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a b s t r a c t

Using finite element analysis, a parametric study was developed to compare stress and strain energy
density (SED), in order to determine which stimuli might be better for predicting stress shielding in
bone–screw models. Defined stimuli transfer parameters demonstrated that stress and SED (strong
candidates for initiating the bone remodeling process) are transferred distinctively between an implant
and bone. While small diameter angled threads increased transfer of both stimuli, reducing the screw's
elastic modulus resulted in an increased transfer of stress; and unexpected decrease in SED, indicating
that SED should be carefully examined in the context of future bone–screw models.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Orthopedic screws are primarily responsible for retaining the
stability of most fracture fixation devices, and are commonly
associated with failure due to pull-out associated with poor screw
purchase or bone loss [1]. Screws are primarily used to supply
necessary interfragmentary compression, as standalone fixators
and in conjunction with other orthopedic hardware devices,
particularly plates, and so their holding power within bone is
crucial. Bone, on the other hand, is a dynamic connective tissue
that gives form and support to the body, while protecting vital
organs, and facilitating locomotion. It also acts as a reservoir for
ions, especially for calcium and phosphate, the homeostasis of
which is essential to life. These functions place serious require-
ments on the mechanical properties of bone, which should be stiff
enough to support the body's weight and tough enough to prevent
easy fracturing. As well, bone must be resorbed and/or formed
depending on the mechanical and biological requirements of the
body. Bone, under normal physiological conditions, is an organ of
optimal design, as it maintains both mechanical and chemical
homeostasis. Bone remodeling activities serve to remove bone
mass where the mechanical demands of the skeleton are low, for
instance in the vicinity of orthopedic implants, and form bone at
those sites where mechanical loads are transmitted sufficiently [2].

After decades of research, the exact cause of cortical porosis
around implants remains a subject of debate [3]. However, studies
pertaining to bone–implant interactions have demonstrated that
stress shielding, i.e. a reduction in normal mechanical loading of
bone, can result in bone loss in the vicinity of implants [4,5]. Direct
observation of bone loss around screws prior to their avulsion has
been shown by radiologic examination [6,7]. Evidence of decreased
compression at the bone–screw interface [8] has been hypothesized
by Perren et al. [9] to be a result of abnormal bone remodeling.
These findings suggest that normal bone remodeling will only
persist if there is a constant supply of compression, or mechanical
stimuli, transferred to the bone surrounding implants. In relation to
implants, stiff metallic screws, with stiffness on the order of 100–
200 GPa, carry the majority of the shared load. This unequal load
sharing causes the softer adjacent bone, with stiffness on the order
of �1–20 GPa [10], to be atrophied. This response acts in accor-
dance with Wolff's law of functional adaptation, which states that
“Every change in the form and function of a bone is followed by
certain definite changes in their internal architecture and equally
definite secondary alterations in their external conformation, in
accordance with mathematical laws” [11]. The “biomechanical
compatibility” of a particular screw with bone can therefore be
characterized by the stress (or strain energy density, or any other
type of mechanical stimuli) distribution that develops in the bone
around the screw. A loss of compression between implanted screws
and bone is inevitable in vivo, particularly in the case of lag screws
[8], and so implants should be designed in a manner that limits the
stress shielding effect. Examining stress distributions in situ may
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shed some light on the effects of implant characteristics, however
which mechanical stimulus (stress, strain, strain rate, strain energy
density, etc.) is responsible for the initiation of the bone remodeling
process is still an open question [12,13]. Many researchers are in
favor of strain energy density (SED) and/or its rate as a mechanical
stimulus for the initiation of bone remodeling process [12,14–20].

Considering that stimuli transfer from implants is essential for
bone remodeling, it is necessary to quantify and compare how
altered implant parameters reflect upon stimuli distributions within
bone. Pullout tests performed in vivo and in synthetic samples have
shown that, besides host material density [21], screw geometry also
affects pullout strength [22–25]. While sufficient pullout strength is
necessary to prevent screw avulsion, computational means such as
finite element analysis (FEA) are invaluable for evaluating mechan-
ical stimuli distributions in implant–bone constructs [26–28]. FEA
allows for simulation of a variety of different implant parameters
that have been shown to influence stress and strain distributions in
neighboring bone [29–32], however most models do not system-
atically relate parameters to stress shielding effects. One example
wherein stress shielding is quantified is the work by Gefen [26]. As a
means of comparing the effect of screw parameters on stress
shielding, Gefen uses a ratio of resultant stress in bone to stress in
adjacent screw threads during a compressive load. Although this
research provides a means for quantifying potential stress shielding
effects, it only considers one type of mechanical stimuli [26].

