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Abstract

Progressive loosening of bone fixation screws is a well-documented phenomenon, induced by stress shielding and subsequent
adaptive bone remodeling which results in bone loss around the screw. A set of two-dimensional computational (finite element)
models was developed in order to test the effect of various engineering designs of fixation screws on the predicted screw—bone
stress transfer, and consequently, on the biomechanical conditions for osteosynthesis. A dimensionless set of stress-transfer para-
meters (STP) was developed to quantify the screw—bone load sharing, enabling a convenient rating to be given of the biomechanical
compatibility of practically any given screw design according to the nature of the simulated mechanical interaction. The results
indicated that newly proposed screw designs, i.e. a ‘graded-stiffness’ composite screw with a reduced-stiffness-titanium core and
outer polymeric threads and an ‘active-compression’ hollow screw which generates compressive stresses on the surrounding bone,
are expected to provide significantly better biomechanical performances in terms of the STP criteria, compared with conservative
screw designs. Accordingly, the present work demonstrates that finite element computer simulations can be used as a powerful tool
for design and evaluation of bone screws, including geometrical features, material characteristics and even coatings. [1 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Bone screws are clinically accepted and widely used
devices for fixation of bone fractures or for stabilizing
bone transplants. In this simple type of fixation, the
screw glides into one bone fragment, which is thus
united with another fragment by compressing against it
when the screw is tightened (Fig. 1(a)). However, since
the screw remains attached to the bony tissue after it
was healed, it may also diminish the bone’s strength and
stiffness. The significantly stiffer metallic screw (elastic
modulus of 100-200 GPa) carries most of the shared
load, causing the adjacent bone (elastic modulus of 1-
20 GPa) to be atrophied in response to the diminished
load it is carrying, in accordance with Wolff’s law of
functional adaptation (Fig. 1(b)). This effect of metallic
screws on the bony tissue in their vicinity is called
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‘stress shielding’. The ‘biomechanical compatibility’ of
a particular screw with bone can, therefore, be charac-
terized by the stress distribution developing in the bone
around the screw as a result of the screw’s tightening
during implantation.

Many in vitro studies concerned the holding power of
screws, quantified by means of pullout tests. The pullout
resistance of screws was shown to be strongly dependent
on the thread design. Since the volume of bone bounded
between the threads of the screw determines the resist-
ance to the shearing loads during pullout, the profile
shape, depth of threads, number of threads and distance
between threads may all critically affect the pullout
resistance. For a similar reason, longer screws will
increase the pullout resistance and strength [1-6]. Pul-
lout tests, however, provide only limited information
about the screw—bone contact conditions, and cannot be
utilized to locate stress concentrations in the screw or
bone, or be applied for optimizing the screw—bone load
sharing. Apparently, computational simulations are the
most feasible approach for analysis of these factors.
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Fig. 1. Bone fracture fixation: (a) schematic description (left) and
post-surgical X-ray imaging (right) of screw fixation of a femoral neck
fracture; (b) an illustration of the process leading to failure of the fix-
ation as a result of lack of biomechanical compatibility between the
screw and surrounding cancellous bone.

A number of experiments with screw and plate fix-
ation systems have shown that cortical and trabecular
bone losses in canine models are reduced if a reduced-
stiffness-implant with identical geometrical design is
being used [7,8]. Cushioning the fixation with a silicone
layer to reduce its overall stiffness was further shown to
minimize underlying bone resorption [9]. Van Reit-
bergen et al. [10] demonstrated that metallic (titanium)
hip stems implanted in dogs caused 20-23% reduction
in proximal femoral bone cross-section two years post-
implantation. Recently, Ang et al. [11] compared bone
remodeling around metallic and polymeric hip stems in
humans using DEXA and showed greater bone mineral
density around the polymeric (less stiff) stems, which
allowed bone to share increased loading. These animal
and patient studies strongly support the hypothesis that
lack of mechanical stimuli to bone due to stress shielding
will cause its progressive absorption around the implant.
Thus, optimization of the design of screws to induce

stress in the bone layers enveloping the implant, and in
particular, within the bone volumes that are bounded
between the threads of screws may minimize the risk
for loosening.

