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Abstract 

 

Fractured bones are often stabilized with orthopedic fracture plates and screws 
until healed. If the plates and screws are removed, the vacant screw holes 
introduce a potential site for re-fracture. This study is aimed at simulating a 
laboratory torsional fracture test of a composite analogue tibia with vacant screw 
holes using a finite element (FE) model. This FE model is set up the same as the 
experimental torsion test, with a section from the distal portion of the tibia. The 
FE model contains over 35k second-order brick elements and nearly 165k nodes. 
It utilizes an isotropic linear elastic material law with material properties obtained 
from the analogue tibia manufacturer. Comparisons between the experimental 
model and the FE model consider the fracture torque, fracture angle, and specific 
torsional stiffness. Stress contours of the FE model are compared to the fracture 
path of the experimental model. The FE model predicts the fracture location and a 
fracture torque within the standard deviation of that determined experimentally. 

Keywords: Finite element modeling and analysis; Biomechanics; Composite; 
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Introduction 

Plates and screws are common orthopedic devices used to stabilize fractured bones. When this 
hardware is removed, there is potential for re-fracture, especially under torsional loading, due to 
the reduction in torsional strength caused by the presence of vacant screw holes [1, 2, 3, 4, 5, 6].  

Clinical interest in determining the risk of re-fracture after screw removal has led to experimental 
and finite element (FE) studies on the torsional fracture strength of long bones with holes [7, 8, 
9, 10, 11]. The FE models used thus far analyze the geometry of a cylindrical tube as a simplified 
model of bone [10, 11]. Since the distribution of stress and locations of stress concentration are 
affected by geometry, the FE model geometry should be of a human long bone to improve the 
ability of the model to predict torsional fracture. 

To our knowledge, the effect of transverse bicortical holes in the human tibia subjected to 
torsional loading has not been examined. The objective of the current study was to develop a FE 
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model and compare it to an experimental model of a composite analogue distal tibia with 
bicortical holes in torsion. 

Methodology 

This study was conducted with two models: an experimental model and a FE model. For the 
experimental model, composite analogue distal human tibiae were tested in torsion to failure. 
The FE model was developed using the geometry of a composite analogue tibia, and the 
boundary conditions and loads applied were based on the interpretation of the experimental 
model. 

Experimental Model 

The middle-third section of six fourth-generation composite analogue left tibiae (model #3402, 
Pacific Research Laboratories, Inc., Vashon, WA) were tested in torsion to fracture (Figure 1a). 
Three bicortical screw holes were introduced to simulate in vivo removal of orthopedic screws. A 
custom jig was used to standardize the drill positions, and a 6-hole 4.5 mm orthopedic plate was 
used as a template to drill three pilot holes for the screws. A 4.5 mm self-tapping AO cortical 
screw was then inserted and removed from each pilot hole. 

The specimens were proximally and distally locked with dental cement (CAD-scan, Garreco 
Incorporated, Heber Springs, AR) in custom holding fixtures with an exposed length of 85 mm 
(Figure 1b). The holding fixtures were positioned and secured onto the actuator of the MTS 
Bionix servohydraulic materials testing system (MTS Model 858, Eden Prairie, MN), and the 
intramedullary shaft was carefully aligned with the rotational axis of the MTS machine. A 
compressive load of 15 N, under load control, was applied axially to each specimen, and then 
torque was applied from 0 Nm to complete structural failure at a loading rate of 0.25 degrees per 
second. The 15 N axial compressive load was applied to stabilize the test specimen and fixture 
before applying torque. Testing was initiated with three preconditioning torque cycles from 0 
Nm to 15 Nm at 0.25 degrees per second, and then the load was applied continuously until 
failure occurred. Rotation angle and torque were collected every 0.1 seconds, and the average 
specific torsional stiffness was calculated as the torque-rotation slope (range: 15.3 Nm to 17.3 
Nm) multiplied by the specimen’s exposed length (range: 0.080 m to 0.090 m). 
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 (a)    (b)    

Figure 1. Experimental model. (a) Section of analogue tibia tested (b) Experimental setup 

FE Model 

The CAD geometry, shown in Figure 2, was of the distal portion of a fourth-generation 
composite analogue tibia (model #3402) with three equally spaced, transverse, bicortical holes. 
The holes were modeled as drill holes, omitting the screw threads, and they had the average 
diameter of the orthopedic screws, 3.75 mm. Screw threads were omitted to reduce model 
complexity and analysis time, and this approach has been used in previous studies [9, 11, 12]. 
The cancellous bone was also omitted based on former research [13]. 

