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Finite element (FE) method has been widely used to study the screw-bone connections. Screw threads
are often excluded from the FE spine model to reduce computational cost. However, no study has been
conducted to compare the effect of such simplification in the screw models on the predicting accuracy
of the model. The effects of different screw-bone connection types on the overall spine biomechanics
are also unknown. In this study, three different types of screw-bone connections were compared using
FE simulations in this study: (1) screw and bone are not fully bonded (contact connection); (2) screw is
rigidly bonded with the bone (bonded connection); and (3) simplified-geometry-rigid (SGR) connection.
Screw pullout test and physiological spinal loading test were simulated for the screws in this study: (1)
pullout test where the pedicle screws were inserted in polyurethane foam; and (2) physiological spinal
loading test (flexion, extension, lateral bending, and axial rotation) where the screws were fused into
previously-validated FE lumbar spine model. The FE spine model used in this study included L;-Ls spine
levels and simulated major ligaments and resultant muscle forces. This study indicated that the holding
capability in the screw-bone interaction is smaller and the bone and implants are subjected to larger von
Mises stress (up to 44.88%) in the contact connection than those in the bonded connection. Among the
four spinal loading cases tested in this study, flexion produced the highest von Mises stress in both the
bone and the implants. Considerable differences were observed between simplified and non-simplified
screw FE models in the von Mises stress at screw-bone contact region within spinal loading environ-
ment and the ultimate screw pullout strength in pullout test. This study concluded that both the spinal
implants and the bone are subjected to higher stress immediately after the pedicle-screw-instrumented
surgery and before the screw and bone are fully bonded. The screw-bone interface is less likely to fail
after the screw and bone are fully bonded. SGR screw model is able to predict screw force and rod stress
that are consistent with those predicted by non-simplified screw models.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The pedicle screw is an important tool used during spinal fu-
sion surgery which attaches posterior spinal fixation systems to the
vertebrae. Although the spinal posterior fixation systems and surgi-
cal techniques have been constantly improved during the last two
decades, post-operative failures of pedicle screw have not been
fully eliminated in post-surgical subjects [1-5]. Common complica-
tions in the pedicle screw-based posterior fixation surgery includes
screw breakage, screw loosening, and screw pullout [5,6]. The fail-
ures of pedicle screw may lead to loss of the fixation, culminat-
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ing in pain and eventually result in revision surgeries [4,7]. Demir
and Camuscu et al. [8] reported an average hospitalization cost of
over $40,000 and an average hospital stay length of more than 4
days for spinal fusion surgery. Due to the high costs of the revision
surgeries, there is an increasing clinical demand for analysis of the
interaction between the bone and pedicle screw and the effect of
pedicle screw on the biomechanical behavior of the spine [2,6,7].
Extensive experimental studies and testing have been performed
investigating and improving the performance of the pedicle screws
and spinal posterior fixation systems [8-15]. Standard testing
methods have also been developed to gauge the performance of
pedicle screws inserted in test blocks under static and fatigue loads
[9,11-12]. Although these tests can quantify the behavior of pedicle
screws by reporting external parameters such as ultimate strength
and fatigue life cycles, they cannot reveal information internal to
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(b)

Fig. 1. Pedicle screws tested in this study: (a) non-simplified screw [7]; (b) simpli-
fied screw.

the test configurations such as the stress at the screw/test block
interface, which greatly contributes to screw/bone failure [6,7]. Be-
sides, tests using test blocks can provide very simplified and lim-
ited physiological spinal loads. Finite element analysis (FEA) can
provide detailed information at the screw-bone interface and can
feasibly test the pedicle screw under physiological spinal loads
within spine FEA model, which has been widely used to study the
biomechanics of lumbar spines instrumented with pedicle screws
[9,13]. To reduce computational cost, the geometry of the pedicle
screw in FEA study is often simplified (eliminating screw threads)
and the screw-bone interaction is often simulated as rigid con-
nection in most of the previous FE studies [9,13]. This type of
simplified-geometry-rigid (SGR) screw-bone connection model as-
sumes no relative movement between the bone and screw. How-
ever, the effect of simplification introduced by SGR models have
not been fully reported in the literatures, where oversimplifica-
tions might occur in predicting parameters such as stress. More-
over, the screw-bone connection mechanism varies in post-surgical
spines. Chazistergos et al. [2] modeled the thread of pedicle screw
and claimed that the screw-bone interaction should be categorized
into two scenarios from clinical observations: (1) immediately af-
ter the pedicle screw-instrument surgery, the screw and bone are
not fully bonded where the relative movement and friction force
between the screw and surrounding bony tissues should be con-
sidered (contact connection); (2) after the surgery for a longer pe-
riod of time, the screw and bone would be fully bonded together
where the relative movement between the screw and bone could
be ignored (bonded connection). Chazistergos et al. [2] compared
the difference between the contact connection and bonded con-
nection of the screw-bone interface using FE simulations. Their
study revealed that the stress distributions of the bone and pedicle
screw predicted in contact connection and bonded connection are
different. Kiapour et al. [18] also compared the bonded connection
and contact connection between the pedicle screw and vertebrae.
In their study, one vertebra was inserted with a pedicle screw and