In 1985, more than 20% of the orthopedic beds in
European countries were taken by cases of proximal
femur fractures, 50% of which treated by internal screw
fixation (Fig. 1(a)). Since 1985, these numbers have
risen and will be significantly higher in the coming dec-
ades, with the aging of the population [12]. A recent
statement from the American Academy of Orthopaedic
Surgeons [13] suggests that the current annual US figure
of 350,000 hip fractures is likely to rise to 650,000 by
2050. The success of fixation procedures depends mainly
on the holding power of the screws. Presently, there is
a concern among surgeons about the risks involved when
fixation fails due to loosening of the screws caused by
stress shielding. In screw fixation following trauma of
the spine, for example, loosening may endanger trach-
eoesophageal structures and could even require immedi-
ate removal of the failing implant [14]. This may impose
a prolonged and painful rehabilitation process for
patients, as well as high-costs for health services. In
order to overcome these problems, new concepts for
fixative screw design that consider minimization of
stress shielding effects are required.

Although a significant number of cases of screw loos-
ening have been reported [14-17], conservative bone
screw designs that were available in the market for
internal fixation during the past three decades generally
provided favorable mechanical results [18,19]. However,
according to the author’s knowledge, the effects of the
screw’s various engineering designs (including both geo-
metrical and material characteristics) on the mechanical
screw—bone interaction have not been studied compre-
hensively. Moreover, no standard method is available for
comparing the biomechanical compatibilities of the dif-
ferent commercially available designs. Analyses of the
stress distributions in bony tissue around fixation screws
have so far been limited to optical and computational
evaluations of the contact conditions in the region under
the head of an ‘anchor-type’ screw [20] or to evaluation
of preferable screw diameters for osteotomy of the man-
dible [21-23].

Therefore, the first goal of this study was to charac-
terize general screw designs that could minimize stress
shielding by allowing similar loads to be shared between
the screw and the surrounding bone, and by providing a
more uniform stress state within the bone, which is
expected to generate the mechanical stimuli for adequate
bone modeling and osseointegration. A second goal of
this study was to develop a dimensionless parametric
evaluation method for comparing and rating the biome-
chanical compatibilities of various screw designs, which
may differ by their geometrical and/or material proper-
ties. In order to achieve these goals, the stress states pro-
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duced by the mechanical interactions of bone with differ-
ent structural designs of screws were evaluated by means
of two-dimensional (2D) computational models solved
using the finite element (FE) method. In these models,
the von Mises comparative stresses were calculated, so
as to predict the screw—bone load sharing, and conse-
quently, the conditions for bone modeling/remodeling.
The present approach of optimizing the stress transfer to
the bone in the vicinity of the screw is expected to allevi-
ate the above-described conditions of loosening and fail-
ure of fixations due to stress shielding.

2. Methods
2.1. Rationale

Two FE model types of the screw—bone interaction
were developed. The first is an idealized 2D axisymmetr-
ical model of a bone cylinder with an outer cortical sur-
face and an inner trabecular bulk (Fig. 2(a)). A screw is
inserted perpendicularly to the bone surface, loading the
modeled bone with axial tensile force and screw-to-bone
contact conditions. This not only permitted easy creation
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Fig. 2. Two-dimensional computational modeling of the screw—bone
mechanical interaction: (a) idealized model and (b) femoral head
model.

of models, but also provided a tool for basic comparisons
of screw performances, by isolating the effects of the
screw’s engineering design parameters. Other structural
and physiological effects (e.g. those of the complex mus-
culoskeletal loading system) could thereby be excluded.
The second model type was selected to be that of the
proximal femur, implanted with different screw types
(Fig. 2(b)). The latter modeling approach was selected
because the musculoskeletal loading system of the hip
joint had been comprehensively studied by others and
may be regarded as a benchmark problem in the field
of metallic orthopedic implants, thus allowing extensive
comparisons with previously published computational
and clinical results.

