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Highlights 

 A finite element model (FEM) of the intact shoulder was developed 

 An experimental model of the intact shoulder was developed 

 The FE model was successfully validated based on experimental results 

 The experimental results suggest that load is transferred at the posterior region 
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Abstract  

The shoulder joint is a complex anatomical system. The main goal of this study was to 

build a Finite Element (FE) model of the intact shoulder joint and its validation was 

done using an experimental model comparing cortical strains. Considering the expected 

differences between the experimental model and an in vivo shoulder, the experimental 

model developed replicates adequately the in vivo functioning of the joint. 

For the experimental model we used 4
th

 generation composite bone structures of the 

humerus and scapula, including the humeral head cartilage, the glenoid cartilage and 

glenohumeral ligaments. The model also comprises the most important muscles in 

abduction. The FE model of the intact shoulder was developed mimicking the 

experimental model regarding the geometry of the bone structures. 

Strain gauge rosettes were used to measure strain responses loading bone structures 

positioned in a 90° abduction angle. The accuracy of the strains calculated (numerical 

model) and measured (experimental model) was evaluated with linear regression 

analysis. The correlation coefficient of 0.76 and RMSE of 107 µε indicate an adequate 

agreement between numerical and experimental strains.  

The experimental procedure to simulate the biomechanics of the intact shoulder joint is 

a difficult task due to the instability of the joint and the number of structures that 

compose it. The use of FE models is necessary to perform more complex biomechanical 

studies, which are normally impossible to make with experimental ones, highlighting 

the importance of validation of FE models. The results of these models can then be used 

to compare with clinical data considering, however, the inherent characteristics of 

numerical simulations and differences relatively to clinical models.  

Keywords: Intact shoulder, finite element model, experimental model, strain gage   
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Introduction 

The development of accurate Finite Element (FE) models of the intact shoulder joint is 

a complex task due to the anatomy and biomechanics of the articulation. Some shoulder 

FE models available in literature  [1,2]  focus on the connection between the humerus 

and the scapula and several simplifications aim to reduce computational time, but with 

costs due to differences between the numerical model and the real scenario. Other FE 

models of the intact shoulder [3–6] consider realistic anatomical features, with joint 

stability achieved by means of muscles and by articular contact forces, allowing the 

humerus to move freely in the joint. However, there are FE models validated only 

against published results [4–6] and others that do not present any experimental 

validation [3].  

 

Generally, experimental models of the shoulder consider a hanging humerus, which is 

activated in abduction by muscular loads applied to the deltoid and rotator cuff muscles 

[7,8]. Several strategies have been implemented for muscle force application, such as 

different force ratios [9], equal muscles forces [8–10], application of forces depending 

on the physiologic cross-sectional area of each muscle [10] or depending on 

electromyography results [8,10]. Commonly, muscle forces in experiments are applied 

by means of servo-hydraulic actuators [7,9,11,12] or by pneumatic muscles or weights 

[13–15]. 

The main goal of this study was to design an experimental model simulator of the intact 

shoulder to validate a FE model by comparing numerical with experimental strains. 
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Materials and Methods 

Experimental shoulder model 

The experimental shoulder model (see figure 1) was constructed with 4
th

 generation 

composite bone structures, namely a left humerus and scapula, (Sawbones, Pacific 

Research Laboratories, Inc., Vashon Island, WA, USA). These composite structures 

replicate well the mechanical behavior of real bone and their material properties are 

within the same range [16].  

The model includes the inferior glenohumeral ligament (IGHL), simulated by an elastic 

band (1.2 × 23.6 × 36 mm) that was glued to the bones (Figure 1). The elastic band was 

stretched 16.7 mm during humeral abduction (from 0º to 90°). The elastic modulus of 

the band was determined through a tensile test using a universal testing machine 

(Shimadzu). It was approximately 3.5 MPa, similar to 3 MPa presented in an in vivo 

study [17].  

The cartilage of the experimental models was made in a three-step process: CAD 

model; CAD mold; and manufacturing. CAD models of both cartilages were made 

assuming a constant thickness of 0.95 mm in accordance with literature [18] and based 

on the observation of several CT scans. The CAD model was built considering the 

distance between the bone surfaces (glenoid cavity and humeral head). The synthetic 

cartilages (made of silicone rubber) were manufactured using room-temperature 

vulcanization silicone technique [19] and surfaces presented geometry accuracy [20].  

