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ABSTRACT 

Musculoskeletal modeling possesses the ability to provide information on 

physiological parameters that cannot be directly measured. However, the validity of 

the results must be assessed to ensure that the model is sufficiently robust to recreate 

the mechanics occurring in vivo. The most widely used model of the upper extremity, 

MoBL ARMS, possesses limitations in representing natural scapular kinematics. 

Motion capture offers reliable quantification of humerothoracic (HT) motion, but 

accurate measurements of scapulothoracic (ST) and glenohumeral (GH) contributions 

to dynamic HT motion are difficult to obtain. In an effort to circumvent this issue, the 

MoBL ARMS model prescribes ST kinematics that relate to HT motion via regression 

equations, creating a relationship referred to as scapular rhythm. It is unknown how 

well this model replicates natural scapular kinematics for motions that generally 

follow the rhythm, such as shoulder abduction, and those that do not, such as forward 

reach. Furthermore, it is unknown how scapular kinematic differences affect the 

torque demands on the GH joint and ultimately influence model-predicted muscle 

activations. The purpose of this study was to evaluate the validity of the MoBL ARMS 

model, and specifically, the validity of using prescribed scapular kinematics to 

replicate natural, unconstrained scapular motion. The expected outcomes include a 

clear understanding of 1) how well the scapular rhythm model can recreate natural ST 

motion during shoulder abduction and forward reach, 2) how kinematic differences 

affect GH torque demands, and 3) how kinematic differences influence model-

predicted muscle activations. The orientations of the trunk, scapula, and upper 
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extremity segments of five healthy subjects were measured with motion capture during 

two motions�shoulder abduction and forward reach. Simultaneously, fine-wire and 

surface electromyography (EMG) was collected for 17 muscles of the shoulder. 

Simulations were run on the published and publicly available MoBL ARMS model 

that prescribes ST kinematics, and a modified version of the model that allows for 

natural, unprescribed scapular kinematics. Differences between the two versions of the 

model indicated how well prescribed kinematics followed natural scapular motion and 

how ST kinematic errors influenced GH joint torques. Finally, model-predicted 

muscle activations were compared with EMG. Results demonstrated that the scapular 

rhythm of the MoBL ARMS model is not capable of replicating ST kinematics to a 

clinical meaningful degree (within 10�). Despite the substantial kinematic errors, only 

modest errors in GH torque were observed. Model-predicted muscle activations 

displayed moderate agreement with EMG for on/off timing; however, correlations 

������� ��� 	
���
� ��������
�� ��� ��� ���� �

�� �����	��� ������� ��� 	
���

and EMG was greater for prime movers than for stabilizing and inactive muscles. 

These results show that the model may be able to recreate the activations of muscles 

which drive a motion, but is not sensitive enough to reliably predict the activities of 

those with subtler functions. Agreement between the model-predicted muscle 

activations and EMG did not appear to be related to ST kinematic errors. Considering 

the lack of a clear link between ST kinematic error magnitude and improved activation 

agreement, it can be inferred that other factors play a substantial role in determining 

model results. These findings can aid researchers in choosing which future 

applications are suitable for investigation with the MoBL ARMS model and assist in 

interpretation of model results.
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Chapter 1 

INTRODUCTION 

1.1 Background 

Upper extremity function is important to activities of daily living and quality 

of life. Biomechanical analyses can provide valuable insight into how the upper 

extremity functions in both healthy and pathological populations. Measurement of 

motion of the upper extremity segments can provide detailed information about joint 

kinematics and net moments present at each joint. In addition, muscle activation 

patterns can also be detected, but information on individual muscle forces cannot be 

measured. Musculoskeletal modeling possesses the ability to estimate physiological 

parameters that cannot be directly measured1,2. By approximating bones as rigid 

bodies and muscles as force actuators, musculoskeletal models can computationally 

estimate muscle forces and activations necessary to recreate dynamic movements 

measured by motion capture. Additionally, by virtue of being a computer-based 

model, this type of analysis can be used to simulate various clinical interventions to 

predict outcomes before the intervention ever takes place1. Modeling has the potential 

to provide clinicians with a wealth of detailed patient-specific information that could 

be used to optimize treatment decisions and improve clinical outcomes. 

To date, musculoskeletal models have primarily been created for the lower 

extremity to examine tasks such as gait, while models of the upper extremity are far 

less common. One factor contributing to this disparity is that the structural complexity 

of the shoulder joint makes it inherently difficult to accurately model. Large ranges of 
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motion in all three GH rotational DOFs present complications in calculating and 

expressing joint orientations using Euler angles. The abundance of small, stabilizing 

musculature surrounding the shoulder can be problematic to represent across wide 

ranges of motion. Moreover, maintaining physiological fidelity of the wrapping paths 

and moment arms of these muscles across the joint for the wide variety of possible 

upper extremity motions is extremely challenging.  

Perhaps the most difficult aspect of modeling the shoulder lies in proper 

implementation of scapular kinematics. Motion capture using retroreflective markers 

placed on superficial anatomical landmarks is a non-invasive, clinically applicable 

procedure that can accurately quantify 3D kinematics for many body segments3. This 

technique is capable of measuring overall HT motion, but is unable to discern the GH 

and ST contributions due to independent movement of the scapula beneath the skin4. 

Several methods have been developed to estimate ST kinematics including tracking 

jigs5, magnetic tracking sensors6, ultrasound-based methods4 or marker clusters fixed 

to the acromion process of the scapula7. One of the methods for estimating scapular 

motion established a set of regression equations that coupled all three ST rotational 

DOFs to measured HT elevation8. These regression equations were not subject-

specific and were developed based on group tendencies of healthy young adults. 

Additionally, the positions used to develop the equations captured varying degrees of 

ST upward/downward rotation, but did not encompass a wide range of motion (ROM) 

for either ST internal/external rotation or ST anterior/posterior tilt. 

Existing models of the shoulder and upper extremity9�13 implement various 

ways to handle the issue of scapular motion, however the mostly widely available and 

utilized of these, the MoBL ARMS model9,13, employs the scapular rhythm developed 
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by de Groot and Brand (2001)8. Since this rhythm prescribes scapular motion, ST 

muscle forces required to achieve the kinematics cannot be measured. Despite these 

limitations, previous research has used the MoBL ARMS model to provide valuable 

information on GH and distal upper extremity mechanics. The MoBL ARMS model 

has been used estimate the ability of different nerve transfer surgeries to restore force 

generating capacity at the shoulder14 and contribution to functional motions of the 

upper extremity15. Additionally, the model has been applied to better understand the 

capability of two proposed mechanisms that may contribute to shoulder deformities in 

patients with brachial plexus birth palsy16. This study also specifically identified 

which muscles produced force vectors known to cause osseous deformity at the GH 

joint in the brachial plexus birth palsy population16. Building on this research, the 

MoBL ARMS model was employed to investigate the effect of specific scenarios of 

muscle imbalance and impaired muscle growth associated with C5-C6 nerve injuries 

in the brachial plexus birth palsy population on shoulder motion and GH joint forces17.  

Although these studies clearly demonstrate the immense utility of 

musculoskeletal modeling at the shoulder and upper extremity, they all assume normal 

scapular kinematics by utilizing a prescribed scapular rhythm. It is unknown how well 

a scapular rhythm based on group tendencies applies to every healthy individual or 

individual patients. Pathologies such as brachial plexus birth palsy have been 

associated with abnormal scapular kinematics and greater ST contributions to overall 

HT motion18. Consequently, a prescribed scapular rhythm based on healthy adults will 

likely not adequately represent the scapular motion of these patients. Lastly, the 

scapular rhythm employed in this model focused on ST upward/downward rotation 

and did not incorporate a wide ROM for either ST internal/external rotation or ST 
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anterior/posterior tilt. Motions such as shoulder abduction primarily involve ST 

upward rotation with little ST internal/external rotation, thus following the rhythm. 

However, motions such as forward reach possess a greater amount of ST internal 

rotation which the rhythm will likely have difficulty approximating. It is unknown 

how well this model tracks natural scapular kinematics for motions that generally 

follow the prescribed scapular rhythm, such as shoulder abduction, and those that do 

not, such as forward reach. Furthermore, it is unknown how differences in scapular 

kinematics affect the requisite torque demands (i.e. joint torques required for the 

model to maintain its posture at each time point throughout a motion � see Glossary 

for full definition) on the GH joint. Finally, it is unknown how kinematic and kinetic 

differences influence simulation results for model-predicted muscle activation 

patterns. 

This study aims to address these unknowns by evaluating the effect of 

prescribed scapular kinematics on model results. Two versions of the MoBL ARMS 

model will be tested � the first prescribes scapular motion to a rhythm and the second 

removes this constraint to allow for natural, unconstrained scapular kinematics. 

Differences between the two versions of the model will serve to demonstrate how 

prescribed scapular kinematics influence model results. The expected outcomes of this 

study include a clear understanding of 1) how well the scapular rhythm model can 

track natural ST motion during two different motions, 2) how scapular kinematic 

differences affect GH torque demands on the model, and 3) how scapular kinematic 

differences influence model-predicted muscle activations. 
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Hypothesis 2.1: There will be no significant differences in mean and 

maximum values of GH torques for any DOF between the two models during both 

motions. Additionally, for each of the 3 DOFs, the GH torques between models will be 

in functional agreement with each other (i.e. both models require torques of the same 

function about a DOF - see Glossary for full definition)  

Hypothesis 2.2: Waveform symmetry and correlation analyses will 

demonstrate a strong shape and trend agreement (Symmetry index and Pearson r>0.7) 

between GH torques of the two models for all three DOFs during both motions 

Hypothesis 2.3: For all kinetic parameters in Hypotheses 2.1 and 2.2, the 

differences between the two models will be greater during forward reach than shoulder 

abduction 

1.2.3 Aim 3 � Muscle Activations 

To compare muscle activation patterns predicted by a 3D musculoskeletal 

model that employs a scapular rhythm with recorded electromyography (EMG) during 

shoulder abduction and forward reach 

Hypothesis 3.1: The on/off timing of the muscle activations predicted by the 

model will be in agreement with the recorded EMG for at least 50% of the trial 

duration for both motions trials 

Hypothesis 3.2: Waveform symmetry and correlation analyses will 

demonstrate moderate or greater shape and trend agreement (Symmetry index and 

Pearson r>0.4) between model-predicted muscle activations and EMG during both 

motions 
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Hypothesis 3.3: For all muscle activation parameters in Hypotheses 3.1 and 

3.2, the differences between the two models will be greater during forward reach than 

shoulder abduction 

1.3 Innovation 

This study will assess the validity of applying a musculoskeletal model that 

employs a prescribed scapular rhythm to upper extremity motions with natural, 

unconstrained scapular motion. The knowledge gained from this work will describe 

the magnitude and characteristics of ST kinematic errors during motions with that 

generally follow a scapular rhythm, such as shoulder abduction, and those that do not, 

such as forward reach. Moreover, this study will provide an understanding of the 

degree to which kinematic errors impact the accuracy of model-predicted muscle 

activation patterns which will aid researchers in contextualizing model results and in 

choosing which future applications are suitable for investigation with a model utilizing 

a scapular rhythm. 
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Chapter 2 

METHODS 

2.1 Subjects 

Five healthy adult subjects were recruited for this study. All subjects were 

between the ages of 18 and 65 and had no history of shoulder injury in the investigated 

limb. Prior to data collection, informed consent was obtained from all subjects. This 

study has been approved by the University of Delaware Institutional Review Board 

(Appendix B). 

2.2 Data Collection 

Motion capture and EMG was simultaneously recorded. Fourteen fine-wire 

electrodes were inserted into 12 muscles of the shoulder and upper extremity by a 

trained physician (Table 1). All fine-wire electrodes were placed under aseptic 

conditions with a sterilized hypodermic needle into muscle locations specified by Leis 

and Schenk et al.19. The fine-wire electrodes were bipolar, nylon-coated, stainless steel 

wires with 2mm of exposed sensors approximately 0.3-0.5mm apart. A muscle 

stimulation unit and visual signal inspection were used to confirm accurate placement 

of intramuscular leads. Fine-wire EMG data was recorded at 1920Hz with a 

Konigsberg system (Konigsberg Instruments Inc., Monrovia, CA). An additional six 

surface electrodes were placed on five superficial muscles (Table 1). Leads were 

positioned over the center of each muscle belly after shaving and cleaning the skin 

with isopropyl alcohol; a ground lead was affixed over the sternum. The surface 
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electrodes used were 99.9% pure silver, 5x1mm bars with 10mm between leads. 

Surface EMG data was recorded simultaneously at 1920Hz with a wireless Delsys 

Trigno system (Delsys Inc., Natick, MA). 

Table 1 � Muscles recorded with fine-wire and surface EMG. 

 

Dynamic maximal voluntary contractions (dMVC) were collected for each 

lead20,21
� ��� ���	 
��
� ��� �
�� ������ ���
� ��
� 
�� ������
�� 
�� �� 
 ���
�
�

position. Investigators instructed the subjects to move their arm to perform the motion 

associated with the muscle of interest. Prior to recording each dMVC trial, the subjects 

were allowed to practice the dMVC motion to ensure that the desired muscle 

activation was being achieved and to allow for visual inspection and modification of 

the signals to confirm appropriate amplification without clipping. The investigator 


������ �
��
� �����

��� 
� 
�� ������
�� 
�� 
� �����
 �
���
� �����
 
��������
 
��

entire motion. Manual resistance was preferred for this study as it allowed the 

investigator to adjust the level of resistance so that a full ROM could be completed. 