2.2. Design of bone screws

The basic dimensions of the screws were selected to
represent commercially available designs. The following
dimensions were set constant throughout the simula-
tions: shaft diameter 2.0 mm, screw-head diameter 6.0
mm, thread pitch 1.0 mm, and screw length (including
the threads, but excluding the head) 25.0 mm. Other geo-
metrical characteristics as well as the material properties
of the screw were altered in attempt to enhance the
biomechanical compatibility, as follows. The profile
shape of the threads was modeled as triangular, rec-
tangular or trapezoidal, the thread diameter was taken as
4 or 6 mm, the number of threads was determined as 5
or 8, 9, and the shaft length, defined as the distance
between the first (most upper) thread to the compact
bone layer, was taken as 1 or 5 mm. The screws were
assumed to be made of regular titanium alloy (Ti-6Al-
4V) with elastic modulus of 105 GPa and Poisson ratio
of 0.35, or to be made of metallurgically treated titanium
with a reduced-stiffness, i.e. an elastic modulus of 40
GPa. The effect of each of the above parameters on the
biomechanical compatibility of the screws was evaluated
individually, using a parametric representation of the
screw-to-bone stress-transfer performances, as further
detailed.

The performances of two newly proposed designs
were also tested (Fig. 3). The first is a ‘graded-stiffness’
screw (Fig. 3(b)) integrating two different components:
a low-stiffness-titanium core with an elastic modulus of
40 GPa and polymeric external layer/threads with an
elastic modulus of 10 or 5 GPa. The second design is
an ‘active-compression’ hollow screw (Fig. 3(c)), in
which a rigid metal sphere is contained. Following inser-
tion of the screw, the sphere is pushed downward within
its canal, thereby causing slight opening of the screw’s
tip that leads to transfer of compression stress to the
adjacent bone. For modeling purposes, a horizontal force
of 5 N was introduced at the distal third of the active-
compression screw, to represent the action of this sphere.
The 5 N force value was calculated by modeling the
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Fig. 3. Design of standard and novel screws: (a) the three main
components of the standard screw include the head, shaft and the core,
covered with threads. The geometrical characterization of the threads
(right) includes the pitch (distance between the threads), the single
depth of a thread (calculated from the root to crest of the thread), and
the thread angle. The proposed cancellous screw designs include: (b)
graded-stiffness screw providing gradual transfer of contact stresses to
bone by means of a stiff metallic core and a softer polymeric external
layer and (c) active-compression screw providing mechanical stress
stimuli for growth and osteosynthesis of adjacent bone.

canal wall of the active-compression screw as a cantil-
ever beam subjected to bending due to thrusting of the
sphere; the maximal bending compression generated
within the canal wall of the active-compression screw
was limited to 50% the compressive strength of trabecu-
lar bone (~10 MPa), for eliminating potential local tissue
damage while activating this screw.

The aforementioned two new designs, graded-stiffness
and active-compression, are likely to improve the stress
transfer to the bony tissue in their vicinity. The former
design may minimize stress shielding by enabling a more
gradual stress reduction from the metallic core to the
bone, while the latter design could enhance osteosynth-
esis around the screw by providing a mechanical com-
pression stimulus for local bone modeling and growth
around the screw.

2.3. Finite element analyses

Axisymmetric idealized models were initially
developed to isolate the effects of the screw’s engineer-