The primary goal of this research is to examine whether mean-
ingful differences exist between the distributions of stress and strain
energy density (SED) in bone resulting from implant loading, which
can ultimately determine the rate of bone remodeling and stress
shielding in neighboring bone. Here, FEA is employed to simulate
a tensile load applied to an orthopedic screw inserted into bone.
Considering that transfer of mechanical stimuli to bone is necessary
to prevent stress shielding, we systematically characterize the
transfer of two types of mechanical stimuli from the screw to
surrounding bone, namely stress and strain energy densities. We
consider a previously defined stress transfer parameter [26,46], and
propose a newly defined criterion to evaluate SED transfer between
an implanted screw and adjacent bone. This new parameter allowed
us to compare stimuli (SED and stress) transfer to bone resulting
from changes in implant parameters. Comparing these distributions
sheds light on which screw configurations may lead to greater
transfer of mechanical stimuli to neighboring bone, and which
stimuli is a better candidate for investigating stress shielding in a
bone–screw system.

2. Methods

ANSYS v.11 parametric design language (APDL) was used to
generate a two-dimensional finite element (2D FE) model of a
screw–bone construct (Fig. 1A). The model consists of a homo-
geneous cortical bone layer (E¼20 GPa) and an underlying volume
of trabecular bone (E¼1 GPa) with a Poisson ratio of υ¼0.35 for
both regions. Screws were modeled as 105 GPa and 40 GPa,
representative of a titanium alloy (Ti–6Al–4V), and a reduced
modulus titanium alloy, respectively (υ¼0.35 for both). For the
first set of simulations, the screw head and core diameter (di) were
kept constant at 6 mm and 2 mm, respectively. Varied geometric
parameters include: thread profile shape (triangular, rectangular,
and trapezoidal), outer diameter do (4 mm and 6 mm), proximal
shaft length Sl (1 mm and 5 mm), and number of threads (Fig. 1A).
In a second set of simulations, the screw parameters resulting in
the highest transfer of stimuli from the first set of simulations
(short spanning triangular threads, short shaft length, and max-
imum screw length—nine threads) were kept constant, while only

the core diameter, di, of the screw was varied (2 mm through
6 mm).

Outer boundaries of the model are subjected to fixed boundary
conditions; however, vertical displacements along the symmetric
axis of the model were permitted. Quadrilateral 4-node elements
were used to discretize the model with a mesh refinement
specified along the bone–screw interface. During simulation,
a tensile load of 80 N was applied to the screw head. This force
is representative of screw axial tension that is lower than expected
failure forces [22]. As a conservative estimate of the average values
across a defined element, von Mises' stresses (sbi and stj, the stress
within bone and in adjacent screw threads, respectively) and
strains (εbi and εtj, the strain within bone and in adjacent screw
threads, respectively) were measured along a pre-defined path
(see Fig. 1A).

Effective stresses measured at the defined points in the tra-
becular bone and screw threads (Fig. 1A) allowed for calculation of
stress transfer parameters (STPs) [26]

STP α¼ sb
st

ð1Þ

STP β¼ ∑
i ¼ j ¼ N

i ¼ j ¼ 2

sbi
stj

ð2Þ

STP total¼ STP αþSTP β ð3Þ
The two parameters, STP α and STP β, were defined as the ratio

of stress (von Mises') transferred to bone (sb) versus the stress in
the adjacent screw threads (st). Ideally, stress transfer between the
screw and bone should be maximized, and low values of STP α and
STP β indicate less stress transfer to bone.

Since strain energy density may also act as a stimulus for the
initiation and control of the bone remodeling process [12,14–18],
we defined new parameters in order to examine the transfer of
this particular stimulus to bone. Assuming that bone is an isotropic
material and behaves in a linear elastic manner, we can define
strain energy density transfer parameters (SEDTPs) as a ratio

SEDTP α¼ sbεb
stεt

ð4Þ

SEDTP β¼ ∑
i ¼ j ¼ N

i ¼ j ¼ 2

sbiεbi
stjεtj

ð5Þ

SEDTP total¼ SEDTP αþSEDTP β ð6Þ
where again s refers to von Mises' effective stress and ε represents
von Mises' effective strain, wherein the subscripts b and t refer to
bone and threads, respectively.

