Supplementary Text S1. 
The PAKAAR is controlled by a central microcontroller unit (OpenRB-150, Robotis, South Korea) that regulates actuation and data acquisition with a sampling interval of 20 ms. Anterior translation is generated by a linear actuator (L16-150, Actuonix Motion Devices, Canada) and monitored by a push-pull load cell (CBF30-100, CAS, South Korea). Rotational torque is generated by a rotational actuator (XM540-W270, Robotis Co., Ltd., South Korea) equipped with a 1:5 reduction gear module to increase maximal torque output. The applied torque is measured by a torque sensor (TQ-54T10-11HB8, CASKOREA, South Korea) with a repeatability of 0.1% RO. Both the load cell and torque sensor were calibrated using class M1 weights prior to experimentation (Supplementary Fig. S1).
Measurement precision is ensured by high-fidelity sensors. Anterior translation is detected by a laser displacement sensor (CD22-100A2, OPTEX FA Co., Ltd., Japan) with a repeat accuracy of 20 µm. Rotational angles of the tibia and femur are measured by wireless sensor units, each consisting of a gyroscopic sensor (GY-521, InvenSense, USA; repeatability 0.00763 deg/s) and a Bluetooth-enabled microcontroller (ESP-WROOM-32, Espressif, China).


[bookmark: _Hlk215677685]Supplementary Text S2.
[bookmark: _Hlk212761517][bookmark: _Hlk212760090][bookmark: _Hlk212759904][bookmark: _Hlk212761546][bookmark: _GoBack]Intrarater reliability was assessed using intraclass correlation coefficient (ICC) (3,1), based on a two-way mixed-effects model (consistency, single measurement), appropriate for evaluating repeated measurements by a single fixed rater across subjects. The standard error of measurement (SEM) and minimal detectable change (MDC) were calculated using the following formulas: , and , where SD represents the standard deviation. Interrater reliability was assessed using ICC (2,1), based on a two-way random-effects model (absolute agreement, single measurement), treating both raters and limbs as random samples from a larger population.


Supplementary Table S2. Intrarater and interrater reliability of PAKAAR and Lachmeter for anterior translation across ligamentous conditions
	
	
	ICC (3,1) 
[95% CI]
	SEM
	MDC
	P 
valueb
	
	
	
	
	

	Ligament condition
	Device
	Rater 
1
	Rater 
2
	Rater 1
	Rater 2
	Rater 1
	Rater 2
	Rater 1
	Rater 2
	ICC (2,1) 
[95% CI]
	P valuec
	r 
	P valued 
	P valuee 

	Intact
	PAKAAR
	0.967 [0.94; 0.98]
	0.951 [0.91; 0.98]
	0.537
	0.641
	1.488
	1.776
	.410
	.603
	0.982 [0.83; 1.00]
	.609
	0.958
	<.001
	<.001

	
	Lachmeter
	0.880 [0.65; 0.98]
	0.889 [0.67; 0.98]
	0.673
	0.716
	1.865
	1.984
	
	
	0.960 [0.77; 0.99]
	
	0.861
	<.001
	

	sACL
	PAKAAR
	0.952 [0.91; 0.98]
	0.960 [0.93; 0.98]
	0.85
	0.775
	2.357
	2.148
	.309
	.263
	0.964 [0.77; 0.99]
	.336
	0.95
	<.001
	<.001

	
	Lachmeter
	0.769 [0.43; 0.96]
	0.774 [0.44; 0.96]
	0.915
	0.805
	2.536
	2.232
	
	
	0.837 [0.31; 0.97]
	
	0.685
	<.001
	

	sACL + sALL
	PAKAAR
	0.949 [0.91; 0.98]
	0.937 [0.89; 0.97]
	0.957
	1.075
	2.653
	2.979
	.656
	.308
	0.980 [0.48; 1.00]
	.141
	0.952
	<.001
	<.001

	
	Lachmeter
	0.898 [0.69; 0.98]
	0.708 [0.33; 0.94]
	0.855
	0.838
	2.369
	2.323
	
	
	0.797 [0.05; 0.97]
	
	0.773
	<.001
	

	Injured
	PAKAAR
	0.950 [0.92; 0.97]
	0.947 [0.92; 0.97]
	0.91
	0.949
	2.523
	2.629
	.225
	.090
	0.986 [0.88; 1.00]
	.004
	0.951
	<.001
	<.001

	
	Lachmeter
	0.851 [0.69; 0.95]
	0.761 [0.54; 0.91]
	0.899
	0.826
	2.491
	2.290
	
	
	0.810 [0.15; 0.97]
	
