
ABSTRACT 

HENNEBERRY, ALANA CARA. Effect of Musculotendon Parameter Modification on an 

Individualized Musculoskeletal Model. (Under the direction of Dr. Katherine Saul). 

Rotator cuff tears (RCTs) are a prevalent upper limb injury, impacting more than 2 

million Americans every year [1,2]. There is a gap in literature surrounding how the specific 

changes that define the mechanical behavior of the supraspinatus tendon because of tears impact 

its activation and force-generation during task performance. In this study, we aim to understand 

the effect of tendon mechanical parameters (strain at one norm force, maximum isometric force, 

and tendon slack length) on supraspinatus and other RC muscle-tendon forces and activations in 

the context of functional task performance. The overall approach was to perform a sensitivity 

analysis using an individualized computational upper limb model to evaluate how strain at one 

norm force, maximum isometric force, tendon slack length, and their interactions influenced 

rotator cuff muscle activations and muscle force. The root mean square error (RMSE) for each 

simulation was calculated relative to the results with the baseline model and a three-way ANOVA 

with interactions between strain at one norm force, tendon slack length, and maximum isometric 

force was used. Post hoc testing was performed using a one-way ANOVA without interactions 

for the strain at one norm force, tendon slack length, and maximum isometric force and Tukey 

Honest Significant Difference tests. The supraspinatus, infraspinatus, and subscapularis 

activations were all sensitive to various parameter interactions for activation and tendon force. 

The supraspinatus, infraspinatus, and teres minor activations showed no sensitivity to changes in 

the strain at one norm force alone. The supraspinatus activation was not sensitive to the 

interaction of strain at one norm force with maximum isometric force. All other parameters and 

interactions were significant for the supraspinatus, infraspinatus, and subscapularis for 

activation. Teres minor activation was only sensitive to tendon slack length (p=0.01) and the 

interaction of strain at one norm force and maximum isometric force (p=0.04). Supraspinatus, 

infraspinatus, and subscapularis tendon force were all sensitive to all parameters and their 

interactions (p<0.0001). Teres minor tendon force was not sensitive to any parameters or 

interactions. The supraspinatus showed the most significant effect from the parameter changes, 

followed by the teres minor. The tendon slack length was the most influential parameter, with all 

muscle activations sensitive to it for lengths 20mm and 30 mm longer than nominal. By 

understanding which musculotendon parameters had the greatest influence on muscle activation 



levels and tendon force without confounding effects of pain or muscle atrophy, tailored studies 

can be conducted to develop a more comprehensive understanding of rotator cuff propagation.  
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Introduction 

Rotator cuff tears (RCTs) are a prevalent upper limb injury, impacting more than 2 

million Americans every year [1,2]. While RCTs can be asymptomatic, symptoms of the injury 

include difficulty raising and lifting the arm, weakness, and pain [1–6]. The rotator cuff (RC) 

(Figure 1) is composed of the supraspinatus, infraspinatus, teres minor, and subscapularis [3,7–

9]. The function of the rotator cuff is to stabilize the glenohumeral joint and provide force 

couples to keep the humeral head aligned in the glenoid of the scapula during movement [3,7,9]. 

When a tear occurs, the force couples become unbalanced, leading to the humeral head being 

less restricted and translating in the glenoid during certain movements [7,10].  In a RCT, the 

supraspinatus is the most commonly injured muscle [6,11,12]. According to Zhao et al., the 

supraspinatus is torn in 61.9% of men and 38.1% of women who experience RCTs and is the 

most common kind of rotator cuff tear [13]. The likelihood of RCTs increases in later adulthood, 

with 50% of adults aged 65 and older and 70% of adults greater than 80 years old developing 

supraspinatus tears [5,10,13]. Older adults are at greater risk of RCTs due to degeneration and 

reduced blood flow to the shoulder, which can also increase recovery time [2].  
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Figure 1. Rotator Cuff Muscles [14] 

 

Tendon tears impact tendon mechanical behaviors and characteristics [9]. Collagen fibers, 

the primary load bearing structure of tendons, are disrupted [9,11] which contributes to reduced 

tendon stiffness and can reduce maximum isometric force capabilities [15]. The presence of pain 

symptoms has also been reportedly correlated with motion-specific decreased shoulder isometric 

strength [5]. Multiple sensitivity analyses in the lower limb have suggested that tendon force is 

more sensitive to tendon slack length changes rather than changes in muscle maximum isometric 

force due to muscle atrophy [16–19]; a tendon tear causes the tendon slack length to increase 

(Figure 2). This may be because compensation for reduced muscle volume and lower maximum 

isometric force may be possible via increased muscle activation [17].  



