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INTRODUCTION 
 
Finite element (FE) modeling provides an 
established, useful tool for assessing biomechanics 
without invasive testing. One important and 
emerging application is the use of FE models to 
assess the risk of long bone fractures, which are 
prevalent in populations with bone fragility due to 
aging, osteoporosis, and various genetic and 
metabolic disorders. For example, FE modeling can 
be used to assess bone strength and fracture risk in 
individuals with osteogenesis imperfect (OI), a 
heritable bone fragility disorder [1, 2]. Children 
with OI have an especially high prevalence of long 
bone fractures. As the major load-bearing bones 
during ambulation, current models of OI have 
focused on lower extremity bones [1, 2]. However, 
the upper extremity bones, including the humerus, 
experience weight-bearing loads during assisted 
ambulation with crutches and walkers. Analysis of 
children walking with instrumented Loftstrand 
crutches showed they experienced shoulder forces 
up to nearly 35% of their body weight [3]. It has 
also been shown that assisted ambulation can cause 
a 24Nm bending moment at the shoulder joint [4]. 
However, to date, no study has examined how loads 
sustained during assisted mobility may put patients 
with OI at risk for upper extremity fractures. 
 
This project focused on the development and 
validation of a humeral FE model subjected to 
physiologic bending loads such as those seen during 
assisted ambulation [3, 4]. This model is appropriate 
for application to various populations at increased 
risk for humeral fractures who use assistive devices 
for ambulation. 

METHODS 
 
Fourth-generation composite humeri (named H-
VHP model; Sawbones Worldwide, Pacific 
Research Lab, Inc., Vashon, Washington, USA) 
were manufactured for this project based on the 
humerus geometry of the National Institutes of 
Health (NIH) Visible Human Project (VHP).   
 
A composite humerus was instrumented with two 
stacked rectangular strain gage rosettes (Vishay 
Micro-Measurements, Raleigh, North Carolina, 
USA) and subjected to bending loads. The center 
gage of each rosette was aligned with the anatomic 
axis on the anterior and posterior side of the 
humerus. A four-point bending setup was used, in 
which the support rollers were on the anterior side, 
92 mm distally and proximally from the gage 
rosettes. Loading was applied on the posterior side; 
each roller positioned 28 mm on either side of the 
gage rosette (Fig. 1a). The humerus was loaded with 
200 N through a servo-hydraulic materials testing 
machine (MTS 809, Eden Prairie, Minnesota, 
USA). This load was selected in order to simulate a 
24 Nm bending moment about the shoulder joint 
axis that an individual would experience during 
assisted ambulation with Loftstrand crutches [4]. 
Strains were recorded from each gage and the 
principal strains were calculated for each rosette.  
 
The testing conditions were then replicated in a 
three-dimensional (3D) FE model of the humerus 
(Fig. 1b) and processed in Abaqus 6.10 (Dassault 
Systèmes Americas Corp.; Waltham, MA). The 3D 
model geometry was defined from a CT scan of the 
composite humerus and then imported into IA-
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FEMesh software [5]. The humerus was meshed 
with 59,852 eight-noded linear hexahedral elements 
(C3D8) with an average element size of 1.25 mm. 
Meshing of both the cortex and cancellous layers of 
the humerus was performed using the multi-block 
approach in IA-FEMesh [5]. Cortical bone was 
defined with a Young’s modulus (E) of 10.6 GPa 
(based on experimental data of tensile testing) and a 
Poisson’s ratio (ν) of 0.3 (from composite bone 
manufacturer). Cancellous bone regions were 
assigned material properties provided by the 
composite manufacturers: E = 0.160 GPa and ν = 
0.26. A set of elements corresponding to the 
locations of each strain gage rosette was defined. 
These elements were used for the FE model analysis 
in order to correspond with the testing data since the 
rosette locations may not coincide with overall 
maximum and minimum principle strain locations. 
 
  

 
Figure 1:  Four-point bending of humerus models 
during a) experimental bending test of the 
composite humerus in the anterior-posterior (AP) 
plane and b) finite element (FE) model analysis. 
The FE model also shows the location of the strain 
gages (SG) from experimental testing.  
 
 
 

RESULTS AND DISCUSSION 
 
 
The FE analysis showed excellent agreement with 
the experimental data during AP bending in 
maximum principal strain with a difference of 1.4% 
(Table 1). The difference in minimum principal 
strains between the experimental and FE results 
showed good agreement with a difference of 10.8% 
(Table 1). Limitations in this study include some 
variability between the three experimental trials and 
the inherent assumptions in FE modeling and 
analysis. Despite these limitations, there was good 
agreement between the FE model results and 
experimental data.  
 
CONCLUSIONS 
 
The high level of agreement between the two results 
validates the use of the FE model of the humerus to 
examine biomechanical responses to loading. This 
model has potential applications in populations such 
as the elderly or those with OI. These populations 
may use assistive devices for ambulation and 
would, therefore, be loading their upper extremity 
long bones, such as the humerus, with a percentage 
of their body weight.  
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Table 1: Maximum and minimum principle strains for the finite element (FE) model and experimental testing. 
Applied 
Load 

Max Prin μƐ 
FE Model 

Max Prin μƐ 
Experimental  

Max % 
Difference 

Min Prin μƐ 
FE Model 

Min Prin μƐ 
Experimental 

Min % 
Difference 

200 N 1414 1394 1.4 -1134 -1271 10.8 
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