ing design on the stress transfer to bone. Subsequently,
performances of the different screws were tested in a
more realistic geometry of the proximal femur. The fol-
lowing basic components were included in each ideal-
ized axisymmetric simulation (Fig. 2(a)): (i) uniform 3
mm layer of compact bone, (ii) underlying homogenous
bulk representing trabecular bone and (iii) fixation
screw. The selected thickness of the compact bone layer
is typical for the femur and tibia [20]. The bony tissue
was assumed to be linear elastic, with moduli of 20 GPa
for the cortical layer and 1 GPa for the trabecular bulk,
and with a Poisson ratio of 0.35 [24]. The axisymmetric
idealized models were constrained for horizontal dis-
placement (but not for vertical sagging) along the axis
of symmetry of the screw (Fig. 2(a)). Surfaces of the
opposite boundary and the base of these models were
constrained for both vertical and horizontal displace-
ments. The upper surface, to which screws were inserted,
was left free to deform under the contact loading trans-
ferred through tightening of the screw. The transfer of
tightening load to bone was simulated by fixing the
lower part of the screw’s head to the cortical surface so
that each node of the FE mesh at the contacting surface
of the screw’s head was matched with a node at the
cortical surface directly underneath it. The translation
and rotation displacements of each pair of such nodes
were imposed to be equal. On each simulation, the sur-
face under the screw’s head was loaded with a force of
80 N distributed over the pairs of nodes in the screw
and bone meshes, in order to simulate tightening [20].
The more complex 2D model of a fixative screw
inserted into the femoral head was reconstructed from
an anatomical scheme (Fig. 2(b)). This model type was
aimed to include additional structural factors that may
affect the screw—bone stress transfer, such as the non-
uniform thickness of the cortical layer and
skeletal/muscular loading. The boundary conditions at
the more complex models of the femoral head included
similar contact analysis at the screw’s head—bone inter-
face. The femur model was fully constrained at its base,
but all other surfaces were free to deform under the mus-
culoskeletal loading and the screw’s tightening load. A
set of loads of 3150 N distributed over the joint surface,
900 N at 15° medially to the vertical axis and 1165 N
at 30° laterally to the vertical axis was applied to the
femoral head, in order to simulate the loading conditions
caused by the joint reaction and the contraction of the
gluteus maximus and the gluteus medius muscles,
respectively, during averaged daily activities [24].

2.4. Evaluation and rating of biomechanical
compatibilities of the bone screw designs

The FE models were built using the NASTRAN
software package. Meshes of 250-300 or 800—1000 plate
elements (2D, 4 nodes) were produced for the idealized
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models and the femoral head models, respectively. At
the screw—bone interface zones, finer meshing was pro-
duced to improve the accuracy of the numerical solution
(Fig. 2(a)). Stress distributions were represented by the
von Mises equivalent stress, O, which weighs the
effects of both tension (0,) and compression (0.)
stresses by

Oym = (07 + 02—0,0)"? (1)

In order to characterize the load transfer between the
screw and the cancellous bone, towards understanding
the conditions for local bone modeling/remodeling and
osteosynthesis post-implantation, quantitative para-
meters should be defined. These parameters, which are
termed as the stress-transfer parameters (STP), provide
a dimensionless evaluation of the load sharing between
a given fixation screw and the bone surrounding it. Two
different STP, o and B, are defined (Fig. 4(a)):

_ On
= @
1 N 1 N N N
B= (NE O/ 2 otj) = (2 0,/ 2 0) 3)

i=2 j=2 i=2 ji=2

The stress transfer from the first (most upper) thread of
the screw, which bears an average stress of oy, to the
cancellous bone volume that is located directly above it,
and withstand an average stress of oy, is quantified by
the oo STP. The stress transfer from all the other threads
of the screw (indexed as j=2 to exclude the first thread)
which bear respective stresses of o to the bone volumes
(indexed i) that are found between these threads and are
withstanding respective stresses of 0, is quantified by
the B STP. Since the bone is compressed between the
first thread of the fixation screw and the head of the
screw (Fig. 4(b)), the first thread carries a substantial
load, which may cause stress concentrations to appear
above it. For this reason, STP evaluations of the screw—
bone stress transfer were carried out separately for the
first thread (Eq. (2)), and for all other threads (Eq. (3)).