 

3 
 

 

Figure 2. Impact of tendon tears on tendon elasticity and muscle. (left) A tear to a tendon 

introduces a hole while elongates the tendon and reduces stiffness as represented by the stretched 

spring component. The muscle shortens as a result compared to a healthy, non-injured tendon 

(right). 

The size of the tear is another important factor in tear propagation and recovery [9,11]. 

RCTs are classified as partial-thickness tears or full-thickness tears, in addition to being 

classified based on their size. Table 1 highlights the qualifications for each tear size [3,20].  

Table 1. Rotator Cuff Tear Size Measurements 

 

For modeling both upper- and lower-limbs, finite element analysis (FEA) and 

musculoskeletal software like OpenSim, Simm, and AnyBody are very popular [21]. 

Computational models simulate dynamic movements to study the forces and stresses experienced 

on anatomical points of interest. Computational and musculoskeletal modeling are popular for 

studies that cannot be completed in vivo. Individualizing OpenSim models by modifying 

anthropometric data or musculotendon parameters generates more realistic predictions of loading 

for specific individuals [16]. The musculotendon parameters in OpenSim 4.0 and later use the 

Tear Size Measurement
Small 0-1 cm

Medium 1-3 cm
Large 3-5 cm

Massive > 5 cm
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Millard model [22], an implementation of the widely used Hill-type model of musculotendon 

actuators. The Hill Model has three distinct mechanical components to represent the muscle-

tendon unit. The three elements are a contractile and elastic component in parallel with another 

elastic component (Figure 3). These represent the muscle, connective tissue, and tendon, 

respectively. The active contractile element is responsible for the active force production and the 

passive elastic element contributes to the passive force production.  

 

Figure 3. Hill model (top) and graphical representations of the tendon strain on normalized 

muscle force (left), normalized muscle-fiber length on normalized muscle force (center), and the 

normalized muscle-fiber velocity on normalized muscle force (right). 

 The Hill model and the Millard implementation have inherent assumptions. The classic 

Hill model does not represent any viscoelastic or damping properties for the tendon or parallel 

elastic components of the model. The active elastic component representing actin and myosin 

interactions does depend on shortening velocity in addition to length of the element representing 



 

5 
 

the muscle fiber. (Figure 3). In addition, the Millard model includes versions with both damped 

elastic and rigid tendon implementations. Millard et al. provide simulation benchmarks 

demonstrate that the equilibrium and damped equilibrium models produce similar force profiles 

but have different computational speeds, and are consistent for relatively short tendons as in the 

rotator cuff [22]. Therefore, while velocity-dependence for contraction is captured in the model, 

high velocity movements that may engage the viscoelastic behavior of tendon may be less well 

represented than slower motions consistent with activities of daily living. The elastic tendon unit 

is also represented as a homogeneous material. Therefore, the Millard model cannot be modified 

to represent inhomogeneities because of a tear introducing spatially varying stiffnesses. OpenSim 

models muscles as a singular line of action representing the centroid of the muscle-tendon 

actuator, preventing location-dependent modifications or inhomogeneous distributions of 

properties within a single tendon.  

With regard to the tendon portion of the Millard model (Figure 4), the overall mechanical 

behavior is defined by a normalized force-length curve that is parameterized using strain at one 

norm force, tendon slack length, and stiffness at one norm force, which are defined according to 

the peak isometric force of the corresponding muscle [23,24]. The stiffness at one norm force 

parameter is most directly related to measures of stiffness directly assessed in injured RCT 

tendon, but is a dependent parameter within the Millard model. Therefore, strain at one norm 

force, tendon slack length, and peak isometric force must be defined explicitly.  
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Figure 4.  Tendon Force Length Curve Utilized in OpenSim and adapted from Millard Model. 