	0.725
	<.001
	

	All
	PAKAAR
	0.964 [0.95; 0.98]
	0.959 [0.94; 0.97]
	0.812
	0.863
	2.251
	2.393
	.352
	.294
	0.988 [0.81; 1.00]
	.006
	0.964
	<.001
	<.001

	
	Lachmeter
	0.931 [0.87; 0.97]
	0.915 [0.84; 0.96]
	0.838
	0.812
	2.322
	2.250
	
	
	0.913 [0.51; 0.99]
	
	0.888
	<.001
	



aICC, intraclass correlation coefficient; CI, confidence interval; MDC, minimal detectable change; r, Pearson’s correlation coefficient; sACL, sectioned anterior cruciate ligament; sALL, sectioned anterolateral ligament; PAKAAR, portable automated knee arthrometer for measuring anterior translation, central axial rotation, and medial pivotal rotation of tibia
bComparison of intrarater ICCs (3,1) between PAKAAR and Lachmeter using Fisher’s z-transformation and z-tests
cComparison of interrater ICCs (2,1) between PAKAAR and Lachmeter using Fisher’s z-transformation and z-tests
dInterrater correlation using Pearson’s correlation coefficients
eComparison of Pearson’s correlation coefficients between PAKAAR and Lachmeter using Fisher’s z-transformation and z-tests
fThe injured condition comprised both sACL and sACL + sALL.


Supplementary Table S3. Intrarater and interrater reliability of PAKAAR for central axial internal rotation across measurement site and ligamentous condition 
	
	
	Intrarater ICC (3,1) 
[95% CI]
	SEM
	MDC
	
	
	

	Measurement site　
	Ligament condition
	Rater 1
	Rater 2
	Rater 1
	Rater 2
	Rater 1
	Rater 2
	Interrater 
ICC (2,1) 
[95% CI]
	Inter
-rater r
	P valueb

	Bone
	Intact
	0.953
[0.89; 0.98]
	0.982
[0.96; 0.99]
	0.621
	0.410
	1.721
	1.136
	0.985
[0.83; 1.00]
	0.975
	<.001

	
	sACL
	0.940
[0.87; 0.97]
	0.963
[0.92; 0.98]
	0.670
	0.597
	1.858
	1.654
	0.967
[0.93; 0.99]
	0.946
	<.001

	
	sACL + sALL
	0.968
[0.93; 0.99]
	0.945
[0.88; 0.98]
	0.679
	0.808
	1.883
	2.240
	0.971
[0.93; 0.99]
	0.953
	<.001

	
	Injuredc
	0.964
[0.94; 0.98]
	0.956
[0.92; 0.98]
	0.680
	0.744
	1.885
	2.061
	0.974
[0.95; 0.99]
	0.954
	<.001

	
	All
	0.968
[0.95; 0.98]
	0.968
[0.95; 0.98]
	0.667
	0.653
	1.849
	1.811
	0.980
[0.97; 0.99]
	0.964
	<.001

	Skin
	Intact
	0.933
[0.85; 0.97]
	0.965
[0.92; 0.98]
	2.318
	1.831
	6.425
	5.076
	0.961
[0.91; 0.98]
	0.938
	<.001

	
	sACL
	0.928
[0.84; 0.97]
	0.928
[0.84; 0.97]
	2.612
	2.584
	7.240
	7.161
	0.946
[0.88; 0.98]
	0.911
	<.001

	
	sACL + sALL
	0.959
[0.91; 0.98]
	0.945
[0.88; 0.98]
	2.177
	2.794
	6.034
	7.746
	0.973
[0.94; 0.99]
	0.954
	<.001

	
	Injuredc
	0.951
[0.91; 0.97]
	0.944
[0.90; 0.97]
	2.393
	2.717
	6.633
	7.531
	0.965
[0.94; 0.98]
	0.942
	<.001

	
	All
	0.950
[0.92; 0.97]
	0.952
[0.92; 0.97]
	2.367
	2.479
	6.561
	6.872
	0.966
[0.95; 0.98]
	0.945
	<.001



[bookmark: _Hlk197963986][bookmark: _Hlk197963997]aICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of measurement; MDC, minimal detectable change; r, Pearson’s correlation coefficient; sACL, sectioned anterior cruciate ligament; sALL, sectioned anterolateral ligament
bInterrater correlation using Pearson’s correlation coefficients
[bookmark: _Hlk197964083]cThe injured condition comprised both sACL and sACL + sALL.
Supplementary Table S4. Regression and Correlation Between Skin-Based and Bone-Based central axial internal rotation with and without cadaver-wise Adjustment
	
