
	
	

	Acceleration (m/s2)
	
	
	
	
	
	
	

	 X-axis
	0.023 (0.022-0.031)
	0.021 (0.019-0.023)
	0.019 (0.016-0.021)
	0.002 
	0.011
	0.371
	0.001

	 Y-axis
	0.028 (0.023-0.036)
	0.027 (0.024-0.030)
	0.026 (0.020-0.029)
	0.201 
	0.395
	0.371
	0.082

	 Z-axis
	0.039 (0.033-0.044)
	0.035 (0.032-0.036)
	0.031 (0.025-0.033)
	0.003 
	0.058
	0.034
	0.002

	
	
	
	
	
	
	
	

	Jerk  (m/s3)
	
	
	
	
	
	
	

	 X-axis
	0.171 (0.159-0.220)
	0.150 (0.144-0.169)
	0.132 (0.117-0.180)
	0.007 
	0.011
	0.326
	0.008

	 Y-axis
	0.209 (0.173-0.260)
	0.200 (0.162-0.221)
	0.195 (0.153-0.223)
	0.335 
	0.266
	0.948
	0.171

	 Z-axis
	0.254 (0.225-0.287)
	0.221 (0.203-0.233)
	0.192 (0.168-0.245)
	0.016 
	0.020
	0.499
	0.013

	
	
	
	
	
	
	
	

	Angle velocity (rad/s)
	
	
	
	
	
	
	

	 Roll-axis
	0.241 (0.203-0.259)
	0.215 (0.144-0.222)
	0.178 (0.157-0.203)
	0.006 
	0.031 
	0.752 
	0.001 

	 Pitch-axis
	0.128 (0.116-0.146)
	0.108 (0.093-0.118)
	0.099 (0.085-0.103)
	0<.001 
	0.003 
	0.304 
	<.001

	 Yaw-axis
	0.089 (0.082-0.105)
	0.085 (0.072-0.095)
	0.080 (0.073-0.092)
	0.244 
	0.213 
	0.782 
	0.118 

	
	
	
	
	
	
	
	

	Angle acceleration (rad/s2)
	
	
	
	
	
	
	

	 Roll-axis
	0.786 (0.666-0.861)
	0.618 (0.459-0.726)
	0.501 (0.484-0.560)
	<.001
	0.010 
	0.429 
	<.001

	 Pitch-axis
	0.503 (0.429-0.571)
	0.372 (0.320-0.431)
	0.333 (0.301-0.356)
	<.001 
	<.001 
	0.304 
	<.001

	 Yaw-axis
	0.342 (0.291-0.382)
	0.287 (0.241-0.341)
	0.297 (0.254-0.314)
	0.072 
	0.097 
	1.0000 
	0.026 

	
	
	
	
	
	
	
	

	Angle Jerk (rad/s3)
	
	
	
	
	
	
	

	 Roll-axis
	2.430 (2.056-2.683)
	1.851 (1.407-2.263)
	1.510 (1.500-1.716)
	<.001
	0.011 
	0.343 
	<.001 

	 Pitch-axis
	1.596 (1.340-1.803)
	1.138 (0.995-1.313)
	1.032 (0.925-1.099)
	<.001
	<.001
	0.286 
	<.001

	 Yaw-axis
	1.085 (0.906-1.239)
	0.888 (0.742-1.063)
	0.901 (0.798-0.977)
	0.049 
	0.075 
	1.000 
	0.017 

	
	
	
	
	
	
	
	


Supplementary Table 3. The measurement metrics of the straight-cutting forceps.

	
	
	P value

	
	Experts

(n=15)
	Intermediates

(n=15)
	Novices

(n=16)
	Kruskal-wallis
	Experts vs. Intermediates
	Intermediates vs. Novices
	Experts. vs. Novices

	Path length (m)
	
	
	
	

	 X-axis
	0.674 (0.411-1.082)
	0.900 (0.522-1.415)
	0.313 (0.004-1.226)
	0.201 
	0.407
	0.072
	0.416

	 Y-axis
	1.122 (0.594-1.925)
	1.524 (0.776-2.318)
	0.527 (0.012-1.765)
	0.182 
	0.281
	0.092
	0.331

	 Z-axis
	1.140 (0.628-1.795)
	1.510 (0.743-2.102)
	0.518 (0.011-1.782)
	0.174 
	0.245 
	0.078 
	0.439 