A tensile load was applied to the screw head while simulta-
neously measuring both von Mises' stresses and strains at the
points indicated in Fig. 1A, for points within the screw thread and
neighboring bone. These stresses and strains were used to calcu-
late the STPs (Eqs. (1)–(3)) and SEDTPs (Eqs. (4)–(6)), which were
used to quantify the level of mechanical stimuli transferred
between the screw and surrounding bone during simulations with
parameter changes including the screw elastic modulus, and screw
geometry.

3. Results

3.1. Mechanical stimuli distributions in bone resulting from a tensile
load

Using ANSYS FEA software, we simulated a bone–screw con-
struct with an applied tensile load of 80 N, applied along the top of
the screw, in order to generate mechanical stimuli distributions
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throughout the screw and adjacent bone (Fig. 1A). Using pre-
viously defined parameters, so-called stress transfer parameters
(STPs) (Eqs. (1)–(3)), and our newly defined parameters, strain energy
density transfer parameters (SEDTPs) (Eqs. (4)–(6)), we were able to
quantify the transfer of stress and strain energy density between the
screw and neighboring bone. Simulating an axial tensile load (Fig. 1A)
resulted in regions of highly concentrated stress under the screw

head at the intersection of the screw shaft, as well as stresses that
dissipated along the length of the screw. Higher stresses were
observed along the outer contours of the thread profiles, and in the
most distal thread (Fig. 1B). Differences in both stress and SED
distributions were evident between simulations of tensile loading,
as stresses generated along the screw shaft resulted in high strains
particularly in the distal trabecular bone region (see Fig. 2).

Fig. 1. (A) Schematic of the screw–bone model, and (B) FEA mesh showing distal thread discretization. (A) Schematic representation of the bone–screw model showing the
parameters varied, as well as measurement points for obtaining STP and SEDTP values. An axi-symmetric model was analyzed in order to reduce computation time. Besides
all of the fixed contact boundaries indicated, only movement along the y-axis of the screw was permitted. (B) Resulting stress distributions shown during a simulation of a
tensile load applied to a screw with triangular shaped threads. Equivalent von Mises' stresses are shown here to demonstrate the detail of the FEA mesh, which shows higher
stress concentrations at the peak of the triangular threads.
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3.2. The effect of screw stiffness

Simulating a reduction in modulus of elasticity (E) of the screw
from 105 GPa (titanium alloy) to 40 GPa (super elastic titanium
alloy) resulted in a 20% increase of the total stress transferred
between the screw and neighboring bone. This was demonstrated
by an average increase in the defined stress transfer parameters
(STPs) for 40 GPa simulated screws in comparison to the 105 GPa

screws (Fig. 3A), which is in agreement with previous in vitrowork
wherein implants with a reduced elastic modulus result in less
stress shielding [33–35]. Interestingly, reducing the screw's elastic
modulus had no overall significant effect on the transfer of SED—as
indicated by averages of SEDTP values. Transfer of mechanical
stimuli in these cases was also dependent on the varied geometric
parameters of the screw (see Fig. 3B). For example, lowering the
screw's E had a lower influence on the STP values of screws having
a smaller outer diameter in comparison to those with the larger

Fig. 2. Stress and strain distributions resulting from a tensile load for (A) von Mises'
stress, and (B) von Mises’ strain. (A) Stress distributions resulting from an 80 N
tensile load applied to the screw. The screw head deforms away from the cortical
bone region and high regions of stress are generated at the intersection between
the screw shaft and underneath the screw head as the bone regions are deformed.
Stress dissipates along the length of the screw, but culminates in the most distal
screw thread. (B) Strain distributions resulting from the same loading conditions as
in (A). There is minimal strain in bone neighboring the shaft region of the screw
due to the fixed contact interface between the screw threads and surrounding
bone. The majority of the strain appears in the distal region of trabecular bone,
where the distal thread of the screw is highly stressed due to the fixed boundary
conditions. Despite these seemingly high regions of strain, values indicate that the
strain within bone is still minimal (o2% strain directly below the screw).

Fig. 3. The effect of changing the elastic modulus of screws. (A) Average STPs/SEDTPs
and (B) normalized STPs/SEDTPs with changing outer diameter. (A) Comparison of
average STPs and SEDTPs for a decrease in screw elastic modulus (E) from 105 GPa to
40 GPa. There was a significant increase (po0.05) in STPs when comparing the
40 GPa to the 105 GPa simulated screws, indicating an overall increase in stress
transferred to bone. On the other hand, a decrease in E did not result in a significant
difference in SEDTPs. This unforeseen result demonstrates that stress and SED
behave differently within bone surrounding implants. (B) Normalized STP and SEDTP
results in relation to a change in E are dependent on the geometric screw parameters
simulated (here for a change in do from 4 mm to 6 mm). In all cases for STPs, a
reduction in E resulted in an increased transfer of stress (higher average STP value),
whereas this was not the case for SEDTPs.

