


2 
International Conference on Environmental Systems 

Nomenclature 
a = system acceleration 
CMsys =  system center of mass 
d = fixed distance 
F = force vector 
Fb = externally applied bar force from tethered cable 
Fd = externally applied device force 
Fest = estimated external force 
Fh = externally applied harness force from tethered cable 
FL = ground reaction force on left foot 
FR = ground reaction force on right foot 
Fmeas = measured force 
H = system angular momentum matrix 
M = magnitude difference metric (between trajectories) 
m = system mass 
M = moment vector 
Mest = estimated moment 
ML = ground reaction moment on left foot 
MR = ground reaction moment on right foot 
Mmeas = measured moment 
MY  =  Y component of ground reaction moment, i.e., �‡�I�U�H�H���P�R�P�H�Q�W�· 
n = an integer 
P = curve phase difference metric (between trajectories) 
r = point of application of a force 
rd = point of application of device force 
rL = COP vector from system COM to FL 
rR = COP vector from system COM to FR 
rb = point of application of tension force from harness 
�� = angle of the GRF vector with the vertical axis in the YZ plane 
API = Application Programming Interface 
BH = body height (in meters) 
BWF = body weight force (in Newtons) 
CCMP = Cross-cutting Computational Modeling Project 
COM =  center of mass 
COP  = center of pressure 
DART  = Device for Aerobic and Resistive Training 
ECL = Exercise Countermeasures Laboratory 
F1, F2 = flywheel exercise loading trials 
FW = free weight loading profile 
FLY  = flywheel loading profile 
GRF = ground reaction force 
GRF&M  = ground reaction forces and moments 
H = heavy FW trial 
HHC = Human Health and Countermeasures 
HRP = Human Research Program 
ID = inverse dynamics 
IMS = inertial measurement sensor 
L = light FW trial 
LHS = left hand side (of equation) 
M = medium FW trial 
POA = point of application (of external force) 
RHS = right hand side (of equation) 
nRM = n-repetition maximum 
RMSE = root mean squared error 
SD = standard deviation 
ZMP  = zero moment point 
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Programming Interface (API) calls to obtain body and system level kinematic states at each time step of the human 
trajectory. Using this information, along with �I �:�� 
F �� �;, �@�t ���@�P, and the device force and POA read from a data file, 
BodyForce solves for the estimated GRF&Ms based on Eq. (6). The high-level flow of the plugin is as follows: 
 

- readDataFromFiles()  
o Parses the residual force and moment from a file generated by ID on the subject motion with no external 

forces/moments applied 
o Parses the device force (Fd)and POA (rd) from a file containing processed exercise device and motion 

capture data from the trial 
- getBodyKinematics()  

o OpenSim API calls obtain pertinent body level kinematics (i.e., bar and foot positions)  
- getSystemKinematics()  

o OpenSim API calls obtain the system kinematics (i.e., system COM position) 
o Calculates �I �:�� 
F �� �; and �@�t ���@�P from the raw no-force ID residual force and moment 

- estimateGRF&Ms() 
o Using the previous data, and the simplifying assumptions, solves for the FL, FR, rL, and rR that balance Eq. 

(6) 
- writeExternalForcesToFile() 

o Output �W�K�H���‡�E�D�O�D�Q�F�H�G�·���G�H�Y�L�F�H���D�Q�G���*�5�)�	�0�V���W�R���D���I�L�O�H���I�R�U���X�V�H���Z�L�W�K��ID 

D. Analytical Methods 
Joint moments were plotted as ensemble averages, time-normalized to 101 samples from 0 (repetition start) to 1.0 

(repetition completion) in increments of 0.01 with the area between ±1 standard deviation (SD) shaded. Peak moments 
were defined as the values of the greatest magnitude (positive or negative) on the joint moment trajectories. Joint 
moment impulses were defined as the time integrals under the joint moment trajectory curves. RMSEs were computed 
as in Ren, et al.11, whereby the estimated joint moments were compared with an ID solution based on the measured 
force plate data. 

The Pearson correlation coefficient (r) was calculated and was categorized (in absolute value) as r �� 0:35, 0:35 < 
r �� 0.67, 0.67 < r �� 0.9, 0.9 < r to be weak, moderate, strong, or excellent correlation, respectively (following Taylor21). 
Further differences were quantified using the Sprague and Geers curve phase (P) and magnitude (M) difference22,23. 
The metrics P and M, expressed as percentages, are designed to produce a zero value when the curves are identical; 
therefore, a lower value indicates better agreement between trajectories. Computing RMSE, r, P, and M allowed for 
direct comparison with results of similar studies. 