 

 There is a gap in literature surrounding how the specific changes that define the 

mechanical behavior of the supraspinatus tendon because of tears impact its activation and force-

generation during task performance. To address this, we aim to perform a sensitivity analysis of 

tendon modeling parameters (strain at one norm force, maximum isometric force, and tendon 

slack length) on supraspinatus and other RC muscle-tendon forces and activations in the context 

of functional task performance. Such an analysis will enable elucidation of the roles of these 

isolated biomechanical tendon factors in the absence of confounding factors such as pain and 

muscle atrophy.  

Methods 

The overall approach was to use an individualized computational upper limb model to 

evaluate how strain at one norm force, maximum isometric force, tendon slack length, and their 

interactions influenced rotator cuff muscle activations and muscle force. All simulations were 
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informed using previously published data of a 67 year old, right-arm dominant female with no 

history of rotator cuff injury [14]. The participant was recorded performing an axilla wash 

motion for motion capture. In the previous study by Vidt, patient information was collected 

including muscle volume (from medical imaging), anthropometric information, motion capture, 

EMG, limb strength, and a health history survey [14]. The study was approved by IRB. The 

axilla motion was selected for analysis here because it was identified to be significantly altered 

in RCT patients compared to healthy age-matched controls [14].  The axilla wash motion began 

with the right arm in a neutral position with the elbow extended. The participant was instructed 

to use this arm to touch their contralateral shoulder and then lower their arm back to the 

beginning position. No load was applied [14]. 

To create three-dimensional individualized muscle models, the muscle volume data 

provided in Vidt’s study was used to scale the existing computational upper limb model to the 

individual [14,25,26]. The scaling of the model to individual muscle volumes also scaled the 

maximum isometric force of each muscle. This calculation was done using the following 

equation: 

𝐹 = 𝜎 ∗ 𝑃𝐶𝑆𝐴 

Where σ represents muscle specific tension (50.8 𝑁 𝑚2⁄ ) and PCSA is the physiological cross-

sectional area of muscle, calculated from the measured muscle volume divided by the muscle-

specific optimal fiber length [26,27]. 

After the model was scaled, inverse kinematics was used to compute joint angles from 

measured marker locations recorded with motion capture cameras, and then these angles were 

used in a computed muscle control optimization analysis to compute muscle activations required 
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to perform the movement task. Two versions of the model were generated using a muscle scaling 

optimization tool to meet the needs of the analyses. The first model had a non-fixed trunk, 

allowing the torso to be translated and rotated during inverse kinematics analysis to match the 

location of the tracking markers. The second model had a fixed trunk, prohibiting torso 

movement, for use during computed muscle control optimizations in order to represent the fixed 

torso configuration of the axilla wash task. Using previously published motion capture data, 

inverse kinematics for the axilla wash were computed [14].  All simulations were run with  

MATLAB 2021b (The Mathworks, Natick, MA) and a modified version of OpenSim 4.3 

(OpenSim, Stanford University, Palo Alto, CA, version 4.3) [28]. All inverse kinematics were 

zero-phase filtered in MATLAB. The inverse kinematics data were used as input to the computed 

muscle control (CMC) tool and filtered using the default 6 Hz filter. Tracking tasks and control 

constraints files previously assembled by Vidt were modified and used in the setup of all CMC 

files. All CMC simulations employed a custom glenohumeral shoulder stability criterion in 

which the resulting glenohumeral contact forces were required to be directed within the envelope 

of the glenoid surface, as developed by McFarland et al [29].  

Sensitivity Analysis. To identify the effect of each parameter on muscle activation and 

tendon force, a systematic series of simulations was performed using perturbations of the 

parameters in the nominal RCT model described above, for a total of 245 simulations (Table 2).   
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Table 2. Table of Nominal and All Modified Parameter Values Implemented in the 

Individualized Computational Models 

 

The range of possible tendon slack lengths was chosen to reflect small to large rotator tuff 

tear sizes and retractions, as shown by the color codes in Table 2 [3]. The range of isometric 

forces was selected to reflect a 30% decrease in maximum isometric force due to the maximum 

atrophy typically reported in a full-thickness supraspinatus tear [30] while adding further 

reductions in force past this point. Muscle atrophy does not necessarily correspond to tear size. 