For each recorded dMVC trial, the subject was ���
���
�� 
� �������� 
�� ��
��� 
�

������ 
�� ��������� 
� ��������!. Following placement of all EMG leads and dMVC 

testing, 6mm retroreflective markers were positioned over the anatomical landmarks 

Fine-wire EMG Muscles Surface EMG Muscles 
Upper Trapezius Supraspinatus Anterior Deltoid 
Middle Trapezius Infraspinatus Posterior Deltoid 
Lower Trapezius Teres Minor Pectoralis Major 
Rhomboid Major Subscapularis Latissimus Dorsi 
Rhomboid Minor Teres Major Biceps Brachii 
Levator Scapulae Pectoralis Minor Triceps Brachii 
Serratus Anterior Coracobrachialis  
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listed in Table 2. An acromion marker cluster (AMC)7 was affixed to the acromion 

process of the scapula with the central marker of the triad positioned directly over the 

landmark. The AMC was used to estimate scapular kinematics during both motion 

trials7. Figure 1 displays the experimental setup. 

Table 2 � Marker locations for motions capture. 

T1 Spinous Process Medial Epicondyle of Humerus 
T8 Spinous Process Lateral Epicondyle of Humerus 
Manubrium Radial Styloid Process 
Acromion Process Ulnar Styloid Process 
Trigonum Spinae Dorsum of 3rd Metacarpal Head 
Inferior Angle of Scapula  

 

 

Figure 1 � Experimental setup with EMG electrodes and motion capture. 
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A 12 camera motion capture system (Motion Analysis Corp., Santa Rosa, CA) 

collecting at 60Hz recorded the 3D marker positions during a static calibration trial 

and both motion trials � shoulder abduction and forward reach. For the static trials, 

subjects placed their arms in a neutral position while a trained physician palpated the 

trigonum spinae and inferior angle of the scapula and placed two additional 6mm, 2D 

retroreflective markers on these landmarks; these markers were removed for dynamic 

trials. For shoulder abduction trials, the subjects began in a neutral position, moved to 

maximum abduction in the frontal plane, then returned to neutral along the same path. 

For forward reach trials, subjects started in a neutral position, moved to maximum 

forward reach while staying mainly in the sagittal plane, then returned to neutral along 

the same path. A metronome was used to pace the speed of each motion to minimize 

the effect of muscle contraction acceleration changes on EMG signals. 

2.3 Data Processing 

All EMG signals had the direct current bias removed and were band-pass 

filtered from 10-760Hz using a zero phase-shift, 4th order Butterworth filter; an 

additional 60Hz band-stop filter was applied to mitigate electrical noise. Additionally, 

signals were full-wave rectified and enveloped by a low-pass, zero phase-shift, 4th 

order Butterworth filter with a 4Hz cutoff frequency. The peak value of the signal 

������ ���� 	
����
� ���� ����� ��� 
��� ��� ���	��������� �� ��� ���������� �������

during the abduction and forward reach motion trials. Finally, all dynamic EMG 

signals were re-sampled to 1,000 data points spanning the duration of each motion 

trial for final analysis. EMG processing was performed using custom software in 

LabVIEW 12 (National Instruments, Austin, TX). 
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In the static calibration trial, the relationship between the location of the 

trigonum spinae and inferior angle markers relative to the orientation of the AMC was 

ascertained. The trigonum spinae and inferior angle marker positions were virtually 

recreated using Cortex 2.5 (Motion Analysis Corp., Santa Rosa, CA) based on the 

orientation of the AMC throughout both motion trials. 

All simulations in this study were performed on the MoBL ARMS dynamic 

musculoskeletal model of the upper extremity13 (Figure 2) using the OpenSim 3.1 

software package1. The MoBL ARMS model contained a thorax, clavicle, scapula, 

humerus, radius, ulna, as well as bones of the wrist and hand. All segments lengths 

were based on a 50th percentile male22,23. The joints of the model permitted six DOF of 

the thorax, two rotational DOF at the sternoclavicular joint, three rotational DOF at the 

acromioclavicular joint, three rotational DOF at the GH joint, one rotational DOF at 

the elbow, forearm pronation/supination, as well as wrist flexion/extension and 

deviation. The three DOF of GH motion was represented using the following 

convention: 1) plane of elevation, 2) elevation, and 3) internal/external rotation. 

Despite possessing two rotational DOFs at the sternoclavicular joint and three 

rotational DOFs at the acromioclavicular joint, motion of the shoulder girdle was 

completely determined by a set of regression equations known as a scapular rhythm8. 

This scapular rhythm constrained the scapula and clavicle to move in a prescribed 

pattern based on one independent DOF � GH elevation. 
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tendon actuators which represented 32 muscles of the upper extremity24. Each actuator 

was scaled by optimal fiber length, peak isometric force, pennation angle, and tendon 

slack length25. All values for optimal fiber length and pennation angle were derived 

from anatomical studies as outlined in Holzbaur et al. (2005)9. Tendon slack lengths 

were calculated to align with operating fiber lengths for muscle fibers26 or were based 

on active and passive moment measurements from human subjects9. Peak isometric 

force for each muscle-tendon actuator were based on muscle volume and isometric 

strength data from healthy adults27,28. All the paths of each muscle-tendon actuator in 

the model produced muscle moment arms that were similar to published cadaveric 

data29�36. 

Model segments were scaled based on the marker positions when each subject 

was in a resting neutral position. Model segments were also scaled based on subject 

mass. The Inverse Kinematics tool within OpenSim was used to calculate model joint 

kinematics from the motion capture marker data. All shoulder abduction inverse 

kinematics trials began with the arm as close to the neutral starting position without 

������� 	
� �
����� �

����� �
��	 �� � ������ �
�� �
�������	�
�� ��� �

�����

abduction inverse kinematics trials ended at maximum HT abduction. All forward 

reach inverse kinematics trials began with the arm as close to the neutral starting 

�
��	�
� ��	

�	 ������� 	
� �
����� �

����� �
��	 �� � ������ �
�� �
�������	�
� and 

ended at maximum forward reach position. For both motions, the FS model used the 

acromion process, trigonum spinae, and inferior angle markers to calculate ST joint 

������� �
����� 	
� �� �
��� ��	 	
� �
����� �������� �
�	
� �
������ �
��	����	�

determine ST joint angles based on humeral elevation. In order to determine 

anatomical joint orientations (���� �
	 �
��� �
��	 
����	�	�
���� ���������  
��
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Kinematics Analysis tool was ran on the inverse kinematics results. This analysis 

output XYZ Euler angles which described the 3D orientation of each body segment 

relative to the ground coordinate system. These XYZ Euler angles were used to 

construct rotation matrices for the thorax, scapula and humerus segments which were 

then used to calculate the anatomical HT, GH, and ST joint angles. 

Using the inverse kinematics results, the Inverse Dynamics tool within 

OpenSim1 was used to compute the requisite GH joint torques during both motions. 

For more intuitive interpretation, the GH torques were transformed and expressed as 

����� �� �	
����
���

����
� �
���� ���
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anterior/posterior axis, GH flexion/extension torques reported about the orientation of 

��� ��
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 �� ����������������� �
����
� �
����� ���
���


about the long axis of the humerus. 

Finally, the Computed Muscle Control (CMC) algorithm37 within OpenSim1 

was used to estimate muscle activation patterns during the inverse kinematics results 

for both motions. Minimization of the sum of the squared muscle activations was used 

as a CMC cost function. For this analysis, a third version of the MoBL ARMS model 

was used. This model version was packaged with the official MoBL ARMS tutorial 

had undergone several simplifications to make it suitable for CMC. These 

simplifications included: reduced degrees of freedom at the thorax, locked degrees of 

freedom for pronation/supination, wrist flexion/extension, and wrist deviation. Due to 

complications scaling wrap objects and muscle paths, the model was not able to be 

scaled t
 ���� ��	������ ��
���
��� ������� ����� ���� 
������ �

�� ���� ��� ���
 �
�

��� ��	������ �
������ ��� �
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 �
 ���� ��	������ �����  

���
����!� 
��

to the lack of ST musculature, the ST joint was constrained to move according to the 
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same scapular rhythm in the SR model. Lastly, the musculature distal to the elbow, 

which is not of interest for this study, was removed in order to allow for faster 

simulation times. The model-estimated muscle activation results from CMC were 

band-pass filtered from 10-760Hz using a zero phase-shift, 4th order Butterworth filter 

and then enveloped with a 4th order Butterworth filter with a cutoff of 4Hz.The muscle 

activations were then re-sampled to 1,000 data points spanning the duration of both 

motion trials for analysis. 

2.4 Data Analyses 

Aim 1: Model-estimated ST and GH kinematics were compared to directly 

measured kinematics to evaluate how well each model replicated natural scapular and 

humeral motion. To evaluate the magnitude of the differences in ST kinematics 

between models, ST angle differences >10� were considered clinically meaningful. 

This criterion is based on the opinions of several physicians with expertise in the 

shoulder and upper extremity. Both the maximum and mean ST angle difference 

between the SR and FS models were assessed for each motion trial. Additionally, the 

percentage of the trial with >10� ST angle difference was calculated and evaluated. 

For the 3 individual ST DOFs, the magnitude of the difference between models was 

investigated. For ea�� ���� �	

���
��� ���� �
 �� ������� �� ������	�
 �
 ����

DOF during each trial were considered significant.  

Waveform symmetry analysis38 an� ������
�� ��������	�
 �
����	� assessed the 

trend and shape of ST kinematics between the SR and FS models. Both of these 

analyses were used to compare the ST angle components resolved about the X, Y, and 

Z axes where X=upward/downward rotation, Y=internal/external rotation, 

Z=anterior/posterior tilt.  



 17 

Waveform symmetry analysis is a technique that utilizes eigenvectors to 

compare the two waveforms. This analysis accounts for four measures of symmetry 

and normalcy: trend phase, trend symmetry/normalcy, range amplitude ratio, and 

range offset. Waveform symmetry ratio was the value used to assess similarities and 

differences between two curves. Waveform symmetry ratio can range from -1 to 1, 

with a value of 1 indicating identical curves, a value of 0 signifying no trend 

similarities between curves, and a value of -1 representing a completely opposite trend 

between curves.  

��������� �-values between the SR and FS curves for each ST DOF were 

calculated and interpreted according to the recommendations of Dancey and Reidy39. 

By this categorization, an r-value of between 0.9 to 1 represents a very strong 

correlation, between 0.7 to 0.89 is a strong correlation, between 0.4 to 0.69 signifies 

moderate correlation, and <0.39 are considered weak correlations. Finally, all of the 

results for the parameters described above were compared between the two motions. 

All kinematic analyses were within-subject; however inter-subject variability was 

investigated. Both individual and group kinematic parameters were investigated. 

Aim 2: Model-estimated torques were compared to directly calculated GH 

torques to evaluate how well each model replicated the mechanics that occurred in 

vivo. The magnitudes of the difference in requisite GH torques between models were 

evaluated qualitatively, due to lack of consensus for a clinically meaningful value. 

Mean and maximum differences were compared between the SR and FS models for 

GH torques about each of the three axes; GH torque differences were expressed as a 

percentage of the maximum value of the FS model within each trial. In addition to 

investigating mean and maximum GH torque differences between models, function 
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was also considered. If both the SR and FS models required a torque of the same 

function (e.g. GH abduction torque needed for both models) for a given GH DOF they 

were considered to be in agreement. However, if the function of the GH torques 

between models were not the same (e.g. SR model requires GH abduction torque 

while FS model requires GH adduction torque), they were considered to be in 

disagreement. Similar to Aim �� ������	
 ��

�
	� 	�
�� ��� ���	����� 	-values 

were used to quantify the trend and shape of GH torque patterns about each axis 

between the SR and FS models. Lastly, all of the results for the parameters described 

above were compared between the two motions. All kinetic analyses were within-

subject; however inter-subject variability was investigated. Both individual and group 

kinetic parameters were investigated. 

Aim 3: Model-predicted muscle on/off activation timings were compared with 

EMG for each of the 12 muscles common to both the model and the EMG. Timing 

agreement between the model and EMG was defined as the duration of each motion 

trial when model-predicted activations and EMG were either both on or both off (see 

Glossary). Complete agreement throughout the trial yields a value of 100% whereas 

no agreement yields a value of 0%. This methodology has been used effectively in 

previous modeling research40. For the comparison of on/off activation timing muscles 

were classified and grouped based on their functional role during each motion. 

Muscles responsible for the causing the motion were prime movers, non-prime mover 

muscles which were on for >20% of the trial were classified as stabilizers, and 

muscles which were on for <20% of the trial were deemed inactive. Waveform 

��

�
	� 	�
�� ��� ���	����� 	-value were used to quantify the trend and shape of 

individual muscle activations between the model-predicted activations and EMG 



 19 

normalized to dMVC. Muscles exhibiting minimal EMG activity (active less than 20% 

of the movement) did not undergo waveform symmetry and correlation analyses. 

Lastly activation timing agreement and trend analysis results were compared between 

motions. All muscle activation analyses were within-subject; however inter-subject 

variability was investigated. Both individual and group muscle activation parameters 

were investigated. 
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Chapter 3 

RESULTS 

3.1 Model Scaling 

Model scaling errors were slightly larger than the OpenSim Recommended 

Best Practices for scaling41 (maximum marker error<2cm; RMSE<1cm) for some 

��������� 	
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 ��� ������� ���
�� �
� ��� �� 	
���� ���� 	��������� ������� ����

those of the FS models for all subjects. On average the SR models had 0.49cm larger 

scaling RMSEs and 0.67cm larger maximum marker error than the respective FS 

model. The markers with the largest errors were almost exclusively located on the 

hand and wrist for all subjects. 

3.2 Aim 1: Scapulothoracic Kinematics 

3.2.1 Abduction 

Inverse Kinematic Errors: Inverse kinematic errors for both the SR and FS 

models were nearly within the OpenSim Recommended Best Practices41 

(RMSE<2cm; maximum marker error within 2-4cm) for all subjects. It should be 

noted that the OpenSim Recommended Best Practices were developed based on lower 

extremity data, thus it is unknown how well results from the upper extremity should 

adhere to these guidelines. On average the SR models had 0.83cm larger Inverse 

Kinematics RMSEs and 0.79cm larger maximum marker error than the respective FS 
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model. The markers with the largest errors were almost exclusively located on the 

hand and wrist for all subjects. 