	
	Regression and correlation
without cadaver-wise adjustment
	Cadaver-wise adjusted regression 
and correlation

	
	Ligamentous
condition
	R2
	Regression equation
	r
	P valueb
	R2
	r
	P valueb

	Tibial CAIR
	Intact
	0.841
	Bone = 0.67 × Skin + 0.51
	0.917
	<.001
	0.931
	0.965
	<.001

	
	sACL
	0.775
	Bone = 0.62 × Skin + 1.17
	0.880
	<.001
	0.910
	0.954
	<.001

	
	sACL + sALL
	0.840
	Bone = 0.64 × Skin + 0.26
	0.917
	<.001
	0.938
	0.969
	<.001

	
	Injuredc
	0.829
	Bone = 0.63 × Skin + 0.80
	0.911
	<.001
	0.909
	0.954
	<.001

	
	All
	0.838
	Bone = 0.63 × Skin + 0.88
	0.915
	<.001
	0.912
	0.955
	<.001

	Femoral CAIR
	Intact
	0.905
	Bone = 3.55 × Skin + 0.78
	0.951
	<.001
	0.924
	0.961
	<.001

	
	sACL
	0.800
	Bone = 3.88 × Skin + 0.07
	0.895
	<.001
	0.938
	0.968
	<.001

	
	sACL + sALL
	0.892
	Bone = 3.55 × Skin - 0.27
	0.944
	<.001
	0.971
	0.985
	<.001

	
	Injuredc
	0.851
	Bone = 3.53 × Skin + 0.29
	0.923
	<.001
	0.940
	0.969
	<.001

	
	All
	0.865
	Bone = 3.53 × Skin + 0.49
	0.930
	<.001
	0.914
	0.956
	<.001

	Net CAIR
	Intact
	0.572
	Bone = 0.24 × Skin + 2.10
	0.756
	<.001
	0.941
	0.970
	<.001

	
	sACL
	0.689
	Bone = 0.25 × Skin + 3.04
	0.830
	<.001
	0.898
	0.948
	<.001

	
	sACL + sALL
	0.451
	Bone = 0.22 × Skin + 5.03
	0.672
	<.001
	0.886
	0.941
	<.001

	
	Injuredc
	0.594
	Bone = 0.25 × Skin + 3.59
	0.771
	<.001
	0.860
	0.927
	<.001

	
	All
	0.612
	Bone = 0.26 × Skin + 2.60
	0.783
	<.001
	0.833
	0.913
	<.001



ar, Pearson’s correlation coefficient; sACL, sectioned anterior cruciate ligament; sALL, sectioned anterolateral ligament; CAIR, central axial internal rotation
bCorrelation between skin-based and bone-based CAIR using Pearson’s correlation coefficients
cThe injured condition comprised both sACL and sACL + sALL.
Supplementary Table S5. Intrarater and interrater reliability of PAKAAR for medial pivotal rotation across measurement site and ligamentous condition 
	
	
	Intrarater ICC (3,1) 
[95% CI]
	SEM
	MDC
	
	
	

	Measurement site　
	Ligament condition
	Rater 1
	Rater 2
	Rater 1
	Rater 2
	Rater 1
	Rater 2
	Interrater 
ICC (2,1) 
[95% CI]
	Inter
-rater r
	P valueb

	Bone
	Intact
	0.935
[0.86; 0.97]
	0.969
[0.93; 0.99]
	0.630
	0.477
	1.747
	1.323
	0.977
[0.92; 0.99]
	0.963
	<.001

	
	sACL
	0.956
[0.90; 0.98]
	0.972
[0.94; 0.99]
	0.833
	0.742
	2.308
	2.057
	0.983
[0.96; 0.99]
	0.968
	<.001

	
	sACL + sALL
	0.968
[0.93; 0.99]
	0.964
[0.92; 0.98]
	0.694
	0.850
	1.924
	2.356
	0.955
[0.9; 0.98]
	0.946
	<.001

	
	Injuredc
	0.966
[0.94; 0.98]
	0.971
[0.95; 0.98]
	0.774
	0.807
	2.146
	2.238
	0.972
[0.95; 0.98]
	0.962
	<.001

	
	All
	0.976
[0.96; 0.98]
	0.977
[0.96; 0.99]
	0.736
	0.763
	2.039
	2.116
	0.983
[0.97; 0.99]
	0.974
	<.001