Therefore, maximum isometric force changes are not color coded in Table 2. The goal of 

simulating the reduced maximum isometric force past the point of reported full-thickness 

supraspinatus tears was to identify if there is a threshold beyond which mechanical stability of 

the glenohumeral joint is not possible. The values for strain at one norm force were based on 

normalized stiffness values for cadaveric supraspinatus muscles with and without RCT at 100N 

force, obtained from previously collected unpublished work by the Nazarian Lab at Beth Israel 

Deaconess Medical Center (courtesy Mason Garcia). After simulations were completed, the 

Muscle Analysis tool was used to compute muscle activations and tendon force for each 

simulation for the 4 muscles of the rotator cuff.  
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Statistical Analysis 

The root mean square error (RMSE) was calculated for each simulation’s activation and 

tendon force as compared to the nominal model. RMSE outcomes were evaluated for normality 

and were normally distributed. A three-way ANOVA with interactions between strain at one 

norm force, tendon slack length, and maximum isometric force was used. The significance value 

was set at α=0.05. Post hoc testing was performed using one-way ANOVA with no interactions 

and Tukey Honest Significant Difference tests. All statistical analysis was completed using 

MATLAB. 

Results  

 The supraspinatus, infraspinatus, and subscapularis were all sensitive to various 

parameter interactions for both activation and tendon force outcomes. The supraspinatus 

activation was not sensitive to strain at one norm force alone (p=0.22) or the interaction of strain 

at one norm force and maximum isometric force (p=0.99) (Figure 5). The supraspinatus 

activation was sensitive to all other parameters and their interactions (p<0.0001) (Figure 5).  

Infraspinatus activation was not sensitive to strain at one norm force (p=0.14) but was sensitive 

to all other parameters and their interactions (p<0.001) (Figure 5). Subscapularis activation was 

sensitive to all parameters and their interactions (p<0.0001) (Figure 7). Teres minor activation 

was only sensitive to tendon slack length (p=0.01) and the interaction of strain at one norm force 

and maximum isometric force (p=0.04) (Figure 9). Supraspinatus, infraspinatus, and 

subscapularis tendon force were all sensitive to all parameters and their interactions (p<0.0001) 

(Figures 4,6, and 8, respectively). Teres minor tendon force was not sensitive to any parameter 

nor their interactions (p>0.05) (Figure 10). 
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 The Tukey-post hoc test revealed no significant differences for strain at one norm force 

for activation or tendon force for any muscle, but significant differences for both tendon slack 

length and maximum isometric force across activation and tendon force values depending on the 

muscle. Tendon slack length was associated with significant changes in activation and tendon 

force at 30 mm longer than nominal in the supraspinatus, infraspinatus, and subscapularis 

(p<0.05 for all) (Figures 5, 6, 7). A tendon slack length of 20 mm longer than nominal resulted in 

significantly different activation for supraspinatus and infraspinatus (p<0.05 for both) (Figures 5, 

6). The teres minor tendon force did not result in any significant changes at any tendon slack 

length, but activation was significantly altered at tendon slack lengths that were 20 mm longer 

than nominal compared to nominal and 10 mm longer than nominal (p<0.05) (Figure 8). 

 RMSE for both activation and force relative to the nominal model for supraspinatus was 

largest for all muscles (Figure 5), followed by the teres minor (Figure 8).  The RMSE values for 

the supraspinatus and teres minor were an order of magnitude larger than the infraspinatus and 

subscapularis (Figure 5, 6, 7, respectively). The infraspinatus and subscapularis were most 

sensitive to supraspinatus maximum isometric force (Figure 6, 7). Simulations with the longest 

tendon slack length (30 mm longer than nominal) increased RMSE values for activation and 

tendon force for the supraspinatus (Figure 5), infraspinatus (Figure 6) and subscapularis (Figure 

7). Instances of RMSE outliers in the figures arose from interactions with other parameters as 

described in the relevant statistical reports. 

When the tendon slack length was 30 mm longer than nominal, the supraspinatus was 

unable to compensate for the reduced force-generating capacity. This was evident from initially 

saturated activations of 1.0 at early stages of the task movement, and then activation levels near 

zero for the remainder of the movement; in the nominal and other solutions, the muscle was 
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activated throughout the motion. The infraspinatus, subscapularis, and teres minor continued to 

be activated during the whole motion to achieve the desired kinematics, without contributions 

from supraspinatus in these cases.  