Comparison with Direct Measures: A comparison between model-estimated 

and directly measured ST angles revealed no clinically meaningful differences 

between the FS model and direct measures during shoulder abduction. Additionally, 

the FS model followed the shape trends of natural ST kinematics. The SR model 

possessed significant differences from the direct measures, especially at upper levels 

of humeral elevation. The linear prediction of the SR model for ST kinematics did not 

capture the nuances of natural ST kinematics. The FS and SR models of all subjects 

displayed similar behavior when compared to directly measured ST angles. Data from 

a representative subject is shown in Figures 3, 4, and 5.  

 

Figure 3 � Comparison of model-estimated scapulothoracic upward rotation with 
directly measured kinematics during shoulder abduction for a 
������������	� �
���
�� ��� �
���
��� ������ ��������� ������� ���������
with direct measures. 
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Figure 4 � Comparison of model-estimated scapulothoracic internal rotation with 
directly measured kinematics during shoulder abduction for a 
������������	� �
���
�� ��� �
���
��� ������ ��������� ������� ���������
with direct measures. 

 

Figure 5 � Comparison of model-estimated scapulothoracic posterior tilt with directly 
measured kinematics during shoulder abduction for a representative 
�
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Model-estimated GH kinematics were also compared with direct measures and 

revealed similar results as the ST kinematics comparison, however the differences 

between both models and the direct measures were more pronounced on the GH 

internal rotation and flexion DOFs. The more substantial differences on GH internal 

rotation and flexion DOFs may affect the ability of the models to accurately estimate 

GH joint torques. The FS and SR models of all subjects displayed similar behavior 

when compared to directly measured ST angles. Data from a representative subject is 

shown in Figures 6, 7, and 8.  

 

Figure 6 � Comparison of model-estimated glenohumeral abduction with directly 
measured kinematics during shoulder abduction for a representative 
�������� 	
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Figure 7 � Comparison of model-estimated glenohumeral internal rotation with 
directly measured kinematics during shoulder abduction for a 
������������	� �
���
�� ��� �
���
��� ������ ��������� ������� ���������
with direct measures. 

 

Figure 8 � Comparison of model-estimated glenohumeral flexion with directly 
measured kinematics during shoulder abduction for a representative 
�
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measures. 
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ST Angle Difference: Clinically meaningful differences (>10�) in 3D ST 

resultant angle between the SR and FS models were observed for all five subjects 

during shoulder abduction (Figure 9). The differences in 3D ST resultant angle 

generally increased with greater levels of HT abduction for all subjects. The maximum 

differences in 3D ST resultant angle ranged from 11.11� to 34.69� between subjects, 

while mean differences fell between 8.80� and 18.48�. The percentage of the 

abduction trial with differences above 10� varied from 46% to 100% between subjects. 

Averaged across all subjects, the maximum and mean differences in 3D ST resultant 

angles were 24.61� and 14.25�, respectively. Across all subjects, the average 

percentage of the abduction trial with differences >10� was 74.80%. A full summary 

of 3D ST resultant angle differences can be found in Table 3. 

 

Figure 9 � Differences in 3D resultant scapulothoracic angle between the scapular 
rhythm (SR) and free scapula (FS) models during shoulder abduction. 
Differences >10� are clinically meaningful. 
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Table 3 � Mean and maximum 3D resultant scapulothoracic angle differences between 
the scapular rhythm (SR) and free scapula (FS) models and percentage of 
the trial with differences >10� for all subjects during shoulder abduction. 

Parameter 
Subject 

1 
Subject 

2 
Subject 

3 
Subject 

4 
Subject 

5 
Group 
Avg. 

Max Diff. (�) 19.10 34.69 29.56 28.61 11.11 24.61 
Mean Diff. (°) 9.29 18.10 16.56 18.48 8.80 14.25 
% of Trial >10° 46.00 95.00 85.00 100.00 48.00 74.80 

 

ST Upward Rotation: The maximum ST upward rotation difference between 

the FS and SR models ranged from 8.43� to 19.35� between subjects. To aid in 

interpretation of the results, kinematic differences were also expressed as a percentage 

�� ��� �� 	�
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 �� �����
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��� ���������� ��� ������ ���
 ���� ��

referred to as reference ROM. The maximum differences in ST upward rotation were 

between 32.55% and 120.77%. The mean differences in ST upward rotation between 

models for all subjects ranged from 3.53� to 12.30� or 17.53% and 65.18% of each 


�������
 reference ROM. For maximum ST upward rotation difference, 3 of 5 

subjects had differences that were greater than 50% of their reference ROM. For mean 

ST upward rotation difference, 1 of 5 subjects had a difference that was greater than 

50% of their reference ROM. Averaged across all subjects, the maximum and mean 

differences in ST upward rotation were 14.62� (77.94% ROM) and 6.34� (32.95% 

ROM), respectively. A full summary of ST upward rotation differences between 

models is presented in Table 4. 
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Table 4 � Mean and maximum scapulothoracic upward rotation angle differences 
between the scapular rhythm (SR) and free scapula (FS) models for all 
subjects during shoulder abduction. 

Parameter 
Subject 

1 
Subject 

2 
Subject 

3 
Subject 

4 
Subject 

5 
Group 
Avg. 

Reference ROM (�) 14.78 20.13 18.87 25.90 21.16 20.17 
Max Diff. (°) 17.85 19.35 18.25 8.43 9.21 14.62 
Max Diff. (% of ROM) 120.77 96.13 96.71 32.55 43.53 77.94 
Mean Diff. (°) 6.06 3.53 12.30 6.08 3.71 6.34 
Mean Diff. (% of ROM) 41.00 17.54 65.18 23.47 17.53 32.95 

 

Comparison of the ST upward rotation trends between the FS and SR models 

during abduction indicated strong to very strong trend similarities (Table 5). A full 

summary of the trend analysis for all three ST DOFs during abduction is presented in 

Table 5. Data for the subjects with the strongest and weakest trends for ST upward 

rotation are displayed in Figure 10. 

Table 5 � Kinematic trend analysis for scapulothoracic upward rotation, internal 
rotation, and anterior tilt during shoulder abduction. 

ST Upward Rotation ST Internal Rotation ST Anterior Tilt 

 
Symmetry 

Ratio 
Pearson's 

R 
Symmetry 

Ratio 
Pearson's 

R 
Symmetry 

Ratio 
Pearson's 

R 
Subject 1 0.964 0.936 -0.315 0.076 0.969 0.996 
Subject 2 0.942 0.873 0.618 0.452 0.983 0.715 
Subject 3 0.958 0.989 -0.933 -0.954 0.972 0.969 
Subject 4 0.930 0.984 -0.865 -0.848 0.963 0.989 
Subject 5 0.972 0.993 0.827 0.778 0.955 0.980 

Negative Weak Moderate Strong Very Strong 
<0 0 - 0.39 0.4 � 0.69 0.7 � 0.89 0.9 - 1 
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Figure 10 � Subjects with the strongest (r = 0.993) and weakest (r = 0.873) 
correlations for scapulothoracic upward rotation between their scapular 
rhythm (SR) and free scapula (FS) models during shoulder abduction. 

ST Internal Rotation: The maximum ST internal rotation difference between 

the FS and SR models ranged from 9.64� to 27.02� between subjects. To aid in 

interpretation of the results, kinematic differences were also expressed a percentage of 

��� �� ��	�
�� �
 �������
 �������� ��������� ���������� ��� ����
� ���� ��

 �� �������	

to as reference ROM. The maximum differences in ST internal rotation were between 

66.94% and 352.28%. The mean differences in ST internal rotation between models 

for all subjects were between 6.12� and 17.15� or 48.26% and 223.60% of each 

��������� reference ROM. For maximum ST internal rotation difference, all subjects 

had differences that were greater than 50% of their reference ROM. For mean ST 

internal rotation difference, 4 of 5 subjects had a difference that was greater than 50% 

of their reference ROM. Averaged across all subjects, the maximum and mean 

differences in ST internal rotation were 16.82� (189.81% ROM) and 10.93� (122.06% 
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ROM), respectively. A full summary of ST internal rotation differences between 

models is presented in Table 6. 

Table 6 � Mean and maximum scapulothoracic internal rotation angle differences 
between the scapular rhythm (SR) and free scapula (FS) models for all 
subjects during shoulder abduction. 

Parameter 
Subject 

1 
Subject 

2 
Subject 

3 
Subject 

4 
Subject 

5 
Group 
Avg. 

Reference ROM (°) 8.48 9.45 8.79 7.67 14.40 9.76 
Max Diff. (°) 9.83 17.86 19.77 27.02 9.64 16.82 
Max Diff. (% of ROM) 115.92 188.99 224.91 352.28 66.94 189.81 
Mean Diff. (°) 6.12 14.99 9.46 17.15 6.95 10.93 
Mean Diff. (% of ROM) 72.17 158.62 107.62 223.60 48.26 122.06 

 

Comparison of the ST internal rotation trends between the FS and SR models 

during abduction indicated a range of correlation strengths (Table 5). Three subjects 

demonstrated weak or negative correlations values for both symmetry ratio and 

��������� �-value for ST internal rotation. The remaining two subject possessed 

	�
����� ��
 ������ �
		���
 ������ ��
 ��������� ������������� ���� ��� ��� ��bjects 

with the strongest and weakest trends for ST internal rotation are displayed in Figure 

11. 
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Figure 11 � Subjects with the strongest (r = 0.778) and weakest (r = -0.954) 
correlations for scapulothoracic internal rotation between their scapular 
rhythm (SR) and free scapula (FS) models during shoulder abduction. 

ST Anterior Tilt: The maximum ST anterior tilt difference between the FS and 

SR models ranged from 3.24� to 24.45� between subjects. To aid in interpretation of 

the results, kinematic differences were ���� ���	����
 � ��	���
��� �� 
�� �� ��
����

ST anterior tilt excursion throughout the trial; this will be referred to as reference 

ROM. The maximum differences in ST anterior tilt were 14.56% to 467.50%. The 

mean differences in ST anterior tilt between models for all subjects were between 

2.19� and 7.52� or 8.13% ��
 ������� �� ���� ������
�� 	���	���� � !. For 

maximum ST anterior tilt difference, 3 of 5 subjects had differences that were greater 

than 50% of their reference ROM. For mean ST anterior tilt difference, 1 of 5 subjects 

had a difference that was greater than 50% of their reference ROM. Averaged across 

all subjects, the maximum and mean differences in ST anterior tilt were 10.89� 

(138.14% ROM) and 3.82� (45.29% ROM), respectively. A full summary of ST 

anterior tilt differences between models is presented in Table 7. 
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Table 7 � Mean and maximum scapulothoracic anterior tilt angle differences between 
the scapular rhythm (SR) and free scapula (FS) models for all subjects 
during shoulder abduction. 

Parameter 
Subject 

1 
Subject 

2 
Subject 

3 
Subject 

4 
Subject 

5 
Group 
Avg. 

Reference ROM (°) 22.25 5.23 11.72 11.51 23.12 14.77 
Max Diff. (°) 3.24 24.45 12.97 8.78 5.01 10.89 
Max Diff. (% of ROM) 14.56 467.50 110.67 76.28 21.67 138.14 
Mean Diff. (°) 2.19 7.52 4.74 2.79 1.88 3.82 
Mean Diff. (% of ROM) 9.84 143.79 40.44 24.24 8.13 45.29 

 

Comparison of the ST anterior tilt trends between the FS and SR models 

during abduction indicated strong to very strong trend similarities (Table 5). Data for 

the subjects with the strongest and weakest trends for ST anterior tilt are displayed in 

Figure 12.

 

Figure 12 � Subjects with the strongest (r = 0.996) and weakest (r = 0.715) 
correlations for scapulothoracic anterior tilt between their scapular 
rhythm (SR) and free scapula (FS) models during shoulder abduction. 
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3.2.2 Forward Reach 

Inverse Kinematic Errors: Inverse kinematic errors for both the SR and FS 

models were nearly within the OpenSim Recommended Best Practices41 

(RMSE<2cm; maximum marker error within 2-4cm) for all subjects. On average the 

SR models had 0.34cm larger Inverse Kinematics RMSEs and 0.02cm larger 

maximum marker error than the respective FS model. The markers with the largest 

errors were almost exclusively located on the hand and wrist for all subjects. 

Comparison with Direct Measures: A comparison between model-estimated 

and directly measured ST angles revealed no clinically meaningful differences 

between the FS model and direct measures during forward reach. Additionally, the FS 

model followed the shape trends of natural ST kinematics. The SR model possessed 

significant differences from the direct measures, especially at upper levels of humeral 

elevation. The linear prediction of the SR model for ST kinematics did not capture the 

nuances of natural ST kinematics. The FS and SR models of all subjects displayed 

similar behavior when compared to directly measured ST angles. Data from a 

representative subject is shown in Figures 13, 14, and 15. 
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Figure 13 � Comparison of model-estimated scapulothoracic upward rotation with 
directly measured kinematics during forward reach for a representative 
subject. A�� ��������	 
����� �
������� �


��� �����
��� �
�� �
����

measures. 

 

Figure 14 � Comparison of model-estimated scapulothoracic internal rotation with 
directly measured kinematics during forward reach for a representative 
�������� ��� ��������	 
����� �
������� similar agreement with direct 
measures. 
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Figure 15 � Comparison of model-estimated scapulothoracic posterior tilt with directly 
measured kinematics during forward reach for a representative subject. 
Al� ��������	 
����� �
������� �


��� �����
��� �
�� �
���� measures. 

Model-estimated GH kinematics were also compared with direct measures. 