(a)    (b)  

Figure 2. FE model. (a) Section of the distal tibia modeled (b) Position of the transverse drill 
holes 
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The FE model was developed in Altair HyperMesh, processed with Altair RADIOSS, and post-
processed in Altair HyperView. The mesh contained solid twenty-node brick elements with an 
element size of 1 mm. The thinnest sections of the cortical wall had at least five elements in the 
thickness. The model contained 35,355 elements and 164,794 nodes.  

An isotropic linear elastic material model was used to simulate the composite analogue tibia. 
This material model is commonly used for FE model comparisons and studies on long bones [9, 
14, 15, 16, 17]. The properties used to define the linear elastic material include Young’s modulus 
(10.1 GPa), density (1.64×10-6 kg/mm3), and Poisson’s ratio (0.3). The modulus and density 
were provided by the manufacturer [18], and Poisson’s ratio was assigned to be consistent with 
former composite long bone FE models [13, 14, 19].  

Boundary conditions and loads were applied to the nodes on the outer surfaces of the proximal 
and distal ends of the tibia section, as shown in Figure 3. The distal end of the model was fixed 
and the proximal end was rotated (2.5 deg/ms) clockwise, simulating an external twist, about the 
mechanical axis of the tibia. Similar to the experimental model, a 15N axial compressive load 
was applied prior to initiating rotation. The axial load and rotation were applied with a ramp and 
then held constant. Constraints were applied to the proximal end to allow only axial translation 
and rotation about the mechanical axis of the tibia.  

 

  
 (a) Proximal End (b) Distal End 

Figure 3. Nodes subjected to loading, rotation, and/or constraints.  

The FE model was evaluated at two time points: 1) at the rotation angle of fracture determined 
by the experimental model, and 2) at the composite's maximum stress limitation. Table 1 shows 
the maximum stress limitations in tension, compression, and shear of the composite material 
simulating cortical bone in the fourth-generation composite analogue tibia. The time point at 
which the FE model first reaches the composite maximum stress limit, is viewed as an indication 
of initial micro-crack formation, rather than as an indication of component failure.  

 



 

5 

TABLE 1. STRESS LIMITS OF THE ANALOGUE CORTICAL BONE COMPOSITE MATERIAL [18]  

Stress Maximum (MPa) 

Tension 106.0 

Compression 157.0 

Shear 93.2 

Results  

Table 2 lists the fracture torque, angle of rotation at fracture, and specific torsional stiffness of 
both the experimental and FE models, and Figure 4 is a plot of the torque versus rotation angle of 
the models. When the FE model reached the angle of rotation at which experimental fracture 
occurred, the torque was 4% less than the experimental model and was within the standard 
deviation of the experimental model's fracture torque. Also at this angle of rotation, 6.1% of the 
elements exceeded the maximum stress limitations of the composite analogue cortical bone. The 
FE model reached the stress limitations of the composite material at a torque 54% lower than the 
fracture torque of the experimental model and a rotation angle 52% lower than the fracture angle 
of the experimental model. The tensile limit was reached prior to exceeding the compressive and 
shear limits. The specific torsional stiffness of the FE model was 23% less than the experimental 
model. 

TABLE 2. SUMMARY OF RESULTS  

Model Description 
Torque  
(Nm) 

Rotation  
(Degrees) 

Specific 
Torsional 
Stiffness 

(Nm2/deg) 

Experimental model at fracture 127.2 + 7.1 9.6 + 0.3 1.41 + 0.09 

F
E

 m
od

el
 

At rotation angle of experimental 
fracture  

122.1 9.6 1.08 

At composite material's maximum 
stress limits 

58.8 4.6 1.08 

 



Figure 4. Torque versus angle plot of the 

Contours of major principal stress, minor principal stress, and maximum shear stress are 
in Figures 5, 6, and 7 respectively. 
development of stress, and the a
limitations of the composite cortical bone. 

The drill holes deformed under the torsional loading, and locations of high stress concentrations 
developed around their edges. As shown in the conto
concentrations occurred at an angle of 45 degrees around the holes, and shear stress 
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concentrated at an angle of negative 45 degrees around the holes. 