Figure 5. RMSE activation and tendon force values of the supraspinatus with respect to (a, d) 

strain at one norm force, (b, e) tendon slack length, and (c, f) maximum isometric force. Due to 

the scale of activation levels being 0-1, the RMSE values were all low but had several outliers. 

The outliers (a-c) are all associated with interactions with tendon slack lengths of 20 mm longer 

than nominal or 30 mm longer than nominal varying across (a) strain at one norm force and (c) 

maximum isometric force values. (a) The average RMSE ranges from 4.52 × 10−2 

(±7.17 × 10−2) to 5.39 × 10−2  (±3.4 × 10−2 ) as strain increases from 0.033 to 0.33, 

respectively. (b) The average RMSE ranges from 2.07 × 10−2 (±1.22 × 10−2 ) to 0.19 (±0.11) 

as tendon slack length increases from nominal to 30 mm longer than nominal. (c) The average 
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RMSE ranges from 4.09 × 10−2  (±2.18 × 10−2 ) to 6.48 × 10−2  (±0.11) as the maximum 

isometric force increases from 40% to 100%. (d) The average RMSE was roughly 4.5 ± 2.45 N 

until a strain of 0.33 when the average RMSE increased to 5.29 ± 2.37 N. (e) The average 

RMSE stayed around 4.19 ± 2.4 N until a length of 20 mm longer than nominal and 30 mm 

longer than nominal when it increased to 4.8 ± 2.3 N and 6.7 ± 1.8 N, respectively. (f) The 

average RMSE for maximum isometric force varied from 7.64 ± 0.42 N at 40% to 1.51 ± 2.03 

N. The outliers are all associated with interactions with larger tendon slack lengths of 30 mm 

longer than nominal and occasionally 20 mm longer than nominal. (b, e) There was a significant 

difference in activation and tendon force when the tendon slack length was increased by 30 mm 

compared to the nominal. The activation also was significantly difference with a 20 mm tendon 

slack length addition. 
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Figure 6. RMSE tendon force values of the infraspinatus with respect to changes in 

supraspinatus (a, d) strain at one norm force (b, e) tendon slack length, and (c. f) maximum 

isometric force. (a) The average RMSE activation is around 4.5 × 10−3 (±1.6 × 10−3) . (b) The 

average RMSE activation is 3.8 × 10−3 (±1.4 × 10−3) for smaller tendon slack lengths 

(<0.0595m). At 0.0595m, the average RMSE increases to  4.8 × 10−3  (±1.5 × 10−3), and then 

increases again to  6.6 × 10−3  (±4.0 × 10−4) at 30 mm longer than nominal. (c) The average 

RMSE value differs with each magnitude of force and ranges from  5.9 × 10−3  (±6.0 × 10−4) to  

2.9 × 10−3 (±1.7 × 10−3) and 40% and 100%, respectively. The outliers come from being 

paired with a larger tendon slack length of 20 mm longer than nominal or 30 mm longer than 

nominal. At 100%, there were two outliers that came from 2 mm longer and 10 mm longer than 

nominal. (d) The average RMSE value stays relatively constant across all strain values. The 

minimum average occurs at 0.0502 and is 1.37 ±0.48 N while the maximum average is at 0.33 

and is 1.49 ±0.47 N. (e) The average RMSE value stays relatively constant around 1.26 ±0.42 

N while the tendon slack length is between nominal and 10 mm longer than nominal. At 10 mm 

longer than nominal, the average increases to  1.51 ± 0.47 N and then again to  2.02 ±0.21 N 

at 30 mm longer than nominal. (f) The average RMSE value varies from 40% to 100% at  