The most important muscle forces in abduction were previously identified using a 

multi-body model of the intact shoulder (AnyBody software). The conditions simulating 

an adult male (weight: 101 kg, height: 1.61 m) performing an abduction motion (from 

0° to 90°) with an external load of 10 N. Knowing the height (H) of the human body, 
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the distance shoulder/hand was considered in accordance with the study of Roozbazar et 

al. (1979) [21].  Since the deltoid produces the greatest amount of force, it was divided 

into two lines of action (two cables) (figure 1). The rotator cuff muscles (supraspinatus, 

infraspinatus and subscapularis) were simulated with one line of action for each (three 

cables) but the insertion in the bones was made using a large band fixed in the same 

area, as previously adopted [2,8]. Muscle directions were anatomically defined, and two 

cable extremities were attached to the deltoid tuberosity with a large band glued to 

bone; three cable extremities were attached to the corresponding origin site of each 

rotator cuff muscle. The remaining cable extremities were attached to pneumatic 

muscles (DMSP-10-40N-AM-AM and DMSP-10-80N-AM-AM, FESTO) in force 

control.  

The experimental model was based on previous studies [22,23] and performance was 

compared with literature [24]. The simulation of several degrees of abduction and 

stability of the joint are issues that deserve careful attention when performing the tests. 

The experiments performed with controlling muscular force allowed the necessary 

stability of the experimental setup and confirmed that the glenohumeral joint has high 

freedom. 

 

 

Insert figure 1  

 

 

Experimental procedure 

The quasi-static testing apparatus (see Figure 2) was designed considering other 

experimental shoulder models [7,8,13]. The shoulder simulator was designed to 
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replicate a humerothoracic angle of 90° of abduction, with the glenohumeral angle 

consistent with the scapular rhythm, since it is considered as a critical position for the 

glenohumeral joint [24]. Nevertheless, the rig allows the position of the joint in any 

abduction angle and to include the scapulothoracic rhythm. The humerus is equilibrated 

by the muscles and external forces that simulate the weight of arm and hand (see Figure 

2). The muscle forces were monitored using a real-time controller (NI c-RIO-9074, 

National Instruments) and measured with a load cell (U9B, HBM) placed in line with 

the pneumatic muscles.  

 

Insert figure 2 

 

To analyze the strain responses of the shoulder model, strain gage rosettes (KFG-3-120-

D17-11 L3M2S 3 mm, KFG-1-120-D17-11 L3M2S 1 mm, Kyowa Electronic 

Instruments Co.) were used. Two rosettes were glued on the scapula (anterior and 

posterior regions) and two on the humerus (close to the greater and lesser tubercles), as 

shown in Figure 3. The rosettes were connected to a data acquisition system PXI-1050 

(National Instruments, Austin, TX, USA) controlled with a LabVIEW application. The 

maximum and minimum principal strains were calculated based on the measured signal 

of each rosette.  

 

Insert figure 3 

 

The shoulder testing device allows different strategies for force application, such as 

equal/different loads in all muscles, or absence of forces in some of them [2]. The 

external loads were applied on the extremity of the composite humeral bone at a 
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distance of 277 mm (x1) from the top of the humeral head. Since the mechanical system 

(bones and external load) is in equilibrium, an external force of 23.5 N was applied at 

point x1 to balance the muscle forces. Due to pneumatic muscles constraints, it was not 

possible to apply 100 % of the previously determined muscle loads, so only 75 % of the 

load was applied, which corresponds to an external weight of 17.25 N. The average 

muscle forces used in the experiments are indicated in table 1. 

 

Insert table 1  

 

Bone structures were positioned on the experimental rig and the muscle forces were 

gradually added and applied to the muscle cables and the external weight was regularly 

added to the humeral shaft. The same experimental protocol was applied in all trials. 

The overall procedure was repeated seven times in each position.  

 

 

Finite element model 

The FE model was built based on the geometry of the cortical and cancellous structures 

of the composite bones (see Figure 2). The CAD model of cartilage was used to design 

and manufacture silicone molds to obtain the synthetic cartilage structures. The IGHL 

was numerically simulated to replicate the elastic band used in the experiments.  

All components of the intact shoulder numerical model were considered having 

isotropic linear elastic behavior in the range of the loads applied [4,25]. Table 2 presents 

the material properties considered in the FE model. 

 

Insert table 2 
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To reproduce the experimental shoulder model, the CAD representations were 

positioned in a way so that the scapula was fixed in the inferior angle and in the superior 

margin (figure 2), and a point of the humeral base was fixed to simulate the influence of 

the external load (reaction), as represented in Figure 4. The cortical /trabecular bone and 

cortical bone/cartilage interfaces were considered bonded in the FE model like the 

experimental models. The IGHL extremities were bonded to the cortical bone of the 

humerus and scapula.  

 

A Coulomb contact friction µ = 0.2 between the two cartilage (replicate) structures was 

considered due to the absence of synovial fluid.  The consideration of such a high 

friction value used does not represent real (in vivo) conditions of healthy patients. The 

presence of synovial fluid and cartilage smoothness leads to lower friction and 

consequently lower contact pressures. However, the main aim of this study was to build 

a FE model that replicates the experimental model. For this reason, the contact friction 

coefficient considered mimics the friction between two synthetic silicone surfaces. 