	
	
	
	
	
	
	
	

	Velocity (m/s)
	
	
	
	
	
	
	

	 X-axis
	0.009 (0.008-0.012)
	0.007 (0.006-0.009)
	0.007 (0.005-0.008)
	0.014 
	0.008 
	0.738 
	0.021 

	 Y-axis
	0.013 (0.013-0.019)
	0.011 (0.011-0.013)
	0.011 (0.010-0.013)
	0.013 
	0.004 
	0.700
	0.036

	 Z-axis
	0.015 (0.013-0.017)
	0.011 (0.010-0.014)
	0.010 (0.0100-0.012)
	0.006 
	0.002
	0.625 
	0.021

	
	
	
	
	
	
	
	

	Acceleration (m/s2)
	
	
	
	
	
	
	

	 X-axis
	0.035 (0.029-0.049)
	0.023 (0.021-0.027)
	0.024 (0.017-0.029)
	0.005 
	0.002 
	0.939 
	0.011 

	 Y-axis
	0.041 (0.034-0.054)
	0.031 (0.029-0.035)
	0.028 (0.026-0.037)
	0.007 
	0.003 
	0.625 
	0.021 

	 Z-axis
	0.055 (0.039-0.065)
	0.035 (0.031-0.042)
	0.035 (0.030-0.038)
	0.007 
	0.002
	0.939
	0.024

	
	
	
	
	
	
	
	

	Jerk  (m/s3)
	
	
	
	
	
	
	

	 X-axis
	0.236 (0.213-0.336)
	0.171 (0.149-0.220)
	0.179 (0.135-0.232)
	0.020 
	0.011
	1
	0.028

	 Y-axis
	0.295 (0.230-0.383)
	0.225 (0.175-0.260)
	0.206 (0.188-0.259)
	0.025 
	0.011
	0.857
	0.041

	 Z-axis
	0.339 (0.280-0.383)
	0.233 (0.185-0.267)
	0.209 (0.196-0.251)
	0.007 
	0.002
	0.898
	0.028

	
	
	
	
	
	
	
	

	Angle velocity (rad/s)
	
	
	
	
	
	
	

	 Roll-axis
	0.224 (0.205-0.257)
	0.169 (0.149-0.196)
	0.170 (0.152-0.193)
	0.015 
	0.014 
	0.464 
	0.015 

	 Pitch-axis
	0.1110 (0.094-0.135)
	0.101 (0.079-0.105)
	0.089 (0.086-0.100)
	0.080 
	0.245 
	0.227 
	0.034 

	 Yaw-axis
	0.103 (0.100-0.127)
	0.091 (0.080-0.098
	0.086 (0.079-0.098)
	0.055 
	0.062 
	0.313 
	0.041 

	
	
	
	
	
	
	
	

	Angle acceleration (rad/s2)
	
	
	
	
	
	
	

	 Roll-axis
	0.700 (0.608-0.759)
	0.508 (0.414-0.582)
	0.490 (0.413-0.536)
	0.004 
	0.020 
	0.153 
	0.002 

	 Pitch-axis
	0.389 (0.331-0.475)
	0.342 (0.276-0.376)
	0.313 (0.282-0.343)
	0.018 
	0.213 
	0.088 
	0.007 

	 Yaw-axis
	0.384 (0.364-0.455)
	0.330 (0.272-0.371)
	0.299 (0.269-0.334)
	0.013 
	0.062 
	0.096 
	0.009 

	
	
	
	
	
	
	
	

	Angle Jerk (rad/s3)
	
	
	
	
	
	
	

	 Roll-axis
	2.243 (1.761-2.375)
	1.534 (1.178-1.781
	1.5337 (1.2328-1.630)
	0.005 
	0.025 
	0.234 
	0.003 

	 Pitch-axis
	1.237 (1.037-1.500)
	1.037 (0.849-1.174)
	0.960 (0.881-1.067)
	0.016 
	0.135 
	0.113 
	0.007 

	 Yaw-axis
	1.246 (1.136-1.473)
	1.026 (0.845-1.148)
	0.927 (0.836-1.053)
	0.014 
	0.056
	0.113 
	0.010 

	
	
	
	
	
	
	
	


Supplementary Table 4. The measurement metrics of the pediatric back-biter forceps.