K. Haase, G. Rouhi / Computers in Biology and Medicine 43 (2013) 1748–1757 1751



Fig. 4. The effect of thread profile shape and outer diameter on (A) stress distributions, and (B) normalized STPs and SEDTPs. (A) Resulting stress distributions from a change
in thread profile shape. (i) Triangular, do¼4 mm, (ii) Trapezoidal, do¼4mm, (iii) Rectangular, do¼4 mm, (iv) Triangular, do¼6 mm, (v) Trapezoidal, do¼6 mm,
(vi) Rectangular, do¼6 mm. Inset are magnifications showing the detail of stress concentrations that occur at the most distal thread. For all cases where do¼6 mm, there
is a pronounced bending of the distal thread. (B) Average STPs and SEDTPs for the triangular, trapezoidal and rectangular thread shapes. The stress transferred to neighboring
bone is significantly increased when using triangular threads. SEDTPs demonstrated higher values for triangular and trapezoidal over rectangular threads. All lines and
asterisks connected indicated a significant difference in means with po0.05 using a paired t-test.

K. Haase, G. Rouhi / Computers in Biology and Medicine 43 (2013) 1748–17571752



outer diameter. The average increase in STP, resulting from a
reduction in E, for the 4 mm outer diameter screw threads was
16.9%, as opposed to a 23.1% increase for the 6 mm outer diameter
screws. Previous in situ studies have also shown that von Mises'
stresses increased in bone in the proximity of the outer screw
threads upon increasing the outer diameter, for stainless steel and
titanium screws [36].

3.3. The effect of screw geometry

In the following sub-sections we discuss results from our
model in relation to changes in screw geometry. In particular, we
observed how thread shape and outer diameter, as well as the
screw length, and inner diameter all affect the transfer of stress
and SED to neighboring bone.

3.3.1. Thread profile and outer diameter
By varying the thread profile shape (triangular, rectangular, and

trapezoidal), we were able to compare the resulting stress and SED
transfer to bone via the screw during our tensile loading simulations.
We observed distinct differences in the stress and SED distributions
of the screw threads (see Fig. 2 and Fig. 4A). High regions of stress
appeared along the sharp transitions in geometry—most notably the
triangular shaped tips resulted in the highest regions of stress at the
apex of each thread, and also resulted in the greatest stress transfer
to neighboring bone, which corresponds with resulting stress con-
centrations seen in other FE models [26,30]. In both cases of stimuli,
for STPs and SEDTPs, the triangular and trapezoidal shaped threads
resulted in increased stimuli transferred to bone, in comparison to
rectangular threads (Fig. 4B). Due to the definition of our screw
geometry, when a change was made in the outer diameter (do), it also
reflected a change in the overall profile shape of the screw, as seen by
comparing the 4 mm and 6 mm diameter threads in Fig. 4A. By
increasing the outer screw diameter, we effectively elongated the
thread laterally (increased thread height), while decreasing thread
angle for triangular screws (from 26.61 to 14.01) and trapezoidal
screws (from 14.01 to 7.01). These elongated threads resulted in a
similar stress distribution to their 4 mm counterparts, however the
STPs and SEDTPs indicated that much less stimuli was transferred to
the surrounding bone, when comparing all profile shape configura-
tions. Interestingly, isolating results from triangular screw threads
showed that an increase in lateral span (and a decrease in thread
angle) led to a significant (po0.05) decrease in STP, but an increase
in SEDTP. This result corresponds with that of others who have
shown a decrease in stress within bone next to threads of increased
height (more so than increased width) [37,38], and also highlights
the differences in stress and SED transfer. In all cases, the most distal
screw thread experienced high levels of stress, as reported previously
by Eraslan et al. [30] and resulted in a slight bending of the lowest
thread. This behavior is caused by the definition of the geometry and
the minimal separation between the lowest screw thread and the
bottom of the simulated trabecular region (a fixed-contact region).