 (a)   

Figure 5. Major principal stress contours 
experiment and (b) the 

medial lateral 
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. Torque versus angle plot of the experimental and FE model

Contours of major principal stress, minor principal stress, and maximum shear stress are 
respectively. In these contours, the two time points are pictured to show the 

development of stress, and the areas that are dark red-orange or red have exceeded the stress 
limitations of the composite cortical bone.  

the torsional loading, and locations of high stress concentrations 
developed around their edges. As shown in the contours, major principal stress (tension) 
concentrations occurred at an angle of 45 degrees around the holes, and shear stress 
concentrations occurred in the transverse and vertical directions. As anticipated, the minor 
principal stress (compression) was a mirror image of the major principal stress and was 
concentrated at an angle of negative 45 degrees around the holes.  

 (b)        

. Major principal stress contours at (a) the fracture rotation angle determined by 
experiment and (b) the stress limits of the composite material. 
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(a)   

Figure 6. Minor principal stress 
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(a)   

Figure 7. Maximum shear stress 
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(b)        

. Minor principal stress contours at (a) the fracture rotation angle determined by 
experiment and (b) the stress limits of the composite material. 

 (b)       

. Maximum shear stress contours at (a) the fracture rotation angle determined by 
experiment and (b) the stress limits of the composite material. 

lateral   medial   lateral  

medial lateral 
 

 

at (a) the fracture rotation angle determined by 
.  

 

at (a) the fracture rotation angle determined by 
 

 



(a)    (b)

Figure 8. Fracture path comparison of (a)
model major principal stress contour

When loaded in torsion, long bones fail on a plane at 45 degrees to the loading axis [
is the plane of maximum tensile stress
indicator for potential fracture sites. 
specimen fracture, which initiated at a
surface. In the FE model, the major 
angle around this same hole. Furthermore, the principal stress was higher on the upper
edge of this hole than on the lower edge

Discussion 

To our knowledge, this is the first study to evaluate
analogue tibia with bicortical holes using both 
tibia was selected because 1) tibial shaft fractures are common injuries that occur after falls, car 
accidents, sports injuries, and other activities, 2) plates and screws are commonly used for 
fracture fixation of the tibia, and 3) the tibia, in comparison to other long bones, is s
more pure torsional loads, rather than combination loading (bending, compression, tension). 
Furthermore, an analogue tibia 
examination of essentially anatomically identical
hand, vary widely not only in their geometry
which are affected by disease and aging.
generation analogue models fall w
adult bones (age: <80 years old) 

There are limitations to the models. Firstly, 
remodel and fill screw holes after orthop
models can only validate the clinical situation in regards to
bone was simulated in the FE model, while the experimental model had two materials to 
represent the bone tissues: short fiber filled epoxy for cortical bone and rigid polyurethane foam 
for cancellous bone. Papini et al
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         Lower Edge          

. Fracture path comparison of (a) experimental analogue tibia specimen and (b) FE 
model major principal stress contour. 

When loaded in torsion, long bones fail on a plane at 45 degrees to the loading axis [
is the plane of maximum tensile stress; therefore, the major principal stress contour
indicator for potential fracture sites. Figure 8 compares this stress contour with 

initiated at a 45 degree angle through the lower hole
major principal stress concentrations were highe
Furthermore, the principal stress was higher on the upper

hole than on the lower edge.  

To our knowledge, this is the first study to evaluate the torsional strength of
analogue tibia with bicortical holes using both experimental and FE models. In this study,

1) tibial shaft fractures are common injuries that occur after falls, car 
accidents, sports injuries, and other activities, 2) plates and screws are commonly used for 
fracture fixation of the tibia, and 3) the tibia, in comparison to other long bones, is s

pure torsional loads, rather than combination loading (bending, compression, tension). 
 was used to reduce variability between specimens and 

essentially anatomically identical specimens. Cadaveric specimens
dely not only in their geometry but also in their bone density and tissue properties, 

affected by disease and aging. According to the available literature,
models fall within the published physiological range of 

adult bones (age: <80 years old) [22, 23, 24, 25, 26]. 