Thread width

Proximal half angle

Proximal root radius

Table 1

Design variables for the non-simplified pedicle screw [7].
Thread-shank junction Deep step
Pitch (mm) 2.8
Proximal root radius (mm) 0.8
Distal root radius (mm) 12
Proximal half angle (deg.) 14
Distal half angle (deg.) 25
Thread width (mm) 0.2

this instrumented vertebra was subject to simplified compressive
loads. Their study found that the screw-bone contact condition
has considerable effect on the load transfer in the screw-bone in-
terface where the contact connection produces significantly higher
stress in the screw than the bonded condition does. To the best
of our knowledge, no previous study has been performed to in-
vestigate the effects of these above-mentioned different FEA mod-
eling methods of screw-bone contact types on the biomechanical
behavior of the spine under physiological spinal loading environ-
ment. To better understand and utilize these FEA screw-bone mod-
eling methods, different FEA modeling methods should be tested
and compared under various types of loads including physiologi-
cal spinal loading conditions. This study intended to provide opti-
mized FEA modeling methods for the screw-bone interaction and
ultimately provide guidelines for future FEA studies that are de-
signed to utilize these tested methods. The objectives of this study
are: (1) to develop FE models of two different types of pedicle
screws (one non-simplified screw models and one simplified screw
model) and compare the predicting capability of SGR model with
that of non-simplified screw models; (2) to study the effect of dif-
ferent types of screw-bone connection on the biomechanical per-
formance of lumbar spine and spinal implants under physiological
spinal loads using previously-validated FE spine model.

2. Methods
2.1. Pedicle screw FE models and validation

Computer aided design (CAD) model of one non-simplified
pedicle screw was created in Autodesk Inventor® (Autodesk, San
Rafael, CA, USA) based on the geometries described in the lit-
erature [7]. One geometry-simplified pedicle screw was also cre-
ated to represent the SGR screw-bone connection. Both of the two
screws have an identical length of 45 mm and outer diameter of
6.5mm (Fig. 1). The design variables and specifications of the non-
simplified screw were summarized in Table 1 and Fig. 2.

The CAD model of the non-simplified pedicle screw was im-
ported into Hypermesh® (Altair Engineering, Troy, MI, USA) and

Distal root radius
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Fig. 2. Design variables of the non-simplified pedicle screw [7].
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Fig. 3. FE models of the pullout test: (a) test configuration; (b) FE screw and cylinder models for non-simplified screw models (used for contact and bonded connections)

and simplified screw model (used for SGR connection).

meshed with 4-node tetrahedral elements. The simplified pedicle
screw was meshed into 8-node hexahedral elements using True-
Grid® (XYZ Scientific Applications, Pleasant Hill, CA, USA). For each
screw, the meshed screw geometry was inserted into a cylinder
model representing the polyurethane foam (Fig. 3(a)). The cylin-
der model has a diameter of 20mm and a height of 45mm [7].
Mesh refinement and mesh convergence tests were performed to
determine an appropriate mesh resolution to ensure both the cal-
culation accuracy and efficiency, where the difference of simulation

results between the two sequential sets of the mesh was smaller
than 5% [19]. The final element numbers selected for the ten
non-simplified pedicle screws ranged from 54,413 to 74,909 and
the element number selected for simplified pedicle screw is 5376
(Fig. 3(b)). The FE cylinder model contained from 171,002 to
237,384 elements when inserted with the non-simplified screws
and 41,512 elements when inserted with the simplified pedicle
screw (Fig. 3(b)). The polyurethane foam (Sawbones-Pacific Re-
search Laboratories, Vashon, WA, USA) tested in this FE simulation
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Fig. 4. Lumbar spine FE model instrumented with pedicle screws and rods: (a) model configuration with posterior and side views; (b) screw hole in vertebra when inserted
with non-simplified pedicle screws; (c) screw hole in vertebra when inserted with simplified pedicle screw; and (d) loading condition (marked in red) and boundary
condition (marked in black) applied in spine tests.
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Fig. 5. Pullout strength comparison of simulations from the contact model, bonded model, and SGR model, and mechanical experiments [7]: (a) high-density foam; (b)
low-density foam.
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Fig. 6. Maximum screw-bone reaction forces in: (a) L3 and (b) Ly under physiological loading conditions.