Small-sliding formulation was considered, since little sliding between the silicone 

structures of the experimental model was observed. The same contact condition 

(µ = 0.2) was used between the IGHL/cartilage interfaces. A pre-tension of 1.5 MPa 

was added to the IGHL model having in consideration the 3.5 MPa elastic modulus and 

16.7 mm elongation. 

 

Insert Figure 4 
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Muscle forces are the external loads applied to the FE model, similarly to what was 

done experimentally. The muscles considered were deltoid (two lines of action), 

infraspinatus, supraspinatus and subscapularis (one line of action each). The muscles 

lines of action are also represented in Figure 4. ABAQUS (Dassault Systèmes Simulia 

Corp, Providence, RI, USA) was the solver used. 

A sensitivity analysis to obtain an adequate mesh convergence size was performed and 

is presented in figure 5. The FE model was built with linear tetrahedral elements of type 

C3D4 (4 nodes, 3 degrees of freedom per node). The selection of these finite elements 

were based on related published work  [27,28]. The model had 427 845 degrees of 

freedom (142 615 nodes, 641 019 elements), presenting good accuracy with enough 

density [29]. To determine numerical strains, an average strain was considered from 

strains “picked” in 5 nodes of the equivalent region of the sensor of the experimental 

model. The percentage in terms of results and difference between them was calculated 

considering the experimental value as the base one.  

 

Insert figure 5 

 

Results 

The humerus and scapula cortical strains measured experimentally are depicted in 

Figure 6. Regarding these results, a maximum principal strain of +139 με and a 

minimum principal strain of -135 με were measured in the anterior scapula (AS). For 

the posterior scapula (PS), a maximum principal strain of +353 με and a minimum 

principal strain of -220 με were measured. In the anterior humerus (AH), the 

experimental maximum and minimum principal strains were +86 με and +17 με 
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respectively. As for the posterior humerus (PH), the maximum and minimum principal 

strain was +105 με and -74 με respectively.  

 

 

Insert Figure 6 

 

Concerning the scapula, the comparison between FE and experimental strains (see 

Figure 6) evidence that, in average, the FE model underestimates the maximum 

principal strains in -37% and overestimates the minimum principal strains in +67%. As 

for the humerus, the comparison shows that, in average, the FE model overestimates the 

maximum principal strains in +27% and underestimates the minimum principal strains 

in -560%.  

It is important to evidence that the numerical minimum principal strain obtained with 

rosette AS (Anterior Scapula) is of compression nature (negative), while the equivalent 

experimental strain is of tension nature (positive, although of very low magnitude). This 

may indicate differences in the humerus positioning or a geometric variation in that 

region of the FE model, suggesting a more anterior position. 

 

 

Discussion 

As referred, the main objective with this study was to validate a FE model of the intact 

shoulder by comparing numerical-experimental strains. Even with some instability of 

the joint observed, the differences between numerical and experimental strains gives us 

the necessary confidence to use the FE model developed and tested for biomechanical 
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studies as, for example, the differences of performance between different shoulder 

prostheses. 

One way to validate different nature (numerical versus experimental) models is through 

the use of the correlation between experimental and numerical data expressed as the 

Root-Mean-Square-Error (RMSE). This indicator is usually used to measure the 

difference between values predicted by the FE model and the values measured with the 

experimental model. Considering all data points, we obtained a correlation coefficient 

of 0.77 and a RMSE of 107 µε (see Figure 7). These results must be analyzed having in 

mind the complexity of the experimental model of the shoulder joint and number of 

components involved in the simulations. A detailed analysis on the strains obtained 

shows significant differences between the minimum principal strains at AS and AH, 

respectively +121% and -1113%. A possible explanation for these differences is the 

complexity of the geometry were sensors were placed, that possibly were not adequately 

replicated in the FE model as well as the inherent differences of stiffness between the 

numerical model and the experimental simulator. If these two points were excluded, 

differences higher than 100%, we would obtain a better correlation coefficient and a 

RMSE. 

 

Insert Figure 7 

 

Several authors have validated biomechanical models by comparing numerical and 

experimental maximum and minimum principal strains [1,30–33]. However, as far as 

we know, no model with both the humerus and the scapula has been experimentally 

validated. Nevertheless, we can, within certain limits, relate our study with those of 

Varghese et al. [32] and of Gupta et al. [1]. Gupta et al. [1] developed and validated a 
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3D FE model of a human scapula and obtained correlation coefficients between 0.89 

and 0.97. Varghese et al. [32] validated FE models of long bones, including the 

humerus, and obtained correlation coefficients between 0.64 and 0.99. More adequate 

comparisons are difficult to perform because our experimental system takes into 

account two bone structures, different loading scenarios and boundary conditions when 

compared with other published studies.  