III. Results 

A. Quantifying the Assumption Effects for Squat and Deadlift Exercises 
1. Zero Ground Reaction Moments  
Peak measured ground reaction moments on both feet for all participants for all trials are shown in Figure 6. In all 

cases, the highest measured ground reaction moment is the so-�F�D�O�O�H�G���‡�I�U�H�H��moment�·����MY, which never exceeded 0.02 
N-m/(BWF*BH) for any participant. Errors resulting from the negligible moments assumption would therefore be 
expected to produce a small effect on both sagittal plane kinetics as well as non-sagittal plane kinetics. 

2. Equal Fore-Aft Positions for the X Location of the POAs  
The RMSE between the X (fore-aft) components of the measured GRFs of both feet vs. the estimated values are 

shown for all trials in Figure 7. For all participants, the RMSE in the fore-aft force component was <0.04 N/BWF. The 
assumption of equal values of POAX for both feet affects the sagittal plane kinetics almost exclusively, and the resulting 
errors were an order of magnitude or more less that the kinetic outcomes of interest. 

3. Fixed Position of the Z Location of the POAs and Fixed Y-Z Plane Angle for the Fz Vector  
The measured Z location of the POAs ranged from 0.7 to 3.6 cm (squat) or from 1.4 to 3.1 cm (deadlift) outside 

the midline of the foot across all four subjects.  The measured values for the angle �� ranged from 6.0º to 10.8º (squat) 
or 4.0º to 10.9º (deadlift).  The RMSE between the Z (lateral) components of the measured GRFs of both feet vs. the 
estimated values are shown for all trials in Figure 8. For all participants, the worst case in the lateral force component 
ranged from 0.05-0.07 N/BWF. These values were comparable in magnitude to the non-sagittal plane kinetics of 
interest, such that the assumptions of fixed location for POAZ and fixed angle for FZ in the Y-Z plane would be expected 
to create significant errors in non-sagittal plane kinetics. 
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B. Effect on Squat Exercise Kinetics 
Typical normalized joint moment trajectories in the sagittal plane for the squat exercise are shown in Figure 9. The 

plots compare the trajectories with and without measured GRF&M using the free weight (FW) profile and the medium 
(M) load. The trajectories compared favorably; both trajectories had the same qualitative shape and small differences 
across the entire movement. 

Typical normalized joint moment trajectories outside the sagittal plane for the squat exercise are shown in Figure 
10. The plots compare the trajectories with and without measured GRF&M using the FW profile and the M load. The 
trajectories compared less favorably than the sagittal plane joints; the trajectories no longer had the same qualitative 
shape and larger differences were seen across the entire movement. 

Figure 11 compares the percent change in joint moment impulse when kinetics are computed with and without 
measured GRF&M data for both the sagittal plane joints and the non-sagittal plane joints. Much higher differences 
were observed in the non-sagittal joints compared with the sagittal joints. 

C. Effect on Deadlift Exercise Kinetics 
Typical normalized joint moment trajectories in the sagittal plane for the deadlift exercise are shown in Figure 12. 

The plots compare the trajectories with and without measured GRF&M using the FW profile and the M load. The 
trajectories compared favorably; both trajectories had the same qualitative shape and small differences across the entire 
movement, although the trajectories did appear to have larger differences than the squat exercise. 

Typical normalized joint moment trajectories outside the sagittal plane for the squat exercise are shown in Figure 
13. The plots compare the trajectories with and without measured GRF&M using the FW profile and the M load. The 
trajectories compared less favorably than the sagittal plane joints; the trajectories did not have the same qualitative 
shape and larger differences were seen across the entire movement. These differences appeared to be much larger than 
those seen for the squat exercise. 

Figure 14 compares the percent change in joint moment impulse (i.e., the area under the moment vs. time curve) 
when kinetics are computed with and without measured GRF&M data for both the sagittal plane joints and the non-
sagittal plane joints. Much higher differences were observed in the non-sagittal joints compared with the sagittal joints.  
 Table 2 also indicates that a better estimation of kinetics occurs in the sagittal plane joints (P ranging from 0.0% to 
1.7%, M ranging from -8.5% to 19.8% and r ranging from 0.583 to 1.000) vs. the non-sagittal joints (P ranging from 
2.9% to 68.6%, M ranging from -64.1% to 301.7% and r ranging from 0.273 to 0.967). In general, the squat exercise 
kinetic estimates were more robust than those of the deadlift, based on notably lower values for P and M, and notably 
higher values of r for most joints. 