has similar material property as human cancellous bones. Both the
screws and foams simulated in this study were assumed to have
homogeneous and isotropic material properties [7]. The pedicle
screws have Young’s modulus of 114 GPa and Poisson’s ratio of 0.3
[7]. To represent bones with various densities and material prop-
erties, two types of polyurethane foam were tested for each screw.
The first type of polyurethane has density of 0.16 g/mm?3, Young’s
modulus of 23 MPa, and yield stress of 2.3 MPa. The second type
of polyurethane foam has density of 0.32g/mm3, Young’s modu-
lus of 137.5MPa, and yield stress of 5.8 MPa [7]. The screws and
cylinders were imported into LS-DYNA (Livermore Software Tech-
nology Corp, Livermore, CA, USA) for FE simulations. Explicit solver
in LS-DYNA was utilized in this study. For the contact model, the
friction coefficient between the pedicle screw and cylinder was
set to 0.2 [20]. The loading condition in the FE simulation was
kept consistent with the loading condition utilized in mechanical
tests [7]: a axial pullout loading with a rate of 5mm/min was
applied at the screw head while the side surface of the cylin-
der was constrained for both translational and rotational move-
ments. The magnitude of the axial force applied at the screw head
was recorded during the pullout process. The pullout force was
the axial force applied at the screw head when the pullout oc-
curred where the sudden decrease of the pullout force was ob-

served [20]. To validate the pedicle screw FE models, the pullout
strength predicted by the contact connection was compared to the
experimental results reported by Chao et al. [7]. Here only con-
tact connection simulation was conducted to compare with the ex-
perimental results because the pedicle screw and foam were in
simple contact in the pullout experiments where no bond was
formed [6,7,20]. The pullout strengths predicted by the bonded
connection were compared with the experimental results as
well.

2.2. Pedicle screw-instrumented lumbar spine FE model and
physiological loading tests

In this study, one previously-validated three-dimensional (3D)
nonlinear FE model of intact lumbar spine (L;-Ls spinal levels, 47
years old male subject) [21] was used to provide the physiological
spinal loads on the screw-bone interface. Details about the mod-
eling methods of this employed FE lumbar spine model could be
found in our previous study [21]. Each vertebra consisted of a can-
cellous core surrounded by a cortical shell layer with a thickness
of 1Tmm [22]. At both ends of each vertebra, cartilaginous end-
plates were simulated with a thickness of 0.8 mm [19]. The facet
cartilage joints were modeled as a soft frictionless contact with
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Fig. 7. Maximum von Mises stress of L3 and L4 cancellous obtained by contact connection and bonded connection under four physiological loading conditions: (a) high-

density bone; and (b) low-density bone.

Table 2
Material properties of the lumbar spine FE model [17].

Material Modulus (MPa) Poisson’s ratio References
Cortical bone 12,000 0.30 [18]
Cancellous bone 100 0.20 [18]
Posterior bony elements 3500 0.25 [31]
Cartilaginous endplate 23.80 0.40 [31]
Annular ground substance Hyperelastic (Mooney-Rivlin) c1=0.56, c2=0.14 0.45 [32]
Annular collagen fibers Nonlinear stress-strain curve [33]
Nucleus pulposus Hyperelastic (Mooney-Rivlin) c¢1=0.12, c2=0.09 0.4999 [32]
Ligaments Nonlinear stress-strain curves [34]

an initial gap of 0.5 mm [22]. Seven major ligaments, i.e., anterior
longitudinal ligament (ALL), posterior longitudinal ligament (PLL),
flaval ligament (FL), facet capsular ligament (CL), intertransverse
ligament (ITL), interspinous ligament (ISL), and suspraspinous lig-
ament (SSL), were meshed by 4-node shell elements [23]. Local
muscle forces and upper body weight in lumbar spine were simu-
lated by a compressive follower load (500N or 1175N) with opti-
mized path through the vertebrae [24]. The material properties for
the lumbar spine FE model were summarized in Table 2.