Both models effectively replicated the directly measured GH motion. The FS and SR 

models of all subjects displayed similar behavior when compared to directly measured 

ST angles. Data from a representative subject is shown in Figures 16, 17, and 18. 
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Figure 16 � Comparison of model-estimated glenohumeral abduction with directly 
measured kinematics during forward reach for a representative subject. 
��� ������	�
 ��
��� 
�������
 ������� ��������	 ��	� 
����	 ��������� 

 

Figure 17 � Comparison of model-estimated glenohumeral internal rotation with 
directly measured kinematics during forward reach for a representative 
������	� ��� ������	�
 ��
��� 
�������
 ������� ��������	 ��	� 
����	
measures. 
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Figure 18 � Comparison of model-estimated glenohumeral flexion with directly 
measured kinematics during forward reach for a representative subject. 
��� ������	�
 ��
��� 
�������
 ������� ��������	 ��	� 
����	 ��������� 

ST Angle Difference: Clinically meaningful differences (>10�) in 3D ST 

resultant angle between the SR and FS models were observed for all five subjects 

during forward reach (Figure 19). The differences in 3D ST resultant angle generally 

increased with greater levels of HT flexion for all subjects. The maximum differences 

in 3D ST resultant angle ranged from 15.98� to 28.02� between subjects, while mean 

differences fell between 12.02� and 17.42�. The percentage of the forward reach trial 

with >10� differences ranged from 45% to 100% between subjects. Averaged across 

all subjects, the maximum and mean differences in 3D ST resultant angles were 

23.37� and 13.72�, respectively. Across all subjects, the average percentage of the 

forward reach trial with differences >10� was 73.80%. A full summary of 3D ST 

resultant angle differences can be found in Table 8. 
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Figure 19 � Differences in 3D resultant scapulothoracic angle between the scapular 
rhythm (SR) and free scapula (FS) models during forward reach. 
Differences >10� are clinically meaningful. 

Table 8 � Mean and maximum 3D resultant scapulothoracic angle differences between 
the scapular rhythm (SR) and free scapula (FS) models and percentage of 
the trial with differences >10� for all subjects during forward reach. 

Parameter 
Subject 

1 
Subject 

2 
Subject 

3 
Subject 

4 
Subject 

5 
Group 
Avg. 

Max Diff. (�) 20.92 24.58 27.37 28.02 15.98 23.37 
Mean Diff. (°) 12.85 17.42 11.54 14.75 12.02 13.72 
% of Trial >10° 62.00 100.00 45.00 75.00 87.00 73.8 

 

ST Upward Rotation: The maximum ST upward rotation difference between 

the FS and SR models during forward reach ranged from 6.91� to 18.65� between 

subjects. To aid in interpretation of the results, kinematic differences were also 

��������� 	 ���
���	
� �� ��� �� ������� �� ���	�� ���	���� ��
������ �����
����

the trial; this will be referred to as reference ROM. The maximum differences in ST 

upward rotation were 24.06% to 138.56%. The mean differences in ST upward 

rotation between models for all subjects were between 4.10� and 6.74� or 13.61% and 
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������ �� �	
� �
���
��� reference ROM. For maximum ST upward rotation 

difference, 2 of 5 subjects had differences that were greater than 50% of their 

reference ROM. For mean ST upward rotation difference, 1 of 5 subjects had a 

difference that was greater than 50% of their reference ROM. Averaged across all 

subjects, the maximum and mean differences in ST upward rotation were 11.57� 

(63.66% ROM) and 5.76� (29.79% ROM), respectively. A full summary of ST 

upward rotation differences between models is presented in Table 9. 

Table 9 � Mean and maximum scapulothoracic upward rotation angle differences 
between the scapular rhythm (SR) and free scapula (FS) models for all 
subjects during forward reach. 

Parameter 
Subject 

1 
Subject 

2 
Subject 

3 
Subject 

4 
Subject 

5 
Group 
Avg. 

Reference ROM (�) 24.52 30.13 13.46 25.62 16.56 22.06 
Max Diff. (°) 11.47 7.25 18.65 6.91 13.57 11.57 
Max Diff. (% of ROM) 46.78 24.06 138.56 26.97 81.94 63.66 
Mean Diff. (°) 6.59 4.10 6.74 4.84 6.54 5.76 
Mean Diff. (% of ROM) 26.88 13.61 50.07 18.89 39.49 29.79 

 

Comparison of the ST upward rotation trends between the FS and SR models 

during forward reach indicated strong to very strong trend similarities for four of five 

subjects (Table 10). One subject exhibited negative correlations for both the symmetry 

�	��� 	�� ��	������ �-value. A full summary of the trend analysis for all three ST 

DOFs during abduction is presented in Table 10. Data for the subjects with the 

strongest and weakest trends for ST upward rotation are displayed in Figure 20. 
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Table 10 � Kinematic trend analysis for scapulothoracic upward rotation, internal 
rotation, and anterior tilt during forward reach. 

ST Upward Rotation ST Internal Rotation ST Anterior Tilt 

 
Symmetry 

Ratio 
Pearson's 

R 
Symmetry 

Ratio 
Pearson's 

R 
Symmetry 

Ratio 
Pearson's 

R 
Subject 1 0.907 0.826 0.859 0.884 0.982 0.795 
Subject 2 0.965 0.997 0.929 0.962 0.991 0.711 
Subject 3 -0.753 -0.612 0.944 0.974 -0.91 -0.731 
Subject 4 0.942 0.982 -0.968 -0.387 -0.955 -0.437 
Subject 5 0.967 0.977 0.916 0.902 0.893 0.885 

Negative Weak Moderate Strong Very Strong 
<0 0 - 0.39 0.4 � 0.69 0.7 � 0.89 0.9 - 1 

 

Figure 20 � Subjects with the strongest (r = 0.997) and weakest (r = -0.612) 
correlations for scapulothoracic upward rotation between their scapular 
rhythm (SR) and free scapula (FS) models during forward reach. 

ST Internal Rotation: The maximum ST internal rotation difference between 

the FS and SR models ranged from 4.70� to 14.93� between subjects. To aid in 

interpretation of the results, kinematic differences were also expressed a percentage of 
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to as reference ROM. The maximum differences in ST internal rotation were 50.98% 

to 698.06%. The mean differences in ST internal rotation between models for all 

subjects were between 2.30� and 13.73� �� �����	 
�� �
����	 �� �
�� ���������

reference ROM. For maximum ST internal rotation difference, all subjects had 

differences greater than 50% of their reference ROM. For mean ST internal rotation 

difference, 3 of 5 subjects had a difference greater than 50% of their reference ROM. 

Averaged across all subjects, the maximum and mean differences in ST internal 

rotation were 10.20� (206.97% ROM) and 7.51� (143.89% ROM), respectively. A full 

summary of ST internal rotation differences between models is presented in Table 11. 

Table  11 � Mean and maximum scapulothoracic internal rotation angle differences 
between the scapular rhythm (SR) and free scapula (FS) models for all 
subjects during forward reach. 

Parameter 
Subject 

1 
Subject 

2 
Subject 

3 
Subject 

4 
Subject 

5 
Group 
Avg. 

Reference ROM (°) 9.22 11.14 10.56 2.06 11.88 8.97 
Max Diff. (°) 4.70 14.93 8.16 14.38 8.85 10.20 
Max Diff. (% of ROM) 50.98 134.02 77.27 698.06 74.49 206.97 
Mean Diff. (°) 2.30 13.73 6.49 9.55 5.49 7.51 
Mean Diff. (% of ROM) 24.95 123.25 61.46 463.59 46.21 143.89 

 

Comparison of the ST internal rotation trends between the FS and SR models 

during forward reach indicated strong to very strong trend similarities for four of five 

subjects (Table 10). One subject exhibited negative correlations for both the symmetry 

�
��� 
�� ��
������ �-value. Data for the subjects with the strongest and weakest trends 

for ST internal rotation are displayed in Figure 21. 
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Figure 21 � Subjects with the strongest (r = 0.974) and weakest (r = -0.387) 
correlations for scapulothoracic internal rotation between their scapular 
rhythm (SR) and free scapula (FS) models during forward reach. 

ST Anterior Tilt: The maximum ST anterior tilt difference between the FS and 

SR models ranged from 12.25� to 24.12� between subjects. To aid in interpretation of 

��� �������	 
���
���� ����������� ���� ���� ��������� � ���������� �� ��� �� 
������

ST anterior tilt excursion throughout the trial; this will be referred to as reference 

ROM. The maximum differences in ST anterior tilt were 72.19% to 526.60%. The 

mean differences in ST anterior tilt between models for all subjects were between 

5.36� and 10.30� o� ������ ��� � !�"�� �� ���� ��#$����� reference ROM. For 

maximum ST anterior tilt difference, all subjects had differences that were greater than 

50% of their reference ROM. For mean ST anterior tilt difference, 4 of 5 subjects had 

a difference that was greater than 50% of their reference ROM. Averaged across all 

subjects, the maximum and mean differences in ST anterior tilt were 19.52� (362.14% 

ROM) and 8.06� (149.92% ROM), respectively. A full summary of ST anterior tilt 

differences between models is presented in Table 12. 
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Table 12 � Mean and maximum scapulothoracic anterior tilt angle differences between 
the scapular rhythm (SR) and free scapula (FS) models for all subjects 
during forward reach. 

Parameter 
Subject 

1 
Subject 

2 
Subject 

3 
Subject 

4 
Subject 

5 
Group 
Avg. 

Reference ROM (°) 3.76 4.60 6.88 5.33 16.97 7.51 
Max Diff. (°) 19.80 21.86 19.55 24.12 12.25 19.52 
Max Diff. (% of ROM) 526.60 475.22 284.16 452.53 72.19 362.14 
Mean Diff. (°) 10.30 8.46 5.36 9.20 7.00 8.06 
Mean Diff. (% of ROM) 273.94 183.91 77.91 172.61 41.25 149.92 

 

Comparison of the ST anterior tilt trends between the FS and SR models 

during forward reach revealed a range of trend similarities (Table 10). Three of five 

subjects demonstrated strong to very strong trends; however, the remaining two 

subjects displayed negative correlations. Data for the subjects with the strongest and 

weakest trends for ST anterior tilt are displayed in Figure 22. 

 

Figure 22 � Subjects with the strongest (r = 0.885) and weakest (r = -0.731) 
correlations for scapulothoracic anterior tilt between their scapular 
rhythm (SR) and free scapula (FS) models during forward reach. 
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3.3 Aim 2: Glenohumeral Kinetics 

3.3.1 Abduction 

Comparison with Direct Measures: A comparison between model-estimated 

and directly calculated GH torques revealed that both the FS and SR models did not 

accurately recreate the mechanics occurring in vivo during shoulder abduction. Both 

the magnitude and the pattern of the model torques displayed appreciable 

disagreement. All subjects model-estimated GH torques were in similarly poor 

agreement with direct measures, consequently data from only one representative 

subject is shown in Figures 23, 24, and 25. 

 

Figure 23 � Comparison of model-estimated glenohumeral abduction torques with 
directly measured torques during shoulder abduction for a representative 
subject. All subjects displayed different, but comparatively poor 
agreement. 
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Figure 24 � Comparison of model-estimated glenohumeral internal rotation torques 
with directly measured torques during shoulder abduction for a 
representative subject. All subjects displayed different, but comparatively 
poor agreement. 

 

Figure 25 � Comparison of model-estimated glenohumeral flexion torques with 
directly measured torques during shoulder abduction for a representative 
subject. All subjects displayed different, but comparatively poor 
agreement. 
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GH Abduction Torques: The FS and SR models were in functional agreement 

(see Glossary) for all subjects throughout each of their respective abduction trials. The 

mean GH abduction torque difference between the models fell between 6.14% and 

12.09% of the maximum FS torque within the trial for each subject. The maximum 

GH abduction torque difference between models ranged from 13.53% to 28.55% of 

the maximum FS torque within the trial for each subject. The raw magnitudes of the 

GH abduction torques were small (<3.0 Nm, ��� �������� 	�� 
�	���
��� �	 ��������

and similar between the FS and SR models. The difference in maximum torque 

between the FS and SR models for all five subjects ranged from 0.15 to 1.31 Nm. A 

comparison of GH abduction torques between the FS and SR models during abduction 

are displayed for a representative subject in Figure 26. Trend analysis revealed strong 

to very strong correlations between the GH abduction torques of the FS and SR 

models during abduction (Table 13). 

 

Figure 26 � Requisite glenohumeral abduction torques for the scapular rhythm (SR) 
and free scapula (FS) models during shoulder abduction. Data for one 
representative subject displayed and expressed as a percentage of the 
maximum FS torques within the trial. 
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Table 13 � Kinetic trend analysis for requisite glenohumeral abduction, internal 
rotation, and flexion torques during abduction. 

GH Abduction GH Internal Rotation GH Flexion 

 
Symmetry 

Ratio 
Pearson's 

R 
Symmetry 

Ratio 
Pearson's 

R 
Symmetry 

Ratio 
Pearson's 

R 
Subject 1 0.892 0.864 0.976 0.992 0.895 0.770 
Subject 2 0.966 0.944 0.943 0.900 0.641 0.523 
Subject 3 0.884 0.922 0.939 0.886 -0.522 -0.058 
Subject 4 0.718 0.719 0.980 0.950 0.510 0.212 
Subject 5 0.974 0.951 0.968 0.992 -0.286 0.056 

Negative Weak Moderate Strong Very Strong 
<0 0 - 0.39 0.4 � 0.69 0.7 � 0.89 0.9 - 1 

 

GH Internal Rotation Torque: The FS and SR models were in functional 

agreement for all subjects throughout each of their respective abduction trials. The 

mean GH internal rotation torque difference between the FS and SR models fell 

between 1.74% and 12.03% of the maximum FS torque within the trial for each 

subject. The maximum GH internal rotation torque difference between models ranged 

from 7.77% to 27.41% of the maximum FS torque within the trial for each subject. 