The thread closest to the cortical bone region (the upper-most
thread) has been shown experimentally to experience the largest
shear forces in vitro [8]. For this reason, both α (proximal screw
thread) and β (distal screw threads) values were measured, in
order to demonstrate whether the first thread resulted in a
significantly greater transfer of stimuli in comparison to the more
distal threads. Significant differences in α (the first thread) and β
(distal thread) values were noted between results based on both
criteria (STP and SEDTPs) (see Appendix Fig. 1). For example, small
diameter screw threads (do¼4 mm) resulted in mean STP α values
18% higher than corresponding STP β values. Similar high stresses
were observed in the first thread of other FE models [30,39].
The same behavior holds true for small diameter screw threads

(do¼4 mm) when characterized by SEDTPs, where mean α values
were 40% higher than corresponding SEDTP β values. On the other
hand, a large outer thread diameter (corresponding with a larger
lateral thread size) resulted in higher STP β values rather than the
STP α, suggesting more stress transfer occurs between the distal
portion of the screw and adjacent bone. SEDTPs behaved in a
similar manner, although for different profile geometries.

3.3.2. Proximal shaft length and number of threads
By increasing the thread count in the simulation, we increased

the effective length of the screw, while maintaining a constant
screw pitch. Simulating eight threads, as opposed to five, produced
a slight increase in mechanical stimuli transfer, however it was
non-significant (p40.6) (Fig. 5A). The transfer of mechanical
stimuli was qualitatively observed to be more even—as the stress
was distributed along the lengthened screw shaft. Others have
shown that increased screw length increases pullout strength [40],
and more importantly decreases the maximum equivalent strength
observed in neighboring cancellous bone [38]. We also increased the
screw length without changing the number of threads—by changing

Fig. 5. Normalized STPs/SEDTPs are affected by increasing the screw length by
(A) number of threads, and (B) shaft length. (A) Average values of STPs and SEDTPs
for increasing number of threads. Increasing from five, eight, and nine threads
showed no significant difference in the means for either stress or SED transfer.
(B) Graph showing mean STP and SEDTP values when considering a change in shaft
length from Sl¼1 mm (short) to Sl¼5 mm (long). A change in the shaft length did
not change the average transfer of stress or SED to bone (p40.05).
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the proximal shaft length, for Sl¼1 mm and Sl¼5mm (see Figs. 1A
and 5B). Overall, averages of STPs and SEDTPs showed that the shaft
length had no significant influence on mechanical stimuli transfer,
for the two shaft lengths simulated (Fig. 5B). There was some
dependency on the influence of shaft length for stress transfer. For
example, when a longer shaft was simulated, average stress transfer
to bone was increased in the case of do¼4 mm threads. However,
for do¼6 mm, an increase in shaft length did not demonstrate a
significant change in stimuli transfer based on STP criteria, therefore
shaft length was less influential when a larger outer diameter
thread was used. This result suggests that, in the case of STPs, outer
diameter is more influential than screw length when comparing
transfer of stress between the screw and bone. On the other hand,
there was no apparent influence of outer diameter in correlation
with a change in shaft length where SEDTPs were concerned.
Others have shown that strain is reduced in bone adjacent to
threadless regions of screws [32].

3.3.3. Inner diameter
In order to examine how mechanical stimuli are transferred

along the screw shaft, we simulated different diameters of the
inner screw shaft, di (from 2 mm to 6 mm), while keeping all of the

other parameters constant. We used those parameters that
showed the most stimuli transfer in prior simulations; in parti-
cular, we simulated a small triangular thread with a long shaft and
a reduced elastic modulus (40 GPa), while varying the inner shaft
diameter. Fig. 6 demonstrates differences between stress and SED
transfer while increasing the core diameter (di). Larger di resulted
in an overall decrease in stimuli transferred to bone. A highly non-
linear trend was observed for SED transfer to bone with increasing
di. This non-linearity comes from strain in the region above the
first thread (α-values).The region of trabeculae below the cortical
bone that intersects with the screw shaft bears the majority of the
stresses and strains that are transmitted from the screw to the
bone in our model (Fig. 6B). Although experimental evidence has
shown that cylindrical screws demonstrate a higher torque to
interface fracture ratio than tapered screws [41], it is yet to be seen
through histological data whether or not screws with smaller
diameter result in less stress shielding in surrounding bone.