These dimensionless STP provide a convenient tool
for evaluation of the stress transfer from any screw
design to the surrounding bone. Ideally, for a screw
made of a material with properties identical to those of
the bone, the screw and the bone will share similar loads
and a nearly homogeneous stress transfer will result. In
this case, stress shielding will be eliminated and the
values of the above-defined STP (Egs. (2) and (3)) will
approach an optimal magnitude of unity. Indeed, the ide-
alized simulations provided values of 0.96-0.99 for both
STP while modeling different hypothetical screws with
triangular, rectangular or trapezoidal profiles as being
fabricated from a material with an elastic modulus ident-
ical to that of cancellous bone (1 GPa). Contrarily, for
screws with lower biomechanical compatibility (e.g.
those that are significantly stiffer than bone), lower STP
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Fig. 4. Computation of the STP: (a) definition of regions for calculat-
ing the average screw—thread stress values and the average stress
values within cancellous bone that is found between threads, as
required for computation of the STP; (b) the bone is compressed
between the screw’s first thread and its head, as demonstrated in this
screw—bone v.Mises stress distribution that shows the resulted bone
deformation (magnified 30%, and superimposed on the boundaries of
the undeformed shape). The first thread is thereby subjected to stress
concentrations. For this reason, STP evaluations of the screw—bone
stress transfer were carried out separately for the first thread (Eq. (2)),
and for all other threads (Eq. (3)).

values are obtained. By this means, the dimensionless
STP were utilized to rate the above-described different
commercial/new screw designs and identify the design
parameters that are most critical for better biomechan-
ical performances.

3. Results

The idealized and femoral head models were solved
for analysis of the mechanical interaction between the
bone and the different fixation screws, and the stress
transfer was quantified and rated using the dimensionless
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STP approach (Table 1). As detailed in Section 2, greater
STP values (that are as close as possible to 1) are
desired, as these will indicate a more optimal sharing of
loads between the fixation screw and the surrounding
cancellous bone. The effects of different design features
on the biomechanical compatibility of the screws, in
terms of the STP, are detailed as follows.

® Young’s modulus. Reduction of the elastic modulus of
the screws from 105 to 40 GPa resulted an averaged
increase of 35% in the STP values obtained for the
different screw profiles, i.e. triangular, rectangular
and trapezoidal (for example, see Fig. 5). Low-stiff-
ness screws, therefore, provided significantly
improved biomechanical compatibility. Reducing the
screw’s elastic modulus was shown to have a gener-
ally lower influence on the STP of screws with a
smaller diameter (averaged resulted increase of 13%
in STP values) compared with those having a larger
diameter (increase of 43% in STP values). This indi-
cates that the critical magnitude that should be
reduced in the process of engineering design, in order
to improve the biomechanical compatibility of bone
screws, is the structural stiffness under compression
loading, which is defined as the product of the elastic
modulus multiplied by the cross-sectional area (and
not the elastic modulus solely).

® Thread diameter. The change in stress transfer as a
result of increasing the diameter of the screws was
shown to be dependent upon other design parameters,
and mainly, upon the profile shape. For example,
increasing the diameter of a screw with a triangular
thread profile slightly improved the stress transfer
from the first thread to the bony tissue above it (o
STP increased by 6%) and significantly enhanced the
stress transfer between the other threads and adjacent
bone (B STP increased by 188%). Contrarily, increas-
ing the diameter of a trapezoidal screw reduced both
o and B STP values by 11 and 30%, respectively. It
appears the screw diameter should be optimized,
using the STP parameters, following selection of the
profile shape and material properties of the screw.

® Thread profile. With respect to the interaction with
cancellous bone, the trapezoidal profile gave the high-
est STP values (Fig. 6), and, thereby, demonstrated
the best biomechanical compatibility (¢, B STP values
for the triangular profile were on average higher by
39 and 6% than the ones calculated for triangular and
rectangular profile shapes, respectively). Investigation
of the stress distribution on the cortical surface around
screws with different profiles showed that the number
of threads significantly affects the surface stresses.
For all the 9-thread screws (with both short shaft and
long shaft), the trapezoidal profile provided a more
homogenous surface stress distribution (Fig. 6(b)),
with a peak stress value that was lower by 28 and

Table 1

Performance rating (from best to worst) of different bone screws in
terms of the STP ¢, indicating the load sharing between the first thread
of the screw and the bone volume above it, and 3, indicating the load
sharing between all other threads and the bone bounded between them.
The load sharing is considered to be optimal when the screw and the
surrounding bone are carrying similar loads. In this case, the values
of the STP o and 8 approach the unity value