	
	
	P value

	
	Experts

(n=15)
	Intermediates

(n=15)
	Novices

(n=16)
	Kruskal-wallis
	Experts vs. Intermediates
	Intermediates vs. Novices
	Experts. vs. Novices

	Path length (m)
	
	
	
	

	 X-axis
	0.389 (0.209-0.609)
	0.279 (0.176-0.712)
	0.887 (0.635-1.089)
	<.001
	0.590
	0.001
	0.002

	 Y-axis
	0.598 (0.301-0.830)
	0.350 (0.190-0.951)
	1.306 (0.834-1.581)
	0.001
	0.481
	0.001
	0.002

	 Z-axis
	0.436 (0.250-0.676)
	0.344 (0.213-0.770)
	1.138 (0.727-1.434)
	<.001
	0.431
	<.001
	0.001

	
	
	
	
	
	
	
	

	Velocity (m/s)
	
	
	
	
	
	
	

	 X-axis
	0.006 (0.006-0.007)
	0.006 (0.004-0.007)
	0.005 (0.005-0.006)
	0.278
	0.362
	0.890
	0.086

	 Y-axis
	0.009 (0.007-0.011)
	0.007 (0.006-0.009)
	0.008 (0.007-0.009)
	0.028
	0.016
	0.374
	0.046

	 Z-axis
	0.008 (0.007-0.010)
	0.007 (0.005-0.008)
	0.007 (0.006-0.008)
	0.045
	0.020
	0.213
	0.138

	
	
	
	
	
	
	
	

	Acceleration (m/s2)
	
	
	
	
	
	
	

	 X-axis
	0.022 (0.017-0.029)
	0.018 (0.014-0.021)
	0.016 (0.014-0.021)
	0.048
	0.056
	0.828
	0.023

	 Y-axis
	0.028 (0.020-0.033)
	0.0190 (0.016-0.022)
	0.020 (0.018-0.023)
	0.010
	0.004
	0.374
	0.038

	 Z-axis
	0.0315 (0.026-0.041)
	0.023 (0.019-0.027)
	0.022 (0.020-0.028)
	0.003
	0.002
	0.767
	0.007

	
	
	
	
	
	
	
	

	Jerk  (m/s3)
	
	
	
	
	
	
	

	 X-axis
	0.160 (0.138-0.199)
	0.143 (0.101-0.193)
	0.131 (0.109-0.165)
	0.097
	0.171
	0.621
	0.031

	 Y-axis
	0.713 (0.148-0.223)
	0.148 (0.122-0.157)
	0.147 (0.129-0.172)
	0.135
	0.056
	0.418
	0.213

	 Z-axis
	0.183 (0.150-0.239)
	0.152 (0.123-0.178)
	0.146 (0.130-0.178)
	0.021
	0.020
	0.984
	0.015

	
	
	
	
	
	
	
	

	Angle velocity (rad/s)
	
	
	
	
	
	
	

	 Roll-axis
	0.235 (0.208-0.276)
	0.211 (0.168-0.251)
	0.225 (0.180-0.246)
	0.111
	0.089
	0.984
	0.060

	 Pitch-axis
	0.112 (0.099-0.121)
	0.093 (0.073-0.103)
	0.083 (0.079-0.088)
	0.003
	0.005
	0.767
	0.002

	 Yaw-axis
	0.125 (0.114-0.134)
	0.107 (0.086-0.131)
	0.105 (0.096-0.127)
	0.154
	0.135
	0.890
	0.072

	
	
	
	
	
	
	
	

	Angle acceleration (rad/s2)
	
	
	
	
	
	
	

	 Roll-axis
	0.692 (0.633-0.883)
	0.649 (0.469-0.714)
	0.649 (0.581-0.667)
	0.100 
	0.074 
	0.953 
	0.060 

	 Pitch-axis
	0.354 (0.293-0.412)
	0.319 (0.237-0.347)
	0.277 (0.254-0.328)
	0.020 
	0.031 
	0.984 
	0.009 

	 Yaw-axis
	0.421 (0.362-0.495)
	0.339 (0.244-0.464)
	0.348 (0.324-0.442)
	0.130 
	0.115 
	0.514 
	0.072 

	
	
	
	
	
	
	
	

	Angle Jerk (rad/s3)
	
	
	
	
	
	
	

	 Roll-axis
	2.093 (2.007-2.683)
	1.872 (1.439-2.179)
	1.991 (1.757-2.052)
	0.060 
	0.046 
	0.540 
	0.046 

	 Pitch-axis
	1.137 (0.935-1.277)
	1.020 (0.721-1.067)
	0.853 (0.783-1.030)
	0.024 
	0.051 
	0.828 
	0.008 

	 Yaw-axis
	1.302 (1.103-1.568)
	1.041 (0.741-1.425)
	1.072 (0.997-1.360)
	0.104 
	0.089 
	0.465 
	0.066 

	
	
	
	
	
	
	
	


Supplementary Table 5. The measurement metrics of the endoscope.