1.95 ± 0.17 N to  0.94 ±0.46 N. The outliers all come from interactions with tendon slack 

lengths of 20 mm or 30 mm longer than nominal.  
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Figure 7. RMSE tendon force values of the subscapularis with respect to changes in 

supraspinatus (a, d) strain at one norm force (b, e) tendon slack length, and (c, f) maximum 

isometric force. (a) The average RMSE showed little variation between strain values and ranged 

between 3.0 × 10−3 (±1.4 × 10−3 )  and 3.6 × 10−3 (±1.2 × 10−3). (b) The average RMSE 

stayed around 2.8 × 10−3  (±1.1 × 10−3) for tendon slack lengths from nominal to 10 mm 

longer. The average RMSE increased to 3.2 × 10−3 (±1.3 × 10−3) and 5.0 × 10−3  

(±5.0 × 10−4) at 20 mm and 30 mm longer than nominal, respectively.  (c) The average RMSE 

value ranged from 4.6 × 10−3  (±5.0 × 10−4) to 2.2 × 10−3 (±1.4 × 10−3) as maximum 

isometric force increased from 40% to 100%. (d) The average RMSE value showed little 

variation across strain values and ranged from 1.0 ±0.44 N and 1.2 ±0.40 N. Similarly, the 

RMSE values for tendon slack length (e) ranged showed minimal variation from nominal to 10 

mm longer than nominal with averages around 0.93 ±0.38 N. At 20 mm longer than nominal, 

the average increased to  1.08 ± 0.43 N and then  1.72 ±0.17 N at 0.30 mm longer. (f) The 

average RMSE showed greater variation with maximum isometric force than with strain at one 

norm force or tendon slack length. At 40%, the average RMSE was 1.55 ±0.15 N. The average 

decreased to  0.71 ±0.45 N at 100%. The outliers all come from interactions with a tendon slack 

length of 20 mm or 30 mm longer than nominal. 
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Figure 8. RMSE activation and tendon force values of the teres minor with respect to changes in 

supraspinatus (a, d) strain at one norm force (b, e) tendon slack length, and (c, f) maximum 

isometric force. (a) The RMSE of activation levels varied from 4.9 × 10−3 (±6.0 × 10−3) at 

0.0502, to 9.3 × 10−3(±1.4 × 10−2) at 0.0947. The outliers came from interactions with a 

variety of tendon slack length and maximum isometric force. (b) The average RMSE was a 

minimum at 10 mm longer than nominal with an average of 4.9 × 10−3(±8.5 × 10−3 ).  The 

average RMSE was a maximum at 20 mm longer than nominal with an average of 

1.2 × 10−2(±1.4 × 10−2). The outliers varied across strain at one norm force and maximum 

isometric force. (c) The average RMSE was the least at 80% with an average of 

4.0 × 10−3(±2.7 × 10−3). The average reached a maximum at 70% with an average 

of 9.1 × 10−3(±1.4 × 10−3). The outliers come predominantly from interaction with a tendon 

slack length of 20 mm longer than nominal, though smaller lengths are also present when paired 

with high strain values. (d) The average RMSE stays between 3-4 N, with an average of  3.73 

±1.98 N. (e) The average RMSE also stayed between 3-4 N with an average of  3.41 ±1.89 N. 

(f) The average RMSE showed more variation than strain at one norm force or tendon slack 

length. The minimum average RMSE for occurred at 60% with an average of 2.91 ±2.06 N and 

reached a maximum at 40% with an average of 4.23 ± 1.95 N. 

Discussion 

 This study aimed to determine which musculotendon parameters had the greatest impact 

on RC muscle activation and tendon force, and which muscles were most affected. This 

information could form the basis for future studies to explore neuromuscular compensations 

from rotator cuff tears in more detail. By understanding which musculotendon parameters had 

the greatest influence on muscle activation levels and tendon force without confounding effects 

of pain or muscle atrophy, tailored studies can be conducted to develop a more comprehensive 

understanding of rotator cuff tear propagation. Consistent with previous studies on upper and 

lower limbs, this study indicated that the rotator cuff muscles were impacted in activation and 

tendon force due to changes in the strain at one norm force [23], tendon slack length [16–

19,23,31], and maximum isometric force [17]. Post-hoc significance testing indicated that 

activation and tendon force were more sensitive to increased tendon slack length than maximum 

isometric force or strain at one norm force. This is consistent with other studies indicating that 
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tendon force is more sensitive toto tendon slack length than to changes in maximum isometric 

force in both upper- and lower-limb studies [16–19].  