Engineering design o B

Profile shape No. of Diameter Elastic
threads (mm) modulus (E)

(GPa)
Triangular 9 4 40 Active- 0.877  0.870

compression
Rectangular 9 4 40 Active- 0973  0.743

compression
Trapezoidal 8 6 40(core)/5 0.676  0.552

(threads)

Graded-

stiffness
Trapezoidal 5 6 40(core)/5 0.543  0.379

(threads)

Graded-

stiffness
Trapezoidal 8 6 40(core)/10 0.518  0.352

(threads)

Graded-

stiffness
Trapezoidal 9 6 40 Short shaft  0.568  0.195
Trapezoidal 5 6 40(core)/10 0.355 0.261

(threads)

Graded-

stiffness
Rectangular 9 4 40 Short shaft  0.418  0.143
Rectangular 9 6 40 Short shaft 0.433  0.093
Rectangular 9 4 105 Short shaft 0.397  0.126
Trapezoidal 9 6 105 Short shaft 0.407  0.112
Trapezoidal 9 6 40 0.333  0.146
Triangular 9 6 40 Short shaft 0.292  0.115
Triangular 9 4 40 Short shaft  0.272  0.124
Trapezoidal 9 6 105 0.257  0.123
Rectangular 9 6 105 Short shaft 0.283  0.077
Rectangular 9 4 40 0.241  0.101
Trapezoidal 5 6 40 0233 0.100
Rectangular 9 4 40 0.234  0.096
Rectangular 9 6 40 0.241  0.085
Triangular 9 4 105 Short shaft 0.231  0.082
Rectangular 5 6 40 0.230  0.080
Triangular 9 4 40 0.194  0.095
Rectangular 5 6 105 0215  0.063
Rectangular 5 4 40 0.168  0.108
Rectangular 5 4 105 0.166  0.106
Triangular 9 4 105 0.183  0.079
Triangular 9 6 40 0.168  0.093
Rectangular 9 6 105 0.191  0.065
Triangular 9 6 105 Short shaft 0.170  0.068
Trapezoidal 5 6 105 0.147  0.074
Triangular 9 6 105 0.127  0.069
Triangular 5 4 40 0.121  0.074
Triangular 5 6 40 0.122  0.072
Triangular 5 4 105 0.120  0.067
Triangular 5 6 105 0.084  0.048
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Fig. 5. Distribution of v.Mises stresses resulted by the screw—bone interaction for 6 mm screws with a triangular profile of (a) 5, and (b) 9 threads.
For each of these cases, three diagrams are shown: the top is the distribution of v.Mises stresses on the cortical surfaces, the left one is the internal
stress state for the more elastic screw (40 GPa) and the right one is the internal stress state for the stiffer (105 GPa) screw. Note the decrease in
stress concentrations on the first screw’s thread and the more homogenous loading of bone under the first thread as a result of reduction of the

screw’s elastic modulus from 105 to 40 GPa.

11% compared to the triangular and rectangular pro-
files, respectively. When the number of threads was
decreased to 5, the rectangular profile was shown to
generate the most homogenous surface stress distri-
bution, with a maximal stress value that was lower
by 17 and 27% compared to the ones generated by the
trapezoidal and triangular profile shapes, respectively.
® Number of threads. In general, increasing the number
of threads yielded a more continuous stress transfer
between the screw and bone, demonstrated by a rise
in the STP values (Figs. 5 and 6). Accordingly, the
STP values of the 9-thread models were higher by
21% in average, compared to those of the 5-thread
models. The stress distribution on top of the cortical
layer was also improved in the 9-thread screws (Figs.
5(b) and 6(b)), providing a lower peak stress for each
of the three different profile shapes tested (for

example 33% reduction in the maximal stress value
for the trapezoidal profile).

® Shaft length. The short shaft models provided better

stress transfer to the cancellous bone in comparison
to those with a long shaft, in terms of the STP (32%
higher values in average). The stress distribution on
the cortical surface was also more homogenous, dem-
onstrating lower maximal stress values for all the dif-
ferent profiles tested (for example, 17% reduction in
the peak stress for the trapezoidal profile as a result of
shortening the shaft). However, local internal stresses
within the first thread of the screw were shown to be
greater by 25%, in average, in the short shaft models.