	
	
	P value

	
	Experts

(n=15)
	Intermediates

(n=15)
	Novices

(n=16)
	Kruskal-Wallis
	Experts vs. Intermediates
	Intermediates vs. Novices
	Experts. vs. Novices

	Path length (m)
	
	
	
	

	 X-axis
	3.64 (3.14-4.21)
	3.88 (3.11-4.99)
	4.10 (3.39-4.47)
	0.844
	0.836
	0.828
	0.540

	 Y-axis
	9.67 (8.61-11.53)
	9.01 (7.94-11.16)
	8.57 (7.22-10.68)
	0.520
	0.362
	0.621
	0.353

	 Z-axis
	9.37 (7.44-9.80)
	8.94 (6.45-10.07)
	8.18 (7.01-9.54)
	0.446
	0.481
	0.621
	0.213

	
	
	
	
	
	
	
	

	Velocity (m/s)
	
	
	
	
	
	
	

	 X-axis
	0.002 (0.002-0.002)
	0.002 (0.001-0.002)
	0.002 (0.001-0.002)
	0.926
	0.648
	0.859
	0.828

	 Y-axis
	0.005 (0.004-0.006)
	0.004 (0.003-0.005)
	0.004 (0.003-0.005)
	0.351
	0.199
	0.797
	0.244

	 Z-axis
	0.004 (0.004-0.005)
	0.004 (0.003-0.005)
	0.004 (0.003-0.004)
	0.398
	0.340
	0.953
	0.185

	
	
	
	
	
	
	
	

	Acceleration (m/s2)
	
	
	
	
	
	
	

	 X-axis
	0.006 (0.005-0.006
	0.005 (0.004-0.007)
	0.007 (0.004-0.007)
	0.955
	0.934
	0.890
	0.767

	 Y-axis
	0.013 (0.010-0.017)
	0.010 (0.009-0.014)
	0.011 (0.008-0.014)
	0.244
	0.263
	0.540
	0.118

	 Z-axis
	0.013 (0.010-0.017)
	0.011 (0.008-0.015)
	0.011 (0.009-0.014)
	0.382
	0.320
	0.890
	0.185

	
	
	
	
	
	
	
	

	Jerk  (m/s3)
	
	
	
	
	
	
	

	 X-axis
	0.042 (0.038-0.046)
	0.040 (0.030-0.050)
	0.42 (0.031-0.047)
	0.968
	0.772
	1
	0.921

	 Y-axis
	0.087 (0.067-0.099)
	0.069 (0.055-0.091)
	0.076 (0.056-0.091)
	0.342
	0.199
	0.984
	0.228

	 Z-axis
	0.080 (0.073-0.095)
	0.075 (0.052-0.094)
	0.075 (0.058-0.085)
	0.507
	0.407
	0.984
	0.260

	
	
	
	
	
	
	
	

	Angle velocity (rad/s)
	
	
	
	
	
	
	

	 X-axis
	0.032 (0.027-0.040)
	0.031 (0.028-0.040)
	0.035 (0.028-0.040)
	0.775
	0.590
	0.514
	0.984

	 Y-axis
	0.053 (0.041-0.064)
	0.041 (0.038-0.054)
	0.037 (0.035-0.052)
	0.087
	0.199
	0.333
	0.034

	 Z-axis
	0.039 (0.034-0.050)
	0.033 (0.028-0.042)
	0.033 (0.028-0.040)
	0.243
	0.199
	0.737
	0.128

	
	
	
	
	
	
	
	

	Angle acceleration (rad/s2)
	
	
	
	
	
	
	

	 X-axis
	0.093 (0.087-0.132)
	0.099 (0.083-0.127)
	0.109 (0.090-0.124)
	0.848
	0.619
	0.678
	0.859