4. Discussion

It is well accepted that mechanical stimuli are necessary to pro-
mote regular maintenance of bone [14,15,17,42]. Thus, a greater
transfer of mechanical stimuli from an implant, such as an orthopedic
screw, to surrounding bone can reduce the likelihood of unwanted and
destructive stress shielding effects. The exact mechanical stimuli
responsible for signaling a bone remodeling response is not yet
known, however both stress [17,43] and strain energy density
[12,16,18,44,45] have been proposed by bone remodeling theorists.
Although some studies have used FEA to examine stress distributions
in bone–screw constructs [27,30,46–48], there is minimal information
regarding other types of mechanical stimuli and their resulting
distributions in bone. Furthermore, much of the work focuses on
dental implants [14,29,32], which is a considerably different scenario
than fractured long bones. One study by Mellal et al. systematically
examined in situ dental-screw FEA results pertaining to SED, max-
imum strain, and effective stress, and found that in vivo data did not
support results obtained from simulations of effective stress [49], again
supporting our notion that SED should be studied in a more general
long bone–screw study. In this particular work, we used FEA to
simulate a variety of screw geometries and a change in elastic modulus
in order to compare the distributions of mechanical stimuli resulting
from a tensile load and to quantify the transfer of these stimuli
between the screw and surrounding bone. Employing a newly defined
parameter, strain energy density transfer parameter (SEDTP) and a
previously defined parameter (STP) [26], we were able to compare
distributions of stress and strain energy density within bone.

By simulating an axial tensile force, we were able to observe
the distributions of both stress and SED in our in situ screw-bone
construct (Fig. 1A). Overall, distributions of stress followed
expected patterns that have been shown in other FE studies; the
load radially (in our 2D case laterally) distributes from the
direction of load transmission [7,50–52], and along the length of
the screw (Fig. 2A). Stress in the apical region of screws has been
observed to be the highest in vivo [53], as well, it has been
observed by photoelastic tests to be distributed from the region
of loading over the first few threads, leading to high shear regions
between the threads [54]. Our resulting stress distributions also
correlate well with those of other FE simulations [26,32], demon-
strating our model's ability to evaluate a variety of screw designs
despite its simplified 2D geometry, and assumption of isotropic
material properties, which is a simplification of the true nature of
cortical and cancellous bone [55]. This work was primarily
designed to evaluate the differences in mechanical stimuli transfer
in a comprehensive way. Simulations of three-dimensional screw
threads, as demonstrated in other models [28,30], will definitely

Fig. 6. Normalized (A) STPs and (B) SEDTPs showing the effect of increasing the
root diameter on proximal (α) and distal (β) regions. (A) STP values while increasing
inner diameter (di). Total STP values decrease linearly with increasing root
diameter, as do both the STP α and STP β values. (B) SEDTP values with increasing
inner diameter (di). Total SEDTP values demonstrate a non-linear behavior that is
generated by non-uniform SED transfer in the proximal region close to the cortical
bone layer (demonstrated by SEDTP α). Stress transfer along the threaded region of
the screw (corresponding to SEDTP β values) demonstrated a linear decrease with
an increased di, in correlation with the STP α and β values.
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result in more complex stress and SED distributions, and should
shed more light on our findings.

Histological evidence has shown that stress shielding effects
are amplified when stiffer implants are employed [35,56]. For this
reason, we simulated a change in elastic modulus of the screw
from a regular titanium alloy to a reduced modulus titanium alloy
screw, and expected an increase in mechanical stimuli transfer to
bone. As expected, a reduction in screw elastic modulus resulted in
an increased level of stress transferred (Fig. 3A), in agreement with
fixation plate studies [33–35,56], and FE studies [26]. Unexpect-
edly, SED distributions were counter-intuitive following a reduc-
tion in elastic moduli. In particular, the SED transferred to bone
decreased (as seen by SEDTP values) for a lowered elastic modulus,
for the majority of screw geometries simulated (Fig. 3A and B).
This result demonstrates that SED distributions and how SED is
transferred between an implant and neighboring bone differ from
that of stress, and require the need for further analysis in the
context of bone–screw constructs.