The raw magnitudes of the GH internal rotation torques were very small (<3.0 Nm, 

��� �������� 	�� 
�	���
��� �	 �������� and similar between the FS and SR models. The 

difference in maximum torque between the FS and SR models for all five subjects 

ranged from 0.009 to 0.119 Nm. A comparison of GH internal rotation torques 

between the FS and SR models during abduction are displayed for a representative 

subject in Figure 27. Trend analysis revealed strong to very strong correlations 

between the GH internal rotation torques of the FS and SR models during abduction 

(Table 13). 
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Figure 27 � Requisite glenohumeral internal rotation torques for the scapular rhythm 
(SR) and free scapula (FS) models during shoulder abduction. Data for 
one representative subject displayed and expressed as a percentage of the 
maximum FS torque within the trial. 

GH Flexion Torques: The FS and SR models were in functional agreement for 

3 of 5 subjects throughout each of their respective abduction trials. One subject had a 

brief functional disagreement between the FS and SR models at the beginning of the 

trial. An����� ���	�
��� ��
��� ���� �� ���
������ 
����������� ��� ��� ��	����� �� ���

abduction trial with the FS model requiring primarily GH extension torques while the 

SR model required flexion torques. The mean GH flexion torque difference between 

the FS and SR models ranged from 24.75% to 77.98% of the maximum FS torque 

within the trial for each subject. The maximum GH flexion torque difference between 

models fell between 46.68% and 215.75% of the maximum FS torque within the trial 

for each subject. The raw magnitudes of the GH flexion torques for the FS and SR 

models varied between subjects with maximum torque difference between the FS and 

SR models ranging from 0.05 to 3.81 Nm. A comparison of GH flexion torques 

between the FS and SR models during abduction are displayed for a representative 
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subject in Figure 28. The correlations between the GH flexion torques of the FS and 

SR models during abduction varied greatly between subjects (Table 13). For 

symmetry ratio, one subject had strong correlations, while two had moderate 

����������	
 �	� ��� 
�� 	������� ����������	
� �
� ����
�	�
 �-values were as 

follows: one strong, one moderate, two weak, and one negative correlation. 

 

Figure 28 � Requisite glenohumeral flexion torques for the scapular rhythm (SR) and 
free scapula (FS) models during shoulder abduction. Data for one 
representative subject displayed and expressed as a percentage of the 
maximum FS torque within the trial. 
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measures, consequently data from only one representative subject is shown in Figures 

29, 30, and 31. 

 

Figure 29 � Comparison of model-estimated glenohumeral abduction torques with 
directly measured torques during forward reach for a representative 
subject. All subjects displayed different, but comparatively poor 
agreement. 
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Figure 30 � Comparison of model-estimated glenohumeral internal rotation torques 
with directly measured torques during forward reach for a representative 
subject. All subjects displayed different, but comparatively poor 
agreement. 

 

Figure 31 � Comparison of model-estimated glenohumeral flexion torques with 
directly measured torques during forward reach for a representative 
subject. All subjects displayed different, but comparatively poor 
agreement. 
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GH Abduction Torques: The FS and SR models were in functional agreement 

for all subjects throughout each of their respective forward reach trials. The mean GH 

abduction torque difference between the FS and SR models ranged from 5.46% to 

16.63% of the maximum FS torque within the trial for each subject. The maximum 

GH abduction torque difference between models fell between 14.07% and 47.16% of 

the maximum FS torque within the trial for each subject. The raw magnitudes of the 

GH abduction torques for the FS and SR models varied between subject with the 

difference in maximum torque between the FS and SR models ranging from 0.64 to 

3.13 Nm. A comparison of GH abduction torques between the FS and SR models 

during forward reach are displayed for a representative subject in Figure 32. Trend 

analysis revealed moderate to very strong correlations between the GH abduction 

torques of the FS and SR models during forward reach (Table 14). 

 

Figure 32 � Requisite glenohumeral abduction torques for the scapular rhythm (SR) 
and free scapula (FS) models during forward reach. Data for one 
representative subject displayed and expressed as a percentage of the 
maximum FS torque within the trial. 
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Table 14 � Kinetic trend analysis for requisite glenohumeral abduction, internal 
rotation, and flexion torques during forward reach. 

GH Abduction GH Internal Rotation GH Flexion 

 
Symmetry 

Ratio 
Pearson's 

R 
Symmetry 

Ratio 
Pearson's 

R 
Symmetry 

Ratio 
Pearson's 

R 
Subject 1 0.72 0.719 0.985 0.985 0.867 0.941 
Subject 2 0.775 0.646 0.977 0.967 0.932 0.947 
Subject 3 0.966 0.994 0.984 0.977 0.961 0.984 
Subject 4 0.938 0.951 0.949 0.87 0.877 0.887 
Subject 5 0.928 0.946 0.988 0.998 0.914 0.945 

Negative Weak Moderate Strong Very Strong 
<0 0 - 0.39 0.4 � 0.69 0.7 � 0.89 0.9 - 1 

 

GH Internal Rotation Torques: The FS and SR models were in functional 

agreement for all subjects throughout each of their respective forward reach trials. The 

mean GH internal rotation torque difference between the FS and SR models ranged 

from 2.80% to 16.68% of the maximum FS torque within the trial for each subject. 

The maximum GH internal rotation torque difference between models fell between 

6.35% and 34.16% of the maximum FS torque within the trial for each subject. The 

raw magnitudes of the GH internal rotation torques were very small (<3.0 Nm, see 

�������� ��� 	
����
��� �� �������� and similar between the FS and SR models. The 

difference in maximum torque between the FS and SR models for all five subjects 

ranged from 0.02 to 0.17 Nm. A comparison of GH internal rotation torques between 

the FS and SR models during forward reach are displayed for a representative subject 

in Figure 33. Trend analysis revealed strong to very strong correlations between the 

GH internal rotation torques of the FS and SR models during abduction (Table 14). 
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Figure 33 � Requisite glenohumeral internal rotation torques for the scapular rhythm 
(SR) and free scapula (FS) models during forward reach. Data for one 
representative subject displayed and expressed as a percentage of the 
maximum FS torque within the trial. 

GH Flexion Torques: The FS and SR models were in functional agreement for 

all subjects throughout each of their respective forward reach trials. The mean GH 

flexion torque difference between the FS and SR models ranged from 5.59% to 9.92% 

of the maximum FS torque within the trial for each subject. The maximum GH flexion 

torque difference between models fell between 16.73% and 44.25% of the maximum 

FS torque within the trial for each subject. The raw magnitudes of the GH abduction 

torques for the FS and SR models varied between subjects with the difference in 

maximum torque between the FS and SR models ranging from 0.20 to 2.02 Nm. A 

comparison of GH flexion torques between the FS and SR models during forward 

reach are displayed for a representative subject in Figure 34. Trend analysis revealed 

moderate to very strong correlations between the GH flexion torques of the FS and SR 

models during forward reach (Table 14). 
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Figure 34 � Requisite glenohumeral flexion torques for the scapular rhythm (SR) and 
free scapula (FS) models during forward reach. Data for one 
representative subject displayed and expressed as a percentage of the 
maximum FS torque within the trial. 

3.4 Aim 3: Muscle Activations 

3.4.1 Abduction 

Muscle activation percent on/off timing agreements between CMC and EMG 

for all subjects are listed in Table 15. Averaged across all subjects, 5 of 12 muscles 

reported >50% timing agreement: anterior deltoid, posterior deltoid, teres major, 

infraspinatus, and supraspinatus. Three of five subjects achieved >50% timing 

agreement averaged across all muscles with 64.6% and 48.0% being the highest and 

lowest across muscle on/off timing agreements.  
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Table 15 � Percentage agreement of muscle activation on/off timing between EMG 
and CMC during shoulder abduction. 

Functional 
Role 

Muscle 
Subject 

1 
Subject 

2 
Subject 

3 
Subject 

4 
Subject 

5 
Group 
Mean 

Prime 
Mover 

Anterior Deltoid 92.7 77.4 97.9 100.0 100.0 93.6 
Posterior Deltoid 93.9 41.4 100.0 91.2 98.9 85.1 
Supraspinatus 100.0 99.7 100.0 100.0 100.0 99.9 

Stabilizer 

Infraspinatus 81.8 90.4 11.8 95.9 100.0 76.0 
Subscapularis 43.8 27.5 97.0 3.4 41.7 42.7 
Teres Minor 22.8 70.8 45.2 6.7 61.0 41.3 
Triceps Brachii 40.4 52.8 12.0 0.0 97.5 40.5 
Coracobrachialis 23.9 36.9 5.4 0.0 8.4 14.9 

Inactive 

Latissimus Dorsi 25.3 19.6 32.3 91.5 68.9 47.5 
Teres Major 74.1 57.8 50.6 78.2 79.1 68.0 
Biceps Brachii 21.8 4.1 16.8 33.4 0.0 15.2 
Pectoralis Major 16.4 0.6 7.3 38.3 19.8 16.5 

 Across Muscle Mean 53.1 48.3 48.0 53.2 64.6  

 

Figure 35 displays the percent agreement between CMC and EMG for on/off 

activation timing. Muscles are grouped by functional role�prime movers are 

responsible for generating the motion, stabilizers are on for >20% of the trial, and 

inactive muscles are on for <20% of the trial. Prime movers were on for the majority 

of the trial and showed very high on/off timing agreement between CMC and EMG 

for all subjects. Muscles contributing a stabilizing role demonstrated lower levels of 

agreement than prime movers and had a greater variability in agreement values 

between subjects. Inactive muscles displayed the lower timing agreement than prime 

movers and stabilizers. Additionally, the inactive muscles displayed high variability 

between subjects. 
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Figure 35 � Muscle activation on/off timing comparison between EMG and CMC 
during shoulder abduction. Agreement from all subjects averaged for 
each muscle. Horizontal line indicates average agreement for each 
muscle group. 

All data for EMG vs. CMC correlation analyses for abduction is presented in 

Table 16. Muscles which were on for <20% of the abduction trial according to EMG 

were excluded from trend analysis. Trends between EMG and CMC varied greatly 

with the majority of muscles having weak or negative correlations. Prime mover 

muscles did not have notably improved correlations compared to the stabilizers. 

Correlation values for each muscle were inconsistent between subjects. Activations 

from CMC generally had far greater fluctuations throughout the trial when compared 

to EMG. Both EMG and CMC deltoid muscle activation patterns during abduction for 

a representative subject are presented in Figure 36. Figure 37 displays EMG and CMC 
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activation patterns of the rotator cuff muscles during abduction for a representative 

subject. 

Table 16 � ��������� 	-values between EMG and CMC activation signals during 
shoulder abduction. Muscles that were active <20% of the trial were 
excluded from analysis. 

Muscle 
Subject 

1 
Subject 

2 
Subject 

3 
Subject 

4 
Subject 

5 
Group 
Mean 

Pectoralis Major N/A N/A N/A N/A N/A N/A 
Anterior Deltoid 0.270 -0.198 0.634 0.485 0.117 0.262 
Posterior Deltoid 0.774 -0.446 0.733 0.627 0.046 0.347 
Latissimus Dorsi N/A N/A N/A N/A N/A N/A 
Biceps Brachii N/A N/A N/A N/A N/A N/A 
Triceps Brachii 0.081 -0.099 N/A 0.099 N/A 0.000 
Subscapularis 0.416 -0.219 0.217 0.657 0.313 0.277 
Teres Minor -0.344 -0.094 N/A 0.254 0.732 0.137 
Teres Major N/A N/A -0.625 0.698 N/A 0.037 
Infraspinatus 0.276 0.144 -0.616 0.607 0.709 0.434 
Supraspinatus 0.747 0.197 0.493 0.244 0.633 0.463 
Coracobrachialis -0.390 -0.506 -0.402 0.254 0.100 -0.189 
Across Muscle Mean 0.229 -0.153 0.175 0.436 0.379 

Negative Weak Moderate Strong Very Strong 
<0 0 - 0.39 0.4 
 0.69 0.7 
 0.89 0.9 - 1 
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Figure 36 � Muscle activation patterns between EMG and CMC for deltoid during 
shoulder abduction. Data from one subject displayed. Subject 1: anterior 
deltoid (r=0.270) and posterior deltoid (r=0.774). 

 

Figure 37 � Muscle activation patterns between EMG and CMC for rotator cuff 
muscles during shoulder abduction. Data from one subject displayed. 
Subject 3: subscapularis (r=0.217), infraspinatus (r=-0.616), and 
supraspinatus (r=0.493). 
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3.4.2 Forward Reach 

Muscle activation percent on/off timing agreements between CMC and EMG 

for all subjects are listed in Table 17. Averaged across all subjects, 6 of 12 muscles 

reported >50% timing agreement: anterior deltoid, posterior deltoid, subscapularis, 

teres minor, infraspinatus, and supraspinatus. Four of five subjects achieved >50% 

timing agreement averaged across all muscles with 57.2% and 49.9% being the 

highest and lowest across muscle on/off timing agreements. 

Table 17 � Percent agreement of muscle activation on/off timing between EMG and 
CMC during forward reach. 