 When tendon slack length is increased or maximum isometric force is decreased, the 

supraspinatus force-generating capacity is naturally reduced according to the force-length 

relationship governing muscle force production. Consequently, there was a greater difference in 

the activation and tendon force produced by the supraspinatus than the other muscles. This is 

consistent with other studies which show reduced force production [15,17] and higher activation 

as a result of an rotator cuff tear [32,33]. For most parameter combinations, the supraspinatus 

was able to increase activation adequately to compensate for the reduced force-generating 

capacity, leading to limited changes in other muscles. However, for larger increases in tendon 

slack length, activation could not adequately compensate, and other muscle contributions were 

altered as well to maintain the overall kinematic requirements of the task. 

 The tendon slack lengths representing medium to large tears (20 mm and 30 mm longer 

than nominal) resulted in greater RMSE for activation and tendon force for the supraspinatus, 

infraspinatus, and subscapularis (Figures 5-7). This would imply that when the supraspinatus is 

weaker, the infraspinatus and subscapularis are recruited to a greater extent compensate. A tear of 

3cm (30 mm longer than nominal) causes similar RMSE for muscle activation in infraspinatus 

and supraspinatus as compared to simulations with maximum isometric supraspinatus force that 

is 40% nominal. This is consistent with previous findings that showed simulations modifying 

upper- or lower-limb muscle-tendon parameters while individualizing OpenSim models were 

more sensitive to changes in tendon slack length than maximum isometric force [16–19].   

While the supraspinatus tendon force varied from an average RMSE of 7.64 ± 0.42 N at 

40% to 1.51 ± 2.03 N at 100% of supraspinatus maximum isometric force, the teres minor had 



 

20 
 

smaller change with altered supraspinatus maximum isometric force, from RMSE of 2.91 ±2.06 

N at 60% to  4.23 ± 1.95N  at 40%. The infraspinatus and subscapularis never reached an 

average RMSE as high of 2.91 N, but showed variability in RMSE values in response to greater 

simulated tears. This indicates that the tendon force was significantly impacted by the severity of 

tears simulated. While the teres minor showed higher RMSE values than the infraspinatus and 

subscapularis, the teres minor RMSE values were more stable across trials. This indicates the 

variability of tear severity was less significant, but rather any change to the model caused a larger 

RMSE. Teres minor tendon force was slightly reduced relative to the nominal model. Previous 

studies simulating the effect of rotator cuff tear severity on muscle forces during the axilla wash 

suggest that the teres minor will increase force contribution in the presence of an injured 

supraspinatus as tear severity advances [34]. However, the Pataky et al. study examines tear 

effects that were far larger than simulated here, with the minimum atrophy represented being 

50% loss of maximum isometric force of just the supraspinatus. The Pataky study progressively 

increased tear severity by reducing supraspinatus maximum isometric force until a severe, three-

tendon tear was represented by 0% of the supraspinatus maximum isometric force with 25% of 

the infraspinatus and subscapularis maximum isometric force. If our study were continued in the 

future to explore more extensive tears, including tears of other rotator cuff muscles, the teres 

minor may show a compensatory increase in tendon force production once the infraspinatus or 

subscapularis muscles force capabilities are reduced. 

The assumptions introduced with the Hill and Millard model likely do not significantly 

impact the results. Dynamic effects of the motion were likely minimal. For example, the active 

force production already accounts for the shortening velocity of the muscle-fiber (Figure 3) and 

the chosen task was sufficiently slow that any viscoelastic effects on the tendon were not 
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relevant. OpenSim models the muscles as a simplified line of action that does not allow for 

spatial specifications of muscle-tendon parameters. Assumptions of spatial homogeneity in the 

model representation are unlikely to affect overall estimates of force and activation arising from 

the lumped parameter model. The specific model parameters directly represent muscle retraction 

(tendon slack length) and effective stiffness (strain at one norm force) that have been measured 

clinically or experimentally. However, there are observed spatial differences in stiffness 

throughout the tendon depending on the location, geometry, and orientation of the tear [9,11]. 

Consequently, a method that captures this inhomogeneity may provide greater insight into the 

tear properties itself, as well as the propagation of the tear. Finite element modeling of the 3D 

characteristics of the tear geometry and tendon tissue from medical imaging may provide greater 

spatial information regarding tendon tear behavior. However, the implementation of the Hill-type 

model within a dynamic system, as in OpenSim, allows for simulation of a full dynamic task and 

predictions of muscle excitations coordinated across multiple muscle-tendon elements, which is 

typically not possible with finite element implementations that allow for incorporation of more 

complex and inhomogeneous spatial and viscoelastic properties. Thus, different models are 

appropriate alone and in combination depending on the scientific question. 