 

 
Figure 6. Peak values of measured ground reaction torque during the deadlift exercise for the left (a) and right 
(b) feet. 
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Figure 7. RMSE values between measured Fx components of the GRF during the deadlift exercise for the left 
(a) and right (b) feet. 
 
 
 

 
Figure 8. RMSE values between measured Fz components of the GRF during the deadlift exercise for the left 
(a) and right (b) feet. 
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Table 2. Comparison of joint moment trajectories computed with vs. without measured GRF&M using curve phase 
(P) and magnitude (M) difference (mean(SD)) and Pearson correlation coefficient r averaged over all participants. 

 
 

 Joint Squat  Deadlift 

    P (%) M (%) r   P (%) M (%) r 

Sa
gi

tta
l J

oi
nt

s 

Hip Flexion L  0.7 (0.20) -7.1 (1.20) 0.999 
 

1.1 (0.30) -0.6 (2.00) 0.997 

Knee Flexion L  1.5 (0.70) 9.8 (2.30) 1.000 
 

5.0 (1.40) 19.8 (2.60) 0.991 

Ankle Dorsiflexion L  0.4 (0.10) -5.7 (1.20) 0.998 
 

2.5 (0.90) -8.5 (2.90) 0.801 

Hip Flexion R  0.7 (0.20) 8.4 (1.80) 0.999 
 

1.5 (0.80) 6.6 (3.10) 0.995 

Knee Flexion R  1.7 (0.50) -2.3 (1.30) 0.999 
 

4.6 (2.00) 6.3 (4.20) 0.988 

Ankle Dorsiflexion R  0.6 (0.10) 3.8 (2.10) 0.998 
 

3.5 (0.60) 11.6 (3.60) 0.583 

Lumbar Extension  0.0 0.00 0.0 0.00 1.000 
 

1.0 (0.30) 3.4 (2.00) 0.993 

N
on

-s
ag

itt
al

 Jo
in

ts
 

Hip Adduction L  24.7 (17.00) -4.4 (45.30) 0.767 
 

47 (16.00) -68 (11.30) 0.303 

Hip Internal Rotation L  11 (2.90) -55.5 (8.50) 0.929 
 

52.5 (18.40) 176.5 (36.00) 0.273 

Subtalar Inversion L  2.9 (0.80) -9.9 (9.20) 0.956 
 

5.1 (2.10) -7.8 (10.90) 0.761 

Hip Adduction R  8.5 (3.50) 15.9 (32.50) 0.807 
 

68.6 (6.90) 25.1 (39.20) 0.412 

Hip Internal Rotation R  19.8 (4.10) -64.1 (7.50) 0.851 
 

39.7 (15.80) 301.7 (53.00) 0.648 

Subtalar Inversion R  3.0 (0.80) 7.8 (9.10) 0.967 
 

6.0 (3.50) -4.0 (14.50) 0.621 
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Figure 9. Normalized joint moment trajectories, with (red, solid) and without (blue, dashed) measured 
GRF&M, compared in the sagittal plane for the squat exercise, for the medium FW loading profile, averaged 
for all reps and all participants for (a) left and right hip flexion moment, (b) left and right knee flexion 
moment, (c) left and right ankle dorsiflexion moment, and (d) lumbar extension moment. Flexion moments in 
the limbs that are negative indicate net joint extension. 
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Figure 10. Normalized joint moment trajectories, with (red, solid) and without (blue, dashed) measured 
GRF&M, compared outside the sagittal plane for the squat exercise, for the medium FW loading profile, 
averaged for all reps and all participants for (a) left and right hip adduction moment, (b) left and right hip 
internal rotation moment, and (c) left and right ankle subtalar inversion moment.  
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Figure 11. Percent change in joint moment impulse for the squat exercise, with and without measured GRF&M 
for (a) sagittal plane and (b) non-sagittal plane joints, for all trials averaged over all participants. 
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Figure 12. Normalized joint moment trajectories, with (red, solid) and without (blue, dashed) measured 
GRF&M, compared in the sagittal plane for the deadlift exercise, for the medium FW loading profile, 
averaged for all reps and all participants for (a) left and right hip flexion moment, (b) left and right knee 
flexion moment, (c) left and right ankle dorsiflexion moment, and (d) lumbar extension moment. Flexion 
moments in the limbs that are negative indicate net joint extension. 
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Figure 13. Normalized joint moment trajectories, with (red, solid) and without (blue, dashed) measured 
GRF&M, compared outside the sagittal plane for the deadlift exercise, for the medium FW loading profile, 
averaged for all reps and all participants for (a) left and right hip adduction moment, (b) left and right hip 
internal rotation moment, and (c) left and right ankle subtalar inversion moment. 
 

 