Screw geometry has been shown to result in varied stress and
strain distributions in situ [47,57–60] and in vivo [54]. Here, we
varied thread profile by shape (triangular, rectangular, and trape-
zoidal), and by their lateral span (outer diameter do) in order to
examine resulting stress and SED distributions in neighboring
bone. We observed that thread shape and lateral span strongly
affect the mechanical stimuli distribution (Fig. 4). An increase in
lateral span (from 4 to 6 mm) showed an overall increase in both
STP and SEDTP to bone for trapezoidal and rectangular threads.
However, this increase in do also decreases thread angle from 26.61
to 14.01 for triangular shaped threads, resulting in significantly
(po0.05) less stress and more SED transfer to bone. Therefore,
based on our results, it is recommended here that thread angle
should be examined more closely in future studies. Mechanical
stimuli transfer, shown by increased values of STPs and SEDTPs, for
both the trapezoidal and particularly the triangularly shaped
profile threads, was greater in comparison to rectangular threads
(for both lateral span sizes, do). Similar stress concentrations
resulting from sharply pointed triangular threads have been
demonstrated in vitro [27,28,30,39], resulting in bone growth near
highly stressed tips [27]. Although some FEA, wherein vastly
different geometry is modeled results in contradictory findings
[61], others agree that triangular profile shapes result in greater
stimuli transfer [58]. Based on these observations, one may
conclude that triangularly shaped threads may be less prone to
stress shielding effects.

Defects such as microcracks, however, have also been shown
following extraction of sharply-profiled screws, and so their
suitability may also depend on other factors, such as bone density
[47] and insertion torque [62]. If torque is not applied to a screw
axially during insertion, shear bending will result, causing a vastly
different loading scenario than that simulated here [62]. This
demonstrates the importance of examining a variety of factors
in vitro and in situ.

In the clinical setting, the choice of screw length and pitch of
threads is dependent on the bone fracture in question. Screw
length should be long enough to engage the fractured bone [59]
and provide stability, while an increased thread pitch has been
shown in vitro to provide stronger hold in bone, particularly for
lower bone density [22,40]. In this study, we examined the effect
of increasing the screw's overall shaft length on mechanical
stimuli transfer in two ways: by increasing the proximal shaft
length (Sl), and by increasing the number of threads. Neither an
increase in shaft length, Sl (Fig. 5B), nor an increase in the number
of threads (Fig. 5A) had an appreciable effect on the distributions
of stress or SED. However, increasing the overall screw length
between five and eight threads tended to result in a more even
distribution along the screw shaft for both mechanical stimuli.

This result corresponds with those of Zhang and colleagues [28]
who claim that an increased thread number reduces the stress
concentrations in the region of the first thread. As well, FE models
show that increased thread length results in lower maximum
equivalent stress values, and is less influential than outer diameter
in terms of affecting stress distributions [61,63].

Subsequently, by setting all other geometric and material proper-
ties constant, we determined the effect of inner shaft diameter (di) on
the transfer of mechanical stimuli (Fig. 6A and B). Increasing di results
in a reduction in stress stimuli transferred to bone, as seen by
decreasing values of STPs (Fig. 6A). This result is quite intuitive as the
tensile load was distributed over a larger area, leading to reduced
local stress concentrations. On the other hand, the transfer of SED
demonstrated highly non-linear behavior overall for an increase in di
(Fig. 6B). Interestingly the SEDTP β parameter did show a linear
decrease, in correlation with the STP β parameter. However, the
SEDTP α values were highly non-linear affecting the total values of
SEDTPs. This result indicates that SED distributions are crucially
affected adjacent to the screw head (see sb Fig. 1A), and that the
stimuli transferred from the screw to bone is non-uniform with
increasing di. Since a screw's tensile strength is directly proportional
to its root diameter [64], an optimal diameter must be found; one
that is small enough to promote transfer of mechanical stimuli, yet
still capable of withstanding the required bending strength of the
screw. For treatment of lower limb fractures an inner diameter of
0.116 in. (�3 mm) has been recommended [65], which corresponds
with high STP and SEDTP from our simulations (Fig. 6). Of course, this
optimal diameter also depends on the torsional strength requirement
for screw insertion, which is also based on the density of bone [66].

Based on our results, and those of others [22–24,26], it is clear
that implant geometry not only influences the pullout strength of
orthopedic screws, but also affects the distribution of mechanical
stimuli in bone, and thus long-term bone density and bone
strength. For example, our results showed that screws with small
triangular and trapezoidal threads, having a small core diameter,
tend to result in more transfer of stress and SED to bone, in
comparison to rectangular shaped threads. Needless to emphasize
that results of this study are limited because of approaching a
complex 3D problem with a 2D analysis, however, research has
shown that 2D and 3D models of dental implants result in similar
stress distributions, and that in some cases 2D models may be
more preferential for efficient analysis [31]. The preliminary data
from this work sheds light on the differences in mechanical stimuli
transfer within bone, suggesting that the selection of mechanical
stimulus matters when evaluating stress shielding effects.