The aim of the current study was to identify the parameters that are most influential and 

warrant future examination as either variables or boundary conditions for future experimental or 

computational approaches. Consequently, these assumptions do not compromise the primary 

objective.  

There were additional limitations of the study design. The sensitivity analyses were based 

on a single nominal baseline simulation developed from one individual and one motion. This 

decision was made to isolate the effects of individual parameters without the confounding effects 
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of kinematic and anatomical variability. This study was designed to evaluate which parameters 

were most sensitive and warrant future investigation. Future work will incorporate a wider 

variety of model configurations designed to represent a broader range of age, sex, functional 

mobility of the upper arm, and task requirements.  A formal stochastic approach (e.g. Monte 

Carlo) would also refine parameter selection to allow random selection from a distribution of 

parameters as opposed to discrete parameter values. The current study performed perturbations 

among all independent variable values to form an understanding of how the relationship between 

the values impact tendon force production and activation. However, an injury would not have a 

typical strain at one norm force of 0.033 and maximum isometric force of 100% but a 30 mm 

increase in tendon slack length. Therefore, covariance between parameters can be incorporated, 

such as strain at one norm force and tendon slack length, so that each simulation was a more 

accurate depiction of an injured muscle-tendon unit. Future work may also explore sensitivity to 

muscle parameter changes associated with RCT, such as muscle shortening due to retraction.  

The results of this study highlight the importance of future studies on the modification 

and individualization of musculotendon parameters in musculoskeletal modeling of pathologies. 

There is significant room for expanding this research to identify the absolute mechanical 

limitations of the rotator cuff because of a supraspinatus tear. Further studies including simulated 

tears to the other rotator cuff tears would also elicit insightful information on how the rotator cuff 

behaves when multiple sources of weakness are introduced. Additionally, iterative modeling with 

integrated finite element analysis to simulate tear propagation from continued stress or strain on 

a torn rotator cuff could grant insights into the limitations of the muscle tissue and tear 

propagation. Similar studies have been previously published for prediction of bone formation for 

brachial plexus birth injury [35].  Implementing modifications to the geometry of the 
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glenohumeral joint bones in simulations to represent individualized anatomy (e.g., bone spurs, 

fractures, etc.) would likely impact muscle force if appropriate to capture concomitant injuries. 

While other studies have examined the effect of modifications of musculotendon parameters on 

force or activation, this specific set of independent variables has not been studied together in 

simulating a supraspinatus injury, to the best of my knowledge. As such, the result of this study 

uniquely provides insight into how shoulder function and muscle coordination will respond to 

these simulated supraspinatus tears and allows more informed predictions about anticipated 

outcomes of RCT. 

Conclusion 

 The goal of this study was to determine the effects of altering various parameters of the 

supraspinatus muscle on the activation and tendon force of the four rotator cuff muscles. In 

analyzing the results of this study, the strain at one norm force, maximum isometric force, and 

tendon slack length were all collectively adjusted. The supraspinatus, infraspinatus, and 

subscapularis were all sensitive to parameter interactions for activation and tendon force. Muscle 

activation and tendon force were most sensitive to tendon slack length and maximum isometric 

force. The teres minor activation and tendon force demonstrated the least sensitivity to changes 

of supraspinatus parameters.  

While this study revealed that outcomes were sensitive to musculotendon parameters in 

an individualized model, future studies should be conducted to explore the effects on the three-

dimensional geometry of a tear. Future studies should also be conducted to extend this work to 

simulate tears to multiple RC muscles. Once there is greater understanding about which 

mechanical components of a tear impact reduced force production or ability to complete tasks of 

daily living, clinicians can make more educated decisions during the diagnostic process. This 
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knowledge can also identify the populations most at risk for tear or continued tear propagation. 

Once a deeper understanding of rotator cuff tears and their progression is established, medical 

and physical therapy interventions can be fine-tuned to promote improved recovery and reduce 

the worsening of the injury. 
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