 

The muscles simulated in our study allow us to analyze the shoulder in abduction. 

However, some loading scenarios are difficult to replicate in an experimental setup. The 

rig designed allows the simulation of the most critical position (90° abduction) of the 

shoulder with some degree of accuracy and repeatability. The experiments conducted 

confirmed that the glenohumeral joint is characterized by being highly free and of 

significant instability.  

 

The experimental obtained evidence that, comparably, the scapula suffers much higher 

deformations than the humerus. The comparison of the results obtained with identical 

published is a non-straight forward exercise, mainly because, as far as we know, no 

studies consider the shoulder joint analyzed based on strain deformation, and instead 

focus on the biomechanical characterization of the joint before and after prosthesis 

implantation. 

 

The biomechanical behavior of the scapula based on strains can be assessed on Maurel 

et al. [34,35] studies. Nonetheless, those studies consider only the behavior of the 

scapula when loaded in some exact locations (without considering the humerus) and no 

muscle actions were added to the experimental system. On the contrary, on the present 
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study we analyze the behavior of the scapula and humerus strains due to their intrinsic 

relationship and under muscle loading. Therefore, the comparison of results with these 

studies is difficult or even not possible. In the present  model, we observed that the 

posterior scapula presented higher deformations (in tension and in compression), in 

opposition to what Maurel et  al. [34] observed in the intact scapula. In fact, during 

abduction, maximum principal strains were located mainly at the anterior and antero-

superior regions of the scapula. This difference is probably related with the orientation 

of load and amount of force applied in these studies. 

 

Our study presents some limitations, like the composite bone structures used that are 

adequate to replicate non-pathologic conditions, but are suitable to build experimental 

models. They present linear elastic behavior for the load conditions considered. These 

experimental models have homogeneous characteristics (geometry and materials) and 

are suitable to validate FE models for numerical simulations. A significant advantage of 

these bones is that they do not present geometric variability when comparing with 

cadaveric ones. Considerable differences on the proximal humerus shape [36] and 

glenoid cavity [37,38] is a reality in both non-pathologic and pathologic patients. This 

fact needs to be addressed when designing a surgery strategy to choose proper shoulder 

prosthesis. 

 

Other limitation concern is the contact between components with silicon. In fact, this 

material presents high friction, which does not represent the real (in vivo) environment 

of healthy joints with synovial fluid and the cartilage smoothness leads to lower friction 

and consequently lower contact pressures. However, the aim of this study was to build a 

FE model that replicates the experimental one and this effect does not have any 
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relevance concerning validation purpose.  With a scientific confidence numerical model, 

any simulation can be made considering reliable physiological friction in the shoulder 

articulation. 

 

 

Conclusions  

The FE model developed validated using an experimental model, can be used to analyze 

the glenohumeral joint in several degrees of abduction to better understand the 

biomechanics of the shoulder articulation. Many factors can influence the usability of 

FE models, such as the ability of the CAD model to truly replicate all bone and muscle 

structures considered, their placement in the right position, origin and insertion site of 

the muscles and material properties. All these make the development of the intact FE 

model of the shoulder joint a difficult assignment to be accomplished. Nevertheless, this 

study proposes a FE model of the intact shoulder that was validated based on 

experimental data and can be applied to study the biomechanics of the intact and 

implanted shoulder for the analysis of prosthesis performance.  
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Figure 1 - Experimental shoulder model. Identification of muscular actions. 
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Figure 3 - Rosette positions (yellow circles) on the anterior view (A) and on the posterior view 

(B). AS- anterior scapula; AH - anterior humerus; PH - posterior humerus; PS-posterior scapula 

 

Figure 4: CAD and FE model of the intact shoulder. 

 

Figure 5 - Results of the mesh convergence study considering two points (P1 and P2) on the 

humeral model bone. 

 

Figure 6: Comparison between principal strains at the anterior and posterior scapula and at the 

anterior and posterior humerus.  

 

Figure 7 - Correlation between experimental and FE results. 
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List of tables 

 

Table 1 - Muscle forces used in the study. 

Muscle Theoretical Muscle Force [N] 

(75 %) 

Average Muscle 

Force (SD) [N] 

Intact model 

Deltoideus 1 113 110.92 (0.76) 

Deltoideus 2 113 112.54 (1.39) 

Subscapularis 169 168.14 (0.97) 

Infraspinatus 90 88.90 (0.43) 

Supraspinatus 68 67.08 (0.10) 

 

Table 2 

 

 

Table 2 - Material properties used in the FE model of the intact shoulder.  

Structure Young modulus Poisson ratio 

Composite cortical bone 16.7 GPa 0.3 

Composite trabecular bone 0.155 GPa 0.3 

Silicone (cartilage) 625 MPa 0.08 

Elastic (IGHL) 3.5 MPa 0.09 
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