Considering our unexpected results for the SED criteria while
simulating a screw of reduced E, one may propose that SED (or its'
rate), despite showing reasonable results in bone remodeling
simulations [16], might not be a suitable criteria when simulating
a bone–implant construct. This discrepancy is likely the cause of
unrealistic boundary conditions between the screw and bone,
which may lead to incorrect estimates of the energy distribution
between the components. Behrens et al. have shown that bone
remodeling simulations involving SED, in the case of total hip
arthroplasty, produced variations in the calculation of apparent
bone density, which was dependent on the applied boundary
conditions [67]. Other researchers have also reported that stress/
strain distributions in bone around screws are dependent on the
contact interface used in the model [68].

Contact mechanics between the bone and screws are compli-
cated by micromotion and osseointegration in vivo. Some have
modeled the osseointigration of implants through use of implant
embedding depth [69], while others use contact elements, such
as “bonded” [57], “no separation” and “frictionless” [70,71] to
demonstrate full osseous integration, imperfect integration, and
no integration. Esmail et al. [57] show that full osseointegration, in
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an FE model, leads to a reduction of displacement and stress in
bone, which is a negative consequence if we aim to limit stress
shielding. In this study, we used fixed contact which has been used to
represent a complete osseointegration [72,73]. Although proper
employment of contact mechanics will improve the efficacy of the
FE models, in vitro and in vivo studies must be performed, at least on
a basic level in order to validate the mechanical stimuli distributions.

Several studies have employed in vitro/vivo analysis in conjunc-
tion with FEA to determine whether or not resulting strains are
comparable [49,74]. Using strain gauges attached to dental implants
embedded in polymethyl methacrylate, Akça et al. [75] measure
strains resulting from the application of a 50 N load in the axial
central and offset positions. They found that strains from the physical
model were higher than the two FE models they simulated (one
model of the experimental setup and one that mimicked implanta-
tion in bone), and that microstrains around the implant collar were
�3-fold higher when the offset load was applied. Apical regions of
the implants experienced the highest strains. More recently, digital
image correlation has been used to validate FE models where
adaptive modeling theories are employed [76,77]. In this method,
a speckle pattern on the bone is tracked directly and converted into
strain, and produces strains corresponding to those simulated in FE
models [76]. In the FE model by Mellal et al. [49], peak strains and
SED were consistent with strain gauge data available in the literature,
however effective stress was inconsistent, again leading to the
argument that SED should be considered in these types of simula-
tions. Future models should include more complex geometry (and
anisotropic material properties) and address contact mechanics in
the model before bone remodeling theories can be implemented.

The main goal of this study is to examine differences between
the distributions of stress and strain energy density (SED) trans-
ferred between the implant and neighboring bone, resulting from
varied geometric and material properties of implants. Distribu-
tions of stress and SED, for some screw configurations, were quite
different. In particular, when the elastic modulus of the screw was
reduced, stress transfer increased, as expected, but on the con-
trary, SED transfer decreased. This odd result may encourage one
to hypothesize, as already proposed by some, that bone remodel-
ing might be initiated by a combination of different stimuli. That
being said, it is recommended here that mechanical stimuli other
than just stress should be considered when determining which
implant parameters will ultimately result in reduced stress shield-
ing effects.

5. Summary

Excessive bone resorption, in part due to stress shielding, is a
recurrent problem leading to screw loosening in bone fracture fixation.
In order to circumvent negative effects of stress shielding, sufficient
levels of mechanical stimuli must exist in bone in the vicinity of an
implant. Material and geometric properties of implants are known to
influence the rate of bone remodeling surrounding implants, yet the
exact mechanical stimulus for initiating the bone remodeling process
remains unknown. Here, we shed light on whether stress or strain
energy density (SED), which are both strong candidates as stimuli for
the bone remodeling process, is a better indicator of stress shielding.
Using finite element analysis (FEA), we analyzed a simplified bone
screw construct under tension in order to compare the stimuli
transferred to bone resulting from a change in screw parameters. In
this study, it is demonstrated that smaller outer diameter screws with
angled threads increase stimuli transfer to bone when considering
both stress and strain energy density. Reducing the screw's elastic
modulus results in increased stress transfer to bone, which is
expected; however SED is decreased, suggesting that complex patterns
of different mechanical stimuli might be at play in the presence of

implants. Unrealistic contact mechanics along with fixed boundary
conditions may also play a role in improper estimates of strain energy
between the bone and screw. Future experimental studies will be
necessary to isolate the effects of individual types of stimuli in order to
gain a better understanding of stress shielding effects caused by the
presence of an implant in bone.
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