	 Y-axis
	0.142 (0.129-0.188)
	0.127 (0.118-0.145)
	0.117 (0.107-0.175)
	0.127
	0.097
	0.649
	0.079

	 Z-axis
	0.114 (0.098-0.131)
	0.104 (0.082-0.113)
	0.099 (0.083-0.115)
	0.389
	0.263
	0.921
	0.228

	
	
	
	
	
	
	
	

	Angle Jerk (rad/s3)
	
	
	
	
	
	
	

	 X-axis
	0.288 (0.269-0.410)
	0.302 (0.251-0.391)
	0.332 (0.275-0.378)
	0.821
	0.590
	0.621
	0.921

	 Y-axis
	0.439 (0.391-0.573)
	0.391 (0.356-0.446)
	0.358 (0.328-0.539)
	0.109
	0.106
	0.707
	0.055

	 Z-axis
	0.351 (0.306-0.392)
	0.319 (0.253-0.350)
	0.301 (0.248-0.351)
	0.339
	0.245
	0.921
	0.185

	
	
	
	
	
	
	
	


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

	First principal component
	
	
	Second principal component
	
	
	Third principal component
	

	Motion metrics
	Loading
	
	Motion metrics
	Loading
	
	Motion metrics
	Loading

	Angular jerk of the straight forceps in the pitch axis
	0.964
	
	Acceleration of the straight forceps in the z-axis
	0.767
	
	Velocity of the pediatric backbiter forceps in the z-axis
	0.672

	Angular acceleration of the straight forceps in the pitch axis
	0.959
	
	Jerk of the straight forceps in the x-axis
	0.751
	
	Path length of the pediatric backbiter forceps in the x-axis
	0.662

	Angular jerk of the straight forceps in the yaw axis
	0.952
	
	Acceleration of the straight forceps in the y-axis
	0.747
	
	Path length of the pediatric backbiter forceps in the y-axis
	0.657

	Angular acceleration of the straight forceps in the yaw axis
	0.940
	
	Jerk of the straight forceps in the z-axis
	0.742
	
	Path length of the pediatric backbiter forceps in the z-axis
	0.647

	Acceleration of the upper forceps in the z-axis
	0.822
	
	Acceleration of the straight forceps in the x-axis
	0.739
	
	
	

	Angular velocity of the upper forceps in the pitch axis
	0.821
	
	
	
	
	
	

	Angular acceleration of the upper forceps in the pitch axis
	0.816
	
	
	
	
	
	

	Angular jerk of the upper forceps in the pitch axis
	0.811
	
	
	
	
	
	

	Jerk of the upper forceps in the z-axis
	0.800
	
	
	
	
	
	


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

	Motion metrics
	1st training
	Final training
	P value 

	Path length of pediatric back-biter forceps in the x-axis
	0.792 (0.291-1.206)
	0.334 (0.202-0.428)
	0.049

	Path length of pediatric back-biter forceps in the y-axis
	1.090 (0.407-1.821)
	0.380 (0.277-0.546)
	0.027

	Path length of pediatric back-biter forceps in the z-axis
	0.986 (0.359-1.587)
	0.372 (0.278-0.495)
	0.027

	Angular velocity of the straight forceps in the yaw axis
	0.106 (0.089-0.124)
	0.128 (0.116-0.157)
	0.031

	Angular velocity of the upper forceps in the forceps-in the pitch axis
	0.102 (0.083-0.120)
	0.123 (0.103-0.134)
	0.027

	Angular acceleration of the upper forceps in the pitch axis
	0.302 (0.277-0.426)
	0.442 (0.376-0.497)
	0.004

	Angular jerk of the upper forceps in the pitch axis
	0.951 (0.86-1.325)
	1.382 (1.14-1.557)
	0.004


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

	First principal component
	
	
	Second principal component
	

	Motion metrics
	Loading
	
	Motion metrics
	Loading

	Angular velocity of the straight forceps in the yaw axis
	0.932
	
	Path length of pediatric back-biter forceps in the z-axis
	0.819

	Angular acceleration of the upper forceps in the pitch axis
	0.903
	
	Path length of pediatric back-biter forceps in the x-axis
	0.804

	Angular jerk of the upper forceps in the pitch axis
	0.903
	
	Path length of pediatric back-biter forceps in the y-axis
	0.797

	Angular velocity of the upper forceps in the forceps-in the pitch axis
	0.897
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