	Skin
	Intact
	0.903
[0.79; 0.96]
	0.948
[0.88; 0.98]
	2.983
	2.069
	8.269
	5.735
	0.978
[0.89; 0.99]
	0.950
	<.001

	
	sACL
	0.969
[0.93; 0.99]
	0.963
[0.92; 0.98]
	1.851
	1.922
	5.130
	5.328
	0.970
[0.93; 0.99]
	0.953
	<.001

	
	sACL + sALL
	0.916
[0.82; 0.96]
	0.951
[0.89; 0.98]
	3.020
	2.195
	8.370
	6.083
	0.989
[0.97; 1.0]
	0.955
	<.001

	
	Injuredc
	0.942
[0.9; 0.97]
	0.956
[0.92; 0.98]
	2.533
	2.102
	7.022
	5.828
	0.979
[0.96; 0.99]
	0.955
	<.001

	
	All
	0.935
[0.9; 0.96]
	0.959
[0.93; 0.97]
	2.691
	2.084
	7.459
	5.777
	0.981
[0.97; 0.99]
	0.956
	<.001



aICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of measurement; MDC, minimal detectable change; r, Pearson’s correlation coefficient; sACL, sectioned anterior cruciate ligament; sALL, sectioned anterolateral ligament
bInterrater correlation using Pearson’s correlation coefficients
cThe injured condition comprised both sACL and sACL + sALL.


Supplementary Table S6. Regression and correlation between skin- and bone-referenced medial pivotal rotation with and without cadaver-wise adjustment
	
	
	Regression and correlation
without cadaver-wise adjustment
	Cadaver-wise adjusted regression 
and correlation

	
	Ligamentous
condition
	R2
	Regression equation
	r
	P valueb
	R2
	r
	P valueb

	Tibial MPR
	Intact
	0.777
	Bone = 0.71 × Skin - 1.97
	0.882
	<.001
	0.918
	0.958
	<.001

	
	sACL
	0.882
	Bone = 0.70 × Skin - 2.01
	0.939
	<.001
	0.963
	0.982
	<.001

	
	sACL + sALL
	0.916
	Bone = 0.74 × Skin - 2.69
	0.957
	<.001
	0.946
	0.973
	<.001

	
	Injuredc
	0.902
	Bone = 0.73 × Skin - 2.48
	0.950
	<.001
	0.944
	0.972
	<.001

	
	All
	0.872
	Bone = 0.72 × Skin - 2.30
	0.934
	<.001
	0.921
	0.959
	<.001

	Femoral MPR
	Intact
	0.665
	Bone = 3.74 × Skin + 0.95
	0.816
	<.001
	0.886
	0.941
	<.001

	
	sACL
	0.899
	Bone = 3.77 × Skin + 0.08
	0.948
	<.001
	0.961
	0.980
	<.001

	
	sACL + sALL
	0.854
	Bone = 2.42 × Skin + 1.21
	0.924
	<.001
	0.947
	0.973
	<.001

	
	Injuredc
	0.800
	Bone = 2.69 × Skin + 1.38
	0.894
	<.001
	0.816
	0.903
	<.001

	
	All
	0.698
	Bone = 2.94 × Skin + 1.44
	0.835
	<.001
	0.751
	0.867
	<.001

	Net MPR
	Intact
	0.393
	Bone = 0.17 × Skin + 0.73
	0.627
	<.001
	0.937
	0.968
	<.001

	
	sACL
	0.583
	Bone = 0.31 × Skin + 0.96
	0.763
	<.001
	0.961
	0.980
	<.001

	
	sACL + sALL
	0.755
	Bone = 0.36 × Skin + 1.87
	0.869
	<.001
	0.911
	0.954
	<.001

	
	Injuredc
	0.652
	Bone = 0.35 × Skin + 1.03
	0.808
	<.001
	0.809
	0.900
	<.001

	
	All
	0.574
	Bone = 0.36 × Skin - 0.38
	0.758
	<.001
	0.715
	0.846
	<.001



ar, Pearson’s correlation coefficient; sACL, sectioned anterior cruciate ligament; sALL, sectioned anterolateral ligament; MPR, medial pivotal rotation
bCorrelation between skin-based and bone-based CAIR using Pearson’s correlation coefficients
cThe injured condition comprised both sACL and sACL + sALL.

[image: ]
Supplementary Fig. S1 Logarithmic calibration curves for (A) the load cell and (B) the torque sensor, both calibrated using a set of class M1 weights.
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