Functional 
Role 

Muscle 
Subject 

1 
Subject 

2 
Subject 

3 
Subject 

4 
Subject 

5 
Group 
Mean 

Prime 
Mover 

Anterior Deltoid 100.0 97.4 96.0 100.0 100.0 98.7 
Supraspinatus 97.6 100.0 81.2 92.0 100.0 94.2 

Stabilizer 

Posterior Deltoid 44.7 24.1 72.7 58.2 54.0 50.7 
Infraspinatus 100.0 100.0 100.0 100.0 100.0 100.0 
Subscapularis 86.0 33.0 80.0 76.3 100.0 75.1 
Teres Minor 64.1 97.4 49.3 64.9 92.5 73.6 
Coracobrachialis 0.0 22.4 0.0 8.7 0.0 6.2 

Inactive 

Triceps Brachii 80.4 23.0 70.2 21.7 39.3 46.9 
Latissimus Dorsi 31.0 3.3 45.4 22.1 50.1 30.4 
Teres Major 71.9 50.6 0.0 8.5 42.4 34.7 
Biceps Brachii 0.0 33.4 59.8 26.8 0.0 24.0 
Pectoralis Major 10.4 13.9 30.2 34.0 0.0 17.7 

 Across Muscle Mean 57.2 49.9 57.1 51.1 56.5  

 

Figure 38 displays the percent agreement between CMC and EMG for on/off 

activation timing. Muscles are grouped by functional role�prime movers are 

responsible for generating the motion, stabilizers are on for >20% of the trial, and 

inactive muscles are on for <20% of the trial. Prime movers were on for the majority 

of the trial and showed very high on/off timing agreement between CMC and EMG 

for all subjects. Muscles contributing a stabilizing role demonstrated lower levels of 
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agreement than prime movers and had a greater variability in agreement values 

between subjects. Inactive muscles displayed the lower timing agreement than prime 

movers and stabilizers. Additionally, the inactive muscles displayed high variability 

between subjects. 

 

Figure 38 � Muscle activation on/off timing comparison between EMG and CMC 
during forward reach. Agreement from all subjects averaged for each 
muscle. Horizontal line indicates average agreement for each muscle 
group. 

All data for EMG vs. CMC correlation analyses for forward reach is presented 

in Table 18. Muscles which were on for <20% of the abduction trial according to 

EMG were excluded from trend analysis. Correlations between EMG and CMC were 

primarily negative. Prime mover muscles did not have improved correlations 
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compared to the stabilizer muscles. Activations from CMC generally had far greater 

fluctuations throughout the trial when compared to EMG. Both EMG and CMC 

deltoid muscle activation patterns during forward reach for a representative subject are 

presented in Figure 39. Figure 40 displays EMG and CMC activation patterns of the 

rotator cuff muscles during forward reach for a representative subject.  

Table 18 � ��������� 	-values between EMG and CMC activation signals during 
forward reach. Muscles that were active <20% of the trial were excluded 
from analysis. 

Muscle 
Subject 

1 
Subject 

2 
Subject 

3 
Subject 

4 
Subject 

5 
Group 
Mean 

Pectoralis Major N/A N/A N/A N/A N/A N/A 
Anterior Deltoid -0.171 0.203 0.551 -0.566 0.078 0.019 
Posterior Deltoid -0.021 -0.444 -0.095 -0.606 -0.780 -0.389 
Latissimus Dorsi N/A N/A N/A N/A N/A N/A 
Biceps Brachii N/A -0.565 0.108 N/A N/A -0.228 
Triceps Brachii N/A -0.538 0.402 N/A N/A -0.068 
Subscapularis -0.325 -0.492 -0.090 -0.099 -0.151 -0.231 
Teres Minor -0.422 -0.512 N/A -0.041 0.554 -0.105 
Teres Major N/A N/A 0.131 -0.848 -0.402 -0.373 
Infraspinatus -0.712 -0.615 0.401 0.238 0.457 -0.046 
Supraspinatus -0.078 -0.423 0.830 0.031 -0.385 -0.005 
Coracobrachialis 0.580 -0.368 -0.575 0.710 0.305 0.130 
Across Muscle Mean -0.164 -0.417 0.185 -0.148 -0.040 

Negative Weak Moderate Strong Very Strong 
<0 0 - 0.39 0.4 
 0.69 0.7 
 0.89 0.9 - 1 
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Figure 39 � Muscle activation patterns between EMG and CMC for deltoid during 
forward reach. Data from one subject displayed. Subject 5: anterior 
deltoid (r=0.078) and posterior deltoid (r=-0.780). 

 

Figure 40 � Muscle activation patterns between EMG and CMC for rotator cuff 
muscles during forward reach. Data from one subject displayed. Subject 
1: subscapularis (r=-0.325), infraspinatus (r=-0.712), and supraspinatus 
(r=-0.078). 
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3.5 Summary of Results 

Aim 1: To assess the ability of a 3-dimensionsal (3D) musculoskeletal model 

that employs a prescribed scapular rhythm to track scapular kinematics during a 

motion that follows the scapular rhythm � shoulder abduction � and a motion that does 

not - forward reach 

Hypothesis 1.1: Clinically meaningful differences (>10�) in ST angle will 

exist during both motions between a) a model that constrains the scapula to move 

according to a rhythm and b) the same model modified to allow for natural, 

unprescribed scapular motion. These differences are expected to be >10� for over 50% 

of each motion trial.  Outcome: Clinically meaningful differences (>10�) in 3D ST 

resultant angle were found during both abduction and forward reach trials. The first 

portion of Hypothesis 1.1 would be accepted for all subjects. The group averages for 

difference in resultant ST angle was >10� for >50% of both motion trials. Thus, the 

second portion of Hypothesis 1.1 would be accepted based on a group average for 

abduction and forward reach. 

Hypothesis 1.2: Waveform symmetry and correlation analyses will 

demonstrate strong shape and trend agreement (Symmetry index and Pearson r>0.7) 

between the ST angle curves of the two models for all three degrees of freedom (DOF) 

during both motions. Outcome: During abduction trend similarities between models 

were strong for ST upward rotation and ST anterior tilt, but weak for ST internal 

rotation. Accordingly, Hypothesis 1.2 would be accepted for ST upward rotation and 

ST anterior tilt, but rejected for ST internal rotation during abduction. During forward 

reach trend similarities between models were generally strong for ST upward rotation 

and ST internal rotation, but weak for ST anterior tilt. Thus, Hypothesis 1.2 would be 
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accepted for ST upward rotation and ST internal rotation, but rejected for ST anterior 

tilt during forward reach.  

Hypothesis 1.3: The magnitude of the maximum and mean differences in ST 

����� ������� 	
���� 

� ���� ��� ���� �� ���� ���� ��� 

 �� 	
����� ��

excursion on that DOF during each trial. Outcome: For all 3 ST DOFs, differences 

������� ���� ��� 

 ��� �� 	
����� �� ��
������ ��� 
� ���� ��� ���� ������� 

�

the majority of subjects during both motions. Consequently, Hypothesis 1.3 was 

rejected for abduction and forward reach. 

Hypothesis 1.4: For all the kinematics parameters in Hypotheses 1.1, 1.2, and 

1.3 the differences between the two models will be greater during forward reach than 

shoulder abduction. Outcome: Mean and maximum differences in ST resultant angle 

between models were extremely similar between motions. Differences and trends 

between models were also similar, thus Hypothesis 1.4 would be rejected. 

Aim 2: To utilize 3D musculoskeletal modeling to evaluate the effect of 

scapular kinematics on the GH torques required during shoulder abduction and 

forward reach 

Hypothesis 2.1: There will be no significant differences in mean and 

maximum values of GH torques for any DOF between the two models during both 

motions. Additionally, for each of the 3 DOFs, the GH torques between models will be 

in functional agreement with each other. Outcome: Maximum and mean differences 

in GH torques between models were relatively small (see Glossary for definition of 

small) for the GH abduction and internal rotation DOFs, but were appreciable for the 

GH flexion DOF during abduction. Maximum and mean differences in GH torques 

between models were relatively small for all 3 GH DOFs during forward reach. 
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Consequently, the first portion of Hypothesis 2.1 would be rejected for abduction, but 

accepted for forward reach. Models were in functional agreement for the GH 

abduction and internal rotation DOFs throughout abduction, however functional 

disagreement was present for GH flexion DOF. Both models were in functional 

agreement for all 3 GH DOFs during forward reach. Accordingly, the second portion 

of Hypothesis 2.1 would be rejected for abduction but accepted for forward reach.  

Hypothesis 2.2: Waveform symmetry and correlation analyses will 

demonstrate a strong shape and trend agreement (Symmetry index and Pearson r>0.7) 

between GH torques of the two models for all three DOFs during both motions. 

Outcome: Very strong correlations were found for GH torques about the abduction 

and internal rotation DOFs during abduction. However, a variety of negative, weak, 

and moderate correlations were found for the GH flexion DOF. Hypothesis 2.2 would 

be accepted for the GH abduction and internal rotation DOFs, but rejected for the GH 

flexion DOF during abduction. Strong correlations were found for GH torques about 

all 3 DOFs during forward reach. Hypothesis 2.2 would be accepted for all 3 GH 

DOFs during forward reach. 

Hypothesis 2.3: For all kinetic parameters in Hypotheses 2.1 and 2.2, the 

differences between the two models will be greater during forward reach than shoulder 

abduction. Outcome: Differences for all kinetic parameters between the two models 

were not greater during forward reach, thus Hypothesis 2.3 would be rejected. 

Aim 3: To compare muscle activation patterns predicted by a 3D 

musculoskeletal model that employs a scapular rhythm with recorded 

electromyography (EMG) during shoulder abduction and forward reach. 
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Hypothesis 3.1: The on/off timing of the muscle activations predicted by the 

model will be in agreement with the recorded EMG for at least 50% of the trial 

duration for both motions trials. Outcome: Averaged across all subjects, 5 of 12 

muscles achieved >50% activation on/off timing agreement during abduction 

compared with only 6 of 12 during forward reach. Hypothesis 3.1 would be rejected 

for both motions. 

Hypothesis 3.2: Waveform symmetry and correlation analyses will 

demonstrate moderate or greater shape and trend agreement (Symmetry index and 

Pearson r>0.4) between model-predicted muscle activations and EMG during both 

motions. Outcome: Only 2 of 9 eligible muscles had at least a moderate trend 

agreement between CMC and EMG during abduction. During forward reach 0 of 10 

muscles analyzed had at least a moderate trend agreement between CMC and EMG. 

Based on these results Hypothesis 3.2 would be rejected for both motions. 

Hypothesis 3.3: For all muscle activation parameters in Hypotheses 3.1 and 

3.2, the differences between the two models will be greater during forward reach than 

shoulder abduction. Outcome: Results demonstrated that model-predicted muscle 

activations were in similar agreement with EMG during abduction and forward reach, 

thus Hypothesis 3.3 would be rejected. 
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Chapter 4 

DISCUSSION & CONCLUSIONS 

4.1 Aim 1: Scapulothoracic Kinematics 

The comparison between model-estimated and directly measured ST 

kinematics revealed that there were no clinically meaningful differences between the 

FS model and direct measures; however, significant differences were present between 
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valid. The scapular rhythm employed by the MoBL ARMs model was unable to track 

natural, unconstrained scapular kinematics to a clinically meaningful degree for the 

majority of the abduction and forward reach trials. ��� �� ����	
� �� 
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errors generally increased with HT elevation and meaningful differences were present 

in all subjects at HT elevations greater than 54� during both motions. These findings 

indicate that use of the MoBL ARMS model for applications requiring precise ST 

kinematics should be limited to motions with less than 54� of HT elevation. Moreover, 

use of the MoBL ARMS model involving less than 54� of HT elevation should still be 

cautioned as some subjects achieved clinically meaningful ST kinematic errors at as 

little as 13� and 3� of HT elevation during abduction and forward reach, respectively.  

Scapulothoracic kinematic errors were nearly identical between abduction and 

forward reach. The mean and maximum 3D ST resultant angle differences between 

abduction and forward reach were each within 2� of one another. Additionally, the 

duration of each motion trial with differences >10� were nearly identical (74.8% of 
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abduction vs. 73.8% of forward reach). These findings provide evidence that the 

scapular rhythm employed by the MoBL ARMS model does not track scapular 

kinematics substantially worse for motions that do not follow the scapular rhythm than 

those that do. 

Errors in 3D ST resultant angle are not distributed in the same way across the 3 

ST DOFs for abduction versus forward reach. The largest differences between models 

were found for ST internal rotation during abduction and ST anterior tilt during 

forward reach, respectively. While ST upward rotation differences between models 

were substantial, the relative differences were smaller than the other 2 DOFs due to 

the larger excursion about the upward rotation axis. Kinematic trend analysis revealed 

very strong relationships between models for ST upward rotation during both motions. 

This result is expected as the scapular rhythm regression equations developed by de 

Groot and Brand (2001) reported ST upward rotation as possessing the strongest 

significant positive relationships with humeral elevation8. These findings also can be 

explained from a functional standpoint as upward rotation of the scapula actively 

contributes to raising the upper limb to the desired end point during HT elevation 

tasks. Trends for ST internal rotation were considerably weaker during abduction with 

3 of 5 subjects reporting negative correlations. The data used to establish the scapular 

rhythm regression equations demonstrated that internal rotation was less predictable as 

a function of humeral elevation than the other 2 ST DOFs8. The ST internal rotation 

relationship between models was much stronger during forward reach. For ST anterior 

tilt, strong trends were found between models for abduction, while less consistent 

trends were present during forward reach. These findings for ST internal rotation and 

anterior tilt may be a result of the scapula being constrained to follow the contour of 
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the thoracic cage during HT motion. Throughout shoulder abduction, ST anterior tilt is 

more rigorously constrained while ST internal rotation is more independent. However, 

during forward reach the motion of the scapula around the lateral surface of the 

thoracic cage mandates ST internal rotation to be more dependent while ST anterior 

tilt is less constrained. 

Subjects exhibited similar trends and magnitudes of ST kinematic errors 

throughout each motion, but there was appreciable inter-subject variability. The 

kinematic errors tended to be smaller for subjects with segment sizes closer to those of 

the 50% male22,23 used in the creation of the default MoBL ARMS model9,13. 

However, no clear relationship existed between errors reported by the Scaling and 

Inverse Kinematics tools within OpenSim and deviation from the default model size. 