There are limitations to the models. Firstly, over time, bone in the clinical situation 
d fill screw holes after orthopedic hardware removal. The experimental and FE

the clinical situation in regards to fresh holes. Secondly, 
bone was simulated in the FE model, while the experimental model had two materials to 
represent the bone tissues: short fiber filled epoxy for cortical bone and rigid polyurethane foam 

et al. [13] found that omitting the cancellous bone from a 

Upper Edge 

 

analogue tibia specimen and (b) FE 

When loaded in torsion, long bones fail on a plane at 45 degrees to the loading axis [20, 21]. This 
the major principal stress contour is the best 

this stress contour with an experimental 
hole on the medial 

highest at a 45 degree 
Furthermore, the principal stress was higher on the upper inside 

the torsional strength of a composite 
In this study, the 

1) tibial shaft fractures are common injuries that occur after falls, car 
accidents, sports injuries, and other activities, 2) plates and screws are commonly used for 
fracture fixation of the tibia, and 3) the tibia, in comparison to other long bones, is subjected to 

pure torsional loads, rather than combination loading (bending, compression, tension). 
reduce variability between specimens and allow 

adaveric specimens, on the other 
but also in their bone density and tissue properties, 
According to the available literature, the fourth-

of average healthy 

in the clinical situation is known to 
he experimental and FE 

Secondly, only cortical 
bone was simulated in the FE model, while the experimental model had two materials to 
represent the bone tissues: short fiber filled epoxy for cortical bone and rigid polyurethane foam 

] found that omitting the cancellous bone from a 
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computational model resulted in axial and torsional stiffness within 1% of those obtained when 
modeling both the cancellous and cortical bone due to the fact that the modulus of cancellous 
bone was more than an order of magnitude smaller than that of cortical bone. Since the elastic 
modulus of the two analogue bone materials were two orders of magnitude different, omission of 
the cancellous bone from the FE model did not significantly affect the results. Thirdly, the 
experimental model contained screw holes, while the FE model contained drill holes. Cortical 
screws were inserted and removed from the experimental specimens, and the impressions left by 
the screw threads create potential sites for fracture initiation [27]. In a FE model, small features 
such as screw threads reduce element size and increase analysis time. Therefore, screw threads 
were omitted, and holes with an average diameter of the cortical screws were modeled. Former 
research related to holes in bones subjected to torsion also simplified FE models by omitting 
screw threads [9, 11, 12].  

There are also limitations within the FE material model which attributed to differences between 
the FE and experimental models. The specific torsional stiffness of the FE model is lower than 
the experimental model because the FE material model only uses one modulus and does not 
account for both the transverse and tensile moduli of the composite. Both shear and tension play 
a significant role in the simulation, and although the failure mode was in tension, the transverse 
modulus was used because of the torsional loading. With the transverse modulus being 37% 
lower than the tensile modulus, omission of the tensile modulus resulted in a low torsional 
stiffness, which did not mimic the torsional stiffness of the experimental model. Furthermore, the 
linear material model does not simulate yielding, which the experimental analogue tibia 
demonstrated with the gradual decline in stiffness with increased torsion. Without yielding the 
stress levels increased at an artificially high rate, which contributed to the FE model reaching the 
stress limitations at a relatively low torque in comparison to the experimental fracture torque. 
Considering future use of the FE model, material properties simulating human bone would be 
more useful than properties simulating analogue bone. Therefore, further development of the 
composite material model was not pursued, and the incorporation of a material model simulating 
human bone was reserved for a future study. 

Locations of stress concentrations are well predicted by the FE model and thus, potential fracture 
sites can be identified. During the experiment, the analogue tibia fractured along a helix at an 
angle of 45 degrees passing through the lower hole on the medial surface. The FE model 
predicted the same fracture site as the experimental model, and further determined that the 
fracture would initiate on the upper inside edge of this hole. In both the experimental and FE 
models, the locations of the stress concentrations around the holes were consistent with the 
findings of Kuo et al. [11], which show that fractures in tubes having a single-cortex hole of 
small defect ratios, 10-40%, propagate along a helix with an angle of 45 degrees. The defect ratio 
of the FE model (16%) was within this range, and high stress concentrations around the holes 
were at the predicted angle of 45 degrees. 

Conclusion 

A finite element computer model of an analogue tibia with bicortical holes simulated an 
experimental torsional fracture test and successfully predicted the location of initial fracture and 
the fracture torque within the standard deviation of experimental results. For further 
advancement of the model, material properties representing human bone can be incorporated, 
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and results can be compared to those obtained with human cadaveric specimens. Further studies 
could utilize this model to investigate variables such as bone quality, hole size, hole shape, 
spacing between holes, and direction of rotation. Additionally, this model could be compared to 
a cylindrical tube model to see how geometric simplification affects the torsional response.  
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