® Graded-stiffness screw. Design of a stiff core and

more elastic outer layer/threads significantly
improved the biomechanical compatibility, as quant-
ified by the STP (Fig. 7). As the elastic modulus of
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the outer component of the screw decreased (from 10
to 5 GPa), the STP values significantly increased,
approaching the optimal unity value. Contrarily,
decreasing the thread stiffness was shown to have
almost no effect on the stress distribution developing
on the cortical surface. The best performances were
shown to be the ones of the 6 mm graded-stiffness
screw, with 8 threads of trapezoidal profile shape, an
inner reduced-stiffness-titanium core (with an elastic
modulus of 40 GPa) and a soft outer polymeric coat-
ing (with an elastic modulus of 5 GPa). For this
screw, the oo and B STP values were considerably
enhanced, being 0.676 and 0.552, respectively (Fig.
7(b), left diagram). The STP of the graded-stiffness
screws were approximately 68% higher than those of
single-material screws with identical overall
geometry, indicating the potential in improvement of

the stress transfer by using such simple composite
fixations.

® Active-compression screw. This proposed design for

a bone screw also appears to be promising, providing
the best results in terms of the STP. The result of
applying compressive forces to bone near the tip of
the screw is, as expected, a significant improvement
in the transfer of stresses from the lower threads of
the screw to the surrounding tissue, which is reflected
by high values of the § STP that approach the ideal
unity value. For example, an idealized simulation of
a 4 mm active-compression screw with a triangular
profile yielded values of 0.877 and 0.870 for the o
and § STP, respectively. A similar analysis of an
active-compression screw with a rectangular profile
yields values of 0.973 and 0.743 for the o and
STP, respectively.
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Fig. 7. Distribution of v.Mises stresses resulted by the screw—bone interaction for 6 mm graded-stiffness screws with a trapezoidal profile of (a)
5, and (b) 8 threads. For each of these cases, three diagrams are shown: the top is the distribution of v.Mises stresses on the cortical surfaces, the
left one is the internal stress state for a screw with a more elastic polymeric external layer (5 GPa) and the right one is the internal stress state
for a screw with a stiffer (10 GPa) external layer. Note that the STP of the graded-stiffness screws were approximately 68% higher than those of
single-material screws with identical overall geometry.

® The idealized models versus the femoral head models. axial forces along the screw’s shaft, but also involves
In general, comparative evaluations of different screw bending and shear, which apply additional stress on
designs were found to be independent of the modeling the bone bounded between the screw’s threads (Fig.
approach. The relative rating of screws was main- 8), and, consequently, provide further stimulus for
tained while using either idealized or femoral head bone modeling and osseointegration. In view of these
models. However, the absolute STP values obtained factors, it was concluded that maintaining consistency
for the femoral head models were significantly larger in the modeling approach is a basic condition for util-
than those obtained for the idealized models. For izing the STP comparative evaluations.

example, using the idealized modeling approach, a 4
mm titanium screw with a rectangular profile obtained
a score of 0.166 and 0.106 for the STP o and S, 4. Discussion
respectively, while using the femoral head model, it

obtained larger scores, of 0.476 and 0.643 for the STP A method of evaluating and rating engineering
o and S, respectively. This indicates that the realistic designs and expected biomechanical performances of
load sharing between the screw and the surrounding orthopedic fixative screws was presented. The results
bone is actually better than predicted using our ideal- indicated that two newly proposed designs, a graded-
ized model. The complex system of loads that act on stiffness composite screw and an active-compression

a screw within the proximal femur is not limited to screw are expected to be of superior biomechanical com-
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Fig. 8. The v.Mises stress distribution within the 2D computational
model of the femoral head following implantation of a fixation screw
(top), and the magnified stress transfer to bony tissue around the tri-
angular 4-thread profile of the screw (bottom).

patibility with bone in respect to conservative bone
screw types with triangular, rectangular or trapezoidal
profile shapes. The rating of STP performances of the
many screw designs tested was consistent while testing
it in two simulation types, i.e. idealized and femoral head
models. The author believes that these similar trends
suggest that the STP approach of quantifying the screw-
bone stress transfer may have a certain universal val-
idity.