The three female subjects possessed larger ST kinematic errors than the two male 

subjects. It appeared that the more substantial kinematic errors in the female subjects 

could be attributed to greater errors on the ST internal rotation DOF than their male 

counterparts; errors on the ST upward rotation and anterior tilt DOFs were similar 

between genders. While total excursion and patterns were comparable, the female 

subjects maintained consistently less ST internal rotation throughout each motion than 

males. The scapular rhythm regression equations were developed on a predominantly 

male group of subjects8 which may explain why females had larger ST kinematic 

errors in this study. These findings provide evidence that the model may be less able 

to accurately track scapular motion for individuals whose ST kinematics deviate 

further from those of the young, healthy, predominantly male subject pool used to 

develop the regression equations for the scapular rhythm. Accordingly, the use of the 
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model on patient populations known to exhibit abnormal scapular kinematics should 

be cautioned if accurate ST kinematics are required. 

4.2 Aim 2: Glenohumeral Kinetics 

The comparison between model-estimated and directly measured GH torques 

revealed significant differences between direct measures and both models. Therefore, 

the discussion of comparison between the FS and SR models presented below should 

be interpreted with caution as neither model faithfully recreated the GH kinetics 

occurring in the body. Functional agreement for joint torques is a key criterion for 

evaluating how well the model is recreating the mechanics that occurred in vivo. If the 
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torques of the opposite function than the subject actually experienced (e.g. abduction 

vs. adduction), the CMC algorithm will be inclined to overestimate muscle activity 

from antagonists and underestimate agonist activity. Throughout both abduction and 

forward reach the FS and SR models were in functional agreement for all 3 GH DOFs 

for nearly all subjects. Two subjects experienced periods of functional disagreement 

for GH flexion torques during shoulder abduction. The function about the GH flexion 

torque axis is very sensitive during shoulder abduction. Small aberrant movements of 

the arm out of the frontal plane can result in the model experiencing GH 

flexion/extension torques opposite of the function that occurred in vivo. This type of 

functional disagreement is an example of how errors in ST kinematics can manifest 

themselves as errors in GH kinetics and ultimately influence model-predicted muscle 

activations. 

A second important factor to ensure that a musculoskeletal model is accurately 

representing the true mechanics of the body is the pattern of requisite joint torque. The 
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SR model demonstrated strong trend agreement with the FS model during both 

motions on nearly all 3 GH DOFs in this study, however neither model was in strong 

agreement with directly calculated GH torques. The only exceptions were for torques 

about the GH flexion DOF for some subjects during abduction. Trends in GH flexion 

torques were predominantly weak or poor because the minimal amount of motion 

about this axis during shoulder abduction makes torques highly sensitive to small, out 

of frontal plane changes in arms position.  

There is a lack of consensus as to what classifies a given joint torque as small 

or large. Appropriate classification is dependent on the biomechanical scenario being 

investigated. This study assessed differences in GH joint torques between two models 

and ultimately would like to determine if these differences would significantly impact 

model-predicted muscle activations. Thus, in the context of this study a torque 

difference will be considered small if it is not expected to drastically affect the model-

predicted results. To estimate the effect of joint torque differences on muscle 

activations, a calculation was performed (see Glossary) and estimated that torques less 

than 3 Nm should not result in >10% change in muscle activation. Therefore, torque 
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study. Despite the substantial ST kinematic differences, the GH kinetics were 

comparable between models for both abduction and forward reach. Mean differences 

in GH torques between models were generally very small for both motions. The only 

exceptions were the two subjects with functional disagreement on the GH flexion 

DOF during abduction. Although the maximum differences in GH torques between 

models were more substantial for some DOFs when expressed as a percentage of the 

�� �	��
�� ����mum torque, these differences translate to predominantly small errors 
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in raw torque (<3.5 Nm for all subjects and <2 Nm for majority of subjects). With the 

SR model in functional agreement with the FS joint torques, kinetic errors of this 

magnitude will impact model-predicted muscle activations, but should only lead to a 

modest overestimation/underestimation of agonist muscle activity without 

engendering excessive antagonist activity. 

The differences in requisite GH torques between models were generally 

comparable between abduction and forward reach. In terms of functional agreement, 

mean and maximum differences, and trends, kinetic results were similar between 

motions for the GH abduction and internal rotation DOFs. However, differences in 

GH flexion torques between the FS and SR models were observed between motions. 

Functional agreement between models was better during forward reach than 

abduction. The maximum and mean differences averaged across subjects were larger 

during abduction than forward reach. The correlations between models were stronger 

for forward reach than abduction for GH flexion torques. Considering that the ST 

kinematic errors were nearly identical between motions, it is not completely 

unexpected that the GH kinetic errors would also be fairly similar between abduction 

and forward reach. This finding provides further evidence that the SR model is equally 

capable for analyzing shoulder motions that follow the scapular rhythm and those that 

generally do not. 

4.3 Aim 3: Muscle Activations 

The results for activation on/off timing agreement between CMC and EMG 

indicate that the model may be able to recreate the activations of muscles which drive 

a motion, but is not sensitive enough to reliably predict the activities of those with 

subtler and more nuanced functions. Prime movers for HT elevation tasks�deltoid 
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and supraspinatus�were on for the majority of both motions according to EMG and 

showed high on/off timing agreement with CMC. It is expected that both EMG and 

CMC would require significant activity from these muscles as they are agonists for 
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contribution to net shoulder abduction moment vastly exceeds that of all other 

muscles14. Stabilizing muscles, such as the rotator cuff, were primarily on according to 

EMG, but demonstrated a wide range of agreements with CMC. The prevalence of 

small, stabilizing muscles across the GH joint provides a sort of functional redundancy 

in the model as many different muscles can provide the same function allowing for 

several possible combinations of muscle activities yielding a valid CMC solution. 

Muscles with little EMG activity displayed a variety of timing agreements across 

subjects. In cases of poor agreement, inactive muscles according to EMG (e.g. teres 

major), may have been erroneously utilized by CMC instead of a muscle with a similar 

function that was actually on and performing the desired action. This type of timing 

disagreement for inactive muscles may be due to the previously mentioned functional 

redundancy within the model. 

In the current study, muscle activation on/off timing agreement between CMC 

and EMG averaged across all muscles ranged from 48.0% and 64.6%. Knarr et al. 

(2014) investigated timing agreement for the activity of lower extremity muscles 

during gait of individuals after stroke40. Results from that study found agreements 

between the model and EMG ranging from 50%-80% which were generally higher 

than those reported in this study. The prime movers and some stabilizer muscles in the 

current study displayed individual agreement values similar to those in the previous 

literature; however, muscles with little EMG activity tended to have inferior timing 
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agreement. In Knarr et al. (2014), only muscles possessing considerable EMG activity 

during gait were investigated. Therefore, the greater overall timing agreement found in 

that study may be due to the fact that muscles with little or no EMG activity were not 

examined. Other potential reasons for the current study reporting agreement values 

lower than previous literature may lie in fundamental differences between the upper 

and lower extremities. In the lower extremity, the pelvis provides a fairly rigid base 

segment for the lower limb to rotate about. By contrast, the scapula in the upper 

extremity is far from rigid, as it is only attached to the clavicle, and is free to float over 

the thoracic cage. Since the primary responsibility of the scapula is to support the 

humerus, the muscles crossing the shoulder not only drive upper extremity motion, but 

also must play an enormous role in stabilizing the GH joint, thus predicting their 

activations with a model may be more challenging than it is for muscles of the lower 

extremity. 

Correlations between EMG and CMC activation patterns were poor. The prime 

movers did not exhibit stronger trends than the stabilizing musculature. These findings 

provide evidence that the model may not be sufficiently robust to accurately predict 

activations for the individual muscles of the shoulder. Computed muscle control 

results demonstrated far more fluctuation in muscle activation signal compared to 

EMG. Excessive oscillations in muscle activations patterns are likely due to errors in 

model-predicted GH joint torques compared with direct measures. Excessive 

oscillations in muscle activation patterns may also be a consequence of the functional 

redundancy within the upper extremit� ��� ��� �	��
� �
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activation level increases the optimizers penalizes its use more heavily. Should a 
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different muscle with a similar function to achieve the same desired joint torque. 

Therefore, the fluctuations in activations may be the CMC optimizer frequently 

switching between muscles with similar function which provide different, but equally 

valid solutions. The use of a different CMC optimization cost function may provide 

more stable muscle activation predictions as previous upper extremity modeling 

research has found that different cost functions may improve simulation results42. 

Computed muscle control generally overestimated the degree of muscle 

activation compared to EMG. One potential explanatory factor is the ease with which 
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inertia about the long-axis of the humerus coupled with the lack of external forces on 

the distal end of the extremity enables relatively small muscle forces to cause large 

GH internal/external rotation joint accelerations. In order to counteract these joint 

accelerations, CMC may require more muscle activity from the GH internal/external 

rotators leading to the higher muscle activations than those measured by EMG. A 

second possible explanation could be the lack of subject-specific strength scaling. 

Subject-specific muscle parameters have been shown to alter model-predicted 

results43. For all subjects, the default muscle properties from MoBL ARMS model 

were used. However, most of subjects in this study were smaller than and likely had 

less muscle mass than the 50th percentile male used as default in the MoBL ARMs 

model. Therefore, the use of overly strong default muscle properties for the smaller 

subjects in this study would actually be more apt to result in an underestimation of 

muscle activations. 

Results for muscle timing agreement and activation correlations between 

models were not significantly better for abduction than forward reach. On/off timing 
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agreement averaged across muscles was nearly identical (abduction: 53.4% vs. 

forward reach: 54.3%), the number of muscles with >50% agreement was comparable, 

and correlations between EMG and CMC were only slightly stronger during abduction 

than forward reach. These findings are not unexpected as the kinematic and kinetic 

differences between motions were similar. Muscle activation on/off timing agreement 

and correlations between CMC and EMG did not appear to be related to ST kinematic 

errors. Subjects with smaller ST kinematic errors did not have markedly improved 

muscle activation on/off timing or trend agreements between CMC and EMG. Results 

from CMC are dependent on a multitude of factors ranging from muscle properties 

(e.g. maximum isometric force, force-length, force-velocity, etc.), model geometry 

(e.g. moment arms), to optimization parameters (e.g. cost function). Considering the 

lack of a clear link between ST kinematic error magnitude and improved activation 

timing agreement, it can be inferred that errors in scapular motion do not completely 

dictate simulation outcomes and that other factors play a substantial role in 

determining model results. 

4.4 Limitations & Future Work 

This study has shown that the MoBL ARMS model possesses significant ST 

kinematic errors and demonstrated that the model is limited in its ability to predict 

muscle activations. Due to the many other parameters that influence model 

simulations, this study was unable to ascertain exactly how much of the errors in 

muscle activation could be directly attributed to ST kinematic errors. Future work 

investigating the isolated effect of some of these other factors could be performed to 

better understand how sensitive model-predicted muscle activations are to each. The 

use of subject-specific muscle parameters has been shown to improve model-predicted 
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muscle activity in the lower extremity40,43, however the effects of these changes have 

not be examined for upper extremity modeling. Additionally, research into the choice 

of CMC optimization cost function would also be beneficial as it is unknown if the 

CMC cost functions developed for lower extremity modeling are ideal for upper 

extremity applications and previous upper extremity modeling literature has shown 

that choice of optimization cost function influences simulation results42. 

The primary assumption in this investigation is that the ST kinematics tracked 

by the AMC represented true scapular motion. Currently, a clinically applicable gold 

standard for measuring dynamic scapular orientation does not exist. In lieu of a 

reference standard the AMC is a recommended method to estimate scapular motion44. 

The accuracy of the AMC has been validated for single plane HT elevation and thus 

the motions chosen for evaluation in this study primarily involved planar HT 

elevation7,45�49. Additionally, the AMC has been shown to perform less accurately at 

HT elevations above approximately 90-120� due to substantial soft tissue motion over 

the acromion at higher elevations5,7,46,49. To mitigate the effect of this source of error 

the analyses in this study were predominantly constrained to HT elevations below 90�. 

A second limitation of this study was slight differences in trunk segment orientation 

between the SR and FS models. A major limitation of the analyses in this study was 

that the model-estimated torques were not in agreement with directly calculated GH 

������	
 ��
	 ���� �� ��������� ��� �
���� �� ����
����� �� ��� ������	 ���������

system of joints and non-physiological body segments to represent the shoulder 
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gimbal lock scenario is encountered which can lead to errors in joint torques. Despite 

the fact that the model-estimated torques were in poor agreement with direct measures, 
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the comparisons between models are still valid as both models suffer from the same 

limitations. The errors in model-estimated GH torques will affect the CMC muscle 

activation predictions and thus interpretation of the results from Aim 3 should take this 

factor into account. Future work should be dedicated to improving the ������� �	

torque estimates. Due to the non-negligible amount of trunk motion throughout each 

trial, the trunk DOFs could not be held constant and still allow the SR model to 

represent physiological ST motion. In an effort to enforce identical trunk motion 

between the FS and SR models, higher tracking weights were assigned for the markers 

of the trunk segments during inverse kinematics optimization in OpenSim. The inverse 

kinematics results showed that the trunk orientation between models was similar 

(within ~5
), but not identical. These minor differences in trunk motion between 

models likely had no effect on the ST kinematic results, but positioned the models at 

marginally different orientations relative to gravity which would have a slight, but 

non-trivial, influence on the inverse dynamics results for requisite GH torques. Lastly, 

the on/off activation threshold was chosen as 5% of MVC for each muscle. This 

threshold was chosen with the assumption that activations above this value were 

volitional in healthy subjects and that activations below 5% could possibly be 

attributed to electrical noise or electrode motion. 

4.5 Conclusions 

This study was the first to provide a detailed analysis of scapular motion in 

musculoskeletal modeling of the shoulder and upper extremity. Results demonstrated 

that the scapular rhythm employed by the model is not capable of accurately 

replicating scapular kinematics to a clinical meaningful degree for motions that 

generally follow the scapular rhythm and those that do not. Consequently, the MoBL 
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ARMS model is not recommended for applications requiring accurate ST kinematics. 