The results had shown that for all the screw designs
tested, the peak stress region occurred within or right
before the first thread. This is consistent with most clini-
cal failures, where the screw was broken [25]. In general,
these maximum regional stresses increased as the length
of the screw’s shaft decreased. Experimental pull-out
tests carried out to evaluate the holding power of com-
mercially available screw designs revealed that increas-
ing the number and density of threads significantly
improves the holding power of the screw within can-
cellous bone [26]. Increasing the number of threads and
the length of the screw also reduced the stress concen-
trations within the first thread [25]. The present findings,
which indicate that the stress transfer from the screw to

the bone is also improved as the number of threads is
increased, provide additional support for using longer
bone screws with eight or more threads, when appli-
cable. Screws with trapezoidal thread profiles, and in
particular those with a more flat thread angle (Fig. 3(a)),
were shown to be highly stable and were able to resist
substantial pull-out loads when inserted into synthetic
cancellous-bone-like hard foam and into cadaveric ver-
tebrae [27]. Since the trapezoidal profile also demon-
strated the best load sharing with cancellous bone, in
terms of the STP, it seems that this profile type should
be preferred in the design process.

The recent histomorphological data presented by
Schuller-Gotzburg et al. [20], which were taken from
two patients who underwent median splitting of the man-
dible to treat carcinoma of the mouth, can be interpreted
in view of the present computational results. The speci-
mens containing the screws (with triangular profile) were
retrieved for these histomorphological analyses at reop-
eration (3 months post-implantation) because of local
reoccurrence of the tumors. It is evident from the images
presented by Schuller-Gotzburg et al. that the majority
of bone resorption took place around the tip of the
screws, and that no bone contacts existed in most of the
threads of their distal third. Resorption directly under the
screw’s heads and along the upper part of the shafts was
minimal. These findings strongly support the behavior
of the present computational simulations, which predict
that most mechanical stress is transferred to the bone
bounded between the head and the first (uppermost)
thread of the screws, while the bone found between the
distal threads carries only negligible load and is, thereby,
susceptible to resorption (Figs. 5-7).

The screw—bone computational models are based
upon several assumptions, which should be taken into
account. First, the 2D approach put some limitations on
the interpretation of the results, as the true nature of the
screw—bone contact problem is 3D, mainly due to the
continuous 3D spiral geometry of the real screws (the
STP comparative approach is, however, applicable to
more complex 3D models). Secondly, the present models
did not consider the true trabecular microarchitecture of
cancellous bone, and assumed it to be a homogenous
isotropic material. The local effects of the screw’s engin-
eering design parameters, including the profile shape and
material properties on the microstructural stress distri-
bution within adjacent individual trabeculae could be the
topic of subsequent studies. The choice of magnitude of
a standardized axial tightening load for the screws may
appear arbitrary. However, according to the theory of
elasticity, a direct proportionality exists between external
loads and internal stresses provided that the overall
geometry of the structure under investigation is not sig-
nificantly changed as a result of the loading. Hence, the
basic STP rating that was obtained for different screw
designs and different model types should not be affected
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by changing the tightening force of the screws; indeed,
a sensitivity analysis in which tightening forces were alt-
ered by 25% did not provide evidence for changes in
STP-derived relative rating of the screw’s performances.

Finally, for further testing the applicability of the
present simulations and of the STP approach to serve as
standard tools for evaluating and rating the biomechan-
ical compatibilities of various bone screw fixations, ani-
mal experiments will be necessary. Bone histological
specimens taken at different stages of the process of
local adaptation to the presence of the implant could, in
this way, be correlated with the present STP reference
values, in order to confirm the importance of elimination
of stress shielding in obtaining adequate osteosynthesis.
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