Despite the substantial errors in ST kinematics, only modest errors in GH torque were 

observed between models, however, neither model reliably recreated the GH torques 

occurring in vivo. The errors in model-estimated GH torques will affect the agreement 

between CMC results and EMG and thus should be taken into account when 

interpreting these results. Model-predicted muscle activations displayed moderate 

agreement with EMG for on/off timing, but correlations between CMC and EMG 

activations were poor. Agreement between the model and EMG was greater for prime 

movers than for stabilizing muscles and those with little EMG activity. These findings 

show that the model may be able to recreate the activations of muscles which drive a 

motion, but is not sensitive enough to reliably predict the activities of those with 

subtler and more nuanced functions. Muscle activation agreement between CMC and 

EMG did not appear to be related to ST kinematic errors. Considering the lack of a 

clear link between ST kinematic error magnitude and improved activation agreement, 

it can be inferred that other factors play a substantial role in determining model results. 

These findings can aid researchers in choosing which future applications are suitable 

for investigation with the MoBL ARMS model and assist in interpretation of model 

results. 



 80 

REFERENCES 

1.  Delp SL, Anderson FC, Arnold AS, et al. OpenSim: open-source software to 
create and analyze dynamic simulations of movement. IEEE Trans Biomed 
Eng. 2007;54(11):1940-1950. 

2.  Pandy MG. Computer modeling and simulation of human movement. Annu 
Rev Biomed Eng. 2001;3:245-273. 

3.  Richards JG. The measurement of human motion: A comparison of 
commercially available systems. Hum Mov Sci. 1999;18(5):589-602. 

4.  Illyés A, Kiss RM. Method for determining the spatial position of the shoulder 
with ultrasound-based motion analyzer. J Electromyogr Kinesiol. 
2006;16(1):79-88. 

5.  Karduna AR, McClure PW, Michener LA, Sennett B. Dynamic Measurements 
of Three-Dimensional Scapular Kinematics: A Validation Study. J Biomech 
Eng. 2001;123(2):184-190. 

6.  Meskers CGM, van de Sande MAJ, de Groot JH. Comparison between tripod 
and skin-fixed recording of scapular motion. J Biomech. 2007;40(4):941-946. 

7.  van Andel C, van Hutten K, Eversdijk M, Veeger D, Harlaar J. Recording 
scapular motion using an acromion marker cluster. Gait Posture. 
2009;29(1):123-128. 

8.  de Groot JH, Brand R. A three-dimensional regression model of the shoulder 
rhythm. Clin Biomech (Bristol, Avon). 2001;16(9):735-743. 

9.  Holzbaur KRS, Murray WM, Delp SL. A Model of the Upper Extremity for 
Simulating Musculoskeletal Surgery and Analyzing Neuromuscular Control. 
Ann Biomed Eng. 2005;33(6):829-840. 

10.  van der Helm FC. A finite element musculoskeletal model of the shoulder 
mechanism. J Biomech. 1994;27(5):551-569. 

11.  Garner B, Pandy M. Musculoskeletal model of the upper limb based on the 
visible human male dataset. Comput Methods Biomech Biomed Engin. 
2001;4:93-126. 



 81 

12.  Nikooyan  a a, Veeger HEJ, Westerhoff P, et al. An EMG-driven 
musculoskeletal model of the shoulder. Hum Mov Sci. 2012;31(2):429-447. 

13.  Saul KR, Hu X, Goehler CM, et al. Benchmarking of dynamic simulation 
predictions in two software platforms using an upper limb musculoskeletal 
model. Comput Methods Biomech Biomed Engin. 2014;(August):1-14. 

14.  Crouch DL, Li Z, Barnwell JC, Plate JF, Daly M, Saul KR. Computer 
simulation of nerve transfer strategies for restoring shoulder function after 
adult C5 and C6 root avulsion injuries. J Hand Surg Am. 2011;36(10):1644-
1651. 

15.  Crouch DL, Plate JF, Li Z, Saul KR. Biomechanical contributions of posterior 
deltoid and Teres minor in the context of axillary nerve injury: A 
computational study. J Hand Surg Am. 2013;38(2):241-249. 

16.  Crouch DL, Plate JF, Li Z, Saul KR. Computational sensitivity analysis to 
identify muscles that can mechanically contribute to shoulder deformity 
following brachial plexus birth palsy. J Hand Surg Am. 2014;39(2):303-311. 

17.  Cheng W, Cornwall R, Crouch DL, Li Z, Saul KR. Contributions of Muscle 
Imbalance and Impaired Growth to Postural and Osseous Shoulder Deformity 
Following Brachial Plexus Birth Palsy: A Computational Simulation Analysis. 
J Hand Surg Am. 2015;40(6):1170-1176. 

18.  Duff S V, Dayanidhi S, Kozin SH. Asymmetrical shoulder kinematics in 
children with brachial plexus birth palsy. Clin Biomech (Bristol, Avon). 
2007;22(6):630-638. 

19.  Leis A, Schenk M. Atlas of Nerve Conduction Studies and Electromyography. 
Oxford University Press; 2013. 

20.  Burden A. How should we normalize electromyograms obtained from healthy 
participants? What we have learned from over 25years of research. J 
Electromyogr Kinesiol. 2010;20(6):1023-1035. 

21.  Ball N, Scurr J. An assessment of the reliability and standardisation of tests 
used to elicit reference muscular actions for electromyographical 
normalisation. J Electromyogr Kinesiol. 2010;20(1):81-88. 

22.  Gordon C, Churchill T, Clauser C, et al. 1988 anthropometric survey of U.S. 
Army personnel: methods and summary statistics. United States Army Natick 
Res Dev Eng Cent. 1989. 



 82 

23.  Winter DA. Biomechanics and Motor Control of Human Movement. 4th ed. 
Hoboken, NJ: John Wiley & Sons; 2009. 

24.  Schutte L. Using musculoskeletal models to explore strategies for improving 
performance in electrical stimulation-induced leg cycle ergometry. 1992. 

25.  Zajac F. Muscle and tendon: properties, models, scaling, and application to 
biomechanics and motor control. Crit Rev Biomed Eng. 1989;17(4):359-410. 

26.  Murray WM, Buchanan TS, Delp SL. The isometric functional capacity of 
muscles that cross the elbow. J Biomech. 2000;33(8):943-952. 

27.  Holzbaur KRS, Delp SL, Gold GE, Murray WM. Moment-generating capacity 
of upper limb muscles in healthy adults. J Biomech. 2007;40(11):2442-2449. 

28.  Holzbaur KRS, Murray WM, Gold GE, Delp SL. Upper limb muscle volumes 
in adult subjects. J Biomech. 2007;40(4):742-749. 

29.  Otis J, Jiang C, Wickiewicz T. Changes in the moment arms of the rotator cuff 
and deltoid muscles with abduction and rotation. J Bone Jt Surg. 
1994;76(5):667-676. 

30.  Liu J, Hughes RE, Smutz WP, Niebur G, Nan-An K. Roles of deltoid and 
rotator in shoulder elevation. Clin Biomech. 1997;12(1):32-38. 

31.  Kuechle DK, Newman SR, Itoi E, Morrey BF, An KN. Shoulder muscle 
moment arms during horizontal flexion and elevation. J Shoulder Elbow Surg. 
1997;6(5):429-439. 

32.  Hughes RE, Niebur G, Liu J, An KN. Comparison of two methods for 
computing abduction moment arms of the rotator cuff. J Biomech. 
1998;31(2):157-160. 

33.  Murray WM, Buchanan TS, Delp SL. Scaling of peak moment arms of elbow 
muscles with upper extremity bone dimensions. J Biomech. 2002;35(1):19-26. 

34.  Murray W, Delp S, Buchanan T. Variation of muscle moment arms with elbow 
and forearm position. J Biomech. 1995;28:513-525. 

35.  Loren G, Shoemaker S, Burkholder T, Jacobson M, Friden J, Lieber R. Human 
wrist motors: biomechanical design and application of tendon transfers. J 
Biomech. 1996;29:331-342. 

36.  Brand P, Hollister A. Clinical Mechanics of the Hand. 2nd ed. St. Louis: 
Mosby-Year Book; 1993. 



 83 

37.  Thelen DG, Anderson FC, Delp SL. Generating dynamic simulations of 
movement using computed muscle control. J Biomech. 2003;36(3):321-328. 

38.  Crenshaw SJ, Richards JG. A method for analyzing joint symmetry and 
normalcy, with an application to analyzing gait. Gait Posture. 2006;24(4):515-
521. 

39.  Dancey CP, Reidy J. Statistics without Maths for Psychology. Fifth. Prentice 
Hall; 2011. 

40.  Knarr B a, Reisman DS, Binder-Macleod S a, Higginson JS. Changes in 
predicted muscle coordination with subject-specific muscle parameters for 
individuals after stroke. Stroke Res Treat. 2014;2014:1-7. 

41.  Hicks J. Simulation with OpenSim - Best Practices. 2012. Available at: 
http://simtk-
confluence.stanford.edu:8080/display/OpenSim/Simulation+with+OpenSim+-
+Best+Practices. 

42.  Nikooyan  a a, Veeger HEJ, Westerhoff P, Graichen F, Bergmann G, van der 
Helm FCT. Validation of the Delft Shoulder and Elbow Model using in-vivo 
glenohumeral joint contact forces. J Biomech. 2010;43(15):3007-3014. 

43.  Xiao M, Higginson J. Sensitivity of estimated muscle force in forward 
simulation of normal walking. J Appl Biomech. 2010;26(2):142-149. 

44.  Lempereur M, Brochard S, Leboeuf F, Rémy-Néris O. Validity and reliability 
of 3D marker based scapular motion analysis: A systematic review. J Biomech. 
2014;47(10):2219-2230. 

45.  Brochard S, Lempereur M, Rémy-Néris O. Accuracy and reliability of three 
methods of recording scapular motion using reflective skin markers. Proc Inst 
Mech Eng H. 2011;225(1):100-105. 

46.  Brochard S, Lempereur M, Rémy-Néris O. Double calibration: an accurate, 
reliable and easy-to-use method for 3D scapular motion analysis. J Biomech. 
2011;44(4):751-754. 

47.  Duprey S, Billuart F, Sah S, et al. Three-Dimensional Rotations of the Scapula 
During Arm Abduction: Evaluation of the Acromion Marker Cluster Method 
in Comparison With a Model-Based Approach Using Biplanar Radiograph 
Images. J Appl Biomech. 2015;31(5):392-402. 



 84 

48.  Prinold J, Shaheen A, Bull A. Skin-fixed scapula trackers: a comparison of two 
dynamic methods across a range of calibration positions. J Biomech. 
2011;44(10):2004-2007. 

49.  Warner MB, Chappell PH, Stokes MJ. Measuring scapular kinematics during 
arm lowering using the acromion marker cluster. Hum Mov Sci. 
2012;31(2):386-96. 



 85 

Appendix A 

GLOSSARY 

Requisite Torque:  

The joint torque required for the model to maintain the posture in every time 

point throughout a motion trial. 

������� ��	
�� 
����	����: 
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There is a lack of consensus as to what classifies a given joint torque as small 

or large. Appropriate classification is dependent on the biomechanical scenario being 

investigated. This study assessed differences in GH joint torques between two models 

and ultimately would like to determine if these the differences would significantly 

impact model-predicted muscle activations. Thus, in the context of this study a torque 

difference will be considered small if it should not drastically affect model-predicted 

results. To estimate the effect of joint torque differences on muscle activations, a 

calculation (see below) estimated that torques less than 3 Nm should result in <10% 

changes in muscle activations. Therefore, torque differences of 3 Nm or less were 

*�����* �+ �+����� ��	 ��,�	-	�,�,��� -�	-�+�+ �� ,.�+ +,�*/0 

With the exception of 2 subjects with functional disagreement of torques 

1�,2��� ��*��+3 ��� +�14��,+5 ��6���� ,�	
�� *����	����+ 2�	� ��++ ,.�� 708 9� 2�,.

most maximum differences being <2.0 Nm. Using this maximum torque difference of 

3.5 Nm for GH abduction torque during shoulder abduction as an example it is 

possible estimate the effect of torque difference on model-predicted activations in a 
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worst case scenario. An assumption is made that the prime movers for abduction�

deltoid and supraspinatus�muscle actuators are the only ones utilized to generate the 

3.5 Nm requisite abduction torque. On average the model reports each of these 

muscles as having a ~2.0 cm abduction moment arm throughout the motion and 

approximately 2800 N of combined maximum isometric force. This means that the 

largest maximum torque difference between models (3.5 Nm) would result only in a 

~5% difference in activation for these muscles. This example neglects force-length 

and force-velocity relationships, but even if the muscles operating at sub-optimal 

lengths which permitted only 50% of their respective maximum isometric force, the 

difference in activation would be ~10%. This quick example makes several 

assumptions, but serves to show that the torque differences of magnitude observed in 

this study should not strongly influence model-predicted muscle activations. 

Functional Agreement/Disagreement: 

Functional agreement refers to instances throughout a motion trial where both 

the FS and SR models require torques of the same function (i.e. both models report 

positive values or both negative values) about a given DOF. Functional disagreement 

refers to instances where the models require torques of opposing functions (i.e. one 

model reports positive values while the other reports negative values and vice versa) 

about a given DOF. 

For example, for the GH Abduction DOF if the requisite torque was positive 

for both models, the models would be in functional agreement as both require an 

abduction (i.e. not adduction) torque. Should one model report a positive and the other 

report a negative torque, this indicates that the models require torques of opposing 
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functions (i.e. adduction vs. abduction) and the models would be considered to be in 

function disagreement. 

Activation On/Off Timing Agreement/Disagreement: 

Functional agreement refers to periods of a motion trial where the on/off 
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on/off status of a muscle actuator are not the same between CMC and EMG (i.e. one 
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Appendix B 

IRB APPROVAL DOCUMENTATION 
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