The spine FE model was inserted with the simplified and
non-simplified screws at L3-L, separately (Fig. 4(a)). The screw-
inserted vertebrae were meshed by 4-node tetrahedral elements
in Hypermesh ®. The rest of bony tissues in this FE model were
meshed by 8-node hexahedral elements in TrueGrid ® [23,25].
Mesh convergence tests for this FE lumbar spine model were per-
formed in our previous study [23]. The screw-inserted vertebrae
contained from 259,834 to 357,136 elements when inserted with
non-simplified screws and 221,762 elements when inserted with
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Table 3
Loading modes tested for the instrumented lumbar spine FE model [28].

Loading modes Follower force (N) Moment (Nm)

Flexion 1175 75
Extension 500 75
Lateral bending 500 7.8
Axial rotation 500 5.5

simplified screw. Rigid connections between the pedicle screws
and rods were assigned in this study [26,27]. Bonded connections
were assumed between the ligaments and bony tissues. Three dif-
ferent types of screw-bone interactions (bonded connection, con-
tact connection, and SGR connection) were modeled and com-
pared. This lumbar spine FE model was tested in four loading
modes: flexion, extension, lateral bending, and axial rotation [28].
The detailed forces and moments for these physiological loading
modes were summarized in Table 3. Maximum interaction forces
between the screw and bone were recorded and compared un-
der the four loading modes. For the bony tissues in the effective

Extension

B Contact connection
¥ Bonded connection

® SGR connection

Lateral bending Axial rotation
Loading modes

(b)

Fig. 8. Maximum von Mises stress of the pedicle screws in: (a) L3; and (b) L, under four physiological loading conditions.

region, two sets of material properties representing high-density
and low-density bones were tested and compared [7]. In addi-
tion, maximum von Mises stress in the pedicle screws and rods,
and cancellous bone substitute within the effective region were
recorded.

3. Results
3.1. Pedicle screw FE model validation and pullout tests

As shown in Fig. 5, the pullout strengths predicted by the con-
tact connection, bonded connection, and SGR connection in this
study were compared with experimental results [7]. For both high-
density and low-density foams, we had the following results: for
non-simplified screw, the pullout strength from the bonded model
was larger than that from the contact model; the pullout strength
of the SGR model was smaller than those of the non-simplified
model and experimental test [7]; the pullout strength of the
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non-simplified screws in this study matched the experimental re-
sults [7].

3.2. Pedicle screw-instrumented lumbar spine FE model

3.2.1. Screw-bone interaction forces

The screw-bone interaction forces predicted by the three types
of screw-bone interactions were compared (Fig. 6). In all loading
cases, the differences in predicted screw-bone forces among three
types of connections were small, where maximum difference was
less than 3%. Among the four loading cases, flexion produced the
largest screw-bone interaction forces and the smallest interaction
forces were observed in extension. In L3, the maximum interaction
forces for the four loading cases were 376N in flexion, 183N in
extension, 228N in lateral bending, and 224N in axial rotation. In
L4, the maximum reaction forces for the four loading cases were
255N in flexion, 133 N in extension, 160N in lateral bending, and
156N in axial rotation. The interaction forces in L3 were larger than
those in Ly: 13.5% larger in flexion, 5.9% larger in extension, 9.6%
larger in lateral bending, and 8.4% larger in axial rotation.

3.2.2. von Mises stress in the cancellous bone

In both the high-density and low-density bones, contact con-
nection produced the highest von Mises stress in the cancellous
bone substitute whereas the SGR connection generated the low-
est stress in the cancellous bone (Fig. 7). In the high-density bone,
the percentage differences of maximum von Mises stress between
those predicted by the contact connection and those predicted by
SGR connection in the four loading cases were 30.04% in flexion,
30.31% in extension, 30.87% in lateral bending, and 44.88% in axial
rotation. The maximum von Mises stresses predicted in the high-
density bone were considerably higher than those predicted in the
low-density bone in all four loading cases. Among the four load-
ing cases, flexion produced the highest maximum von Mises stress
in cancellous bone substitute, which were 5.54 MPa in the high-
density bone and 2.22 MPa in the low-density bone. The maximum
von Mises stresses of cancellous bone in Ly were higher than those
predicted in L4. The In high-density bone, the percentage differ-
ence between L3 and L4 were 7.62% in flexion, 12.50% in extension,
2.43% in lateral bending, and 2.45% in axial rotation.

3.2.3. von Mises stress of the pedicle screws

As shown in Fig. 8, flexion produced the highest maximum von
Mises stress among the four loading modes wheras extension pro-
duced the lowest. The maximum von Mises stresses of the pedicle
screws in L3 were higher than those in L4 in each loading direc-
tion. Among the three screw-bone connection types tested in this
study, the SGR connection produced the lowest von Mises stress
in the pedicle screws for all the loading cases in both L3 and L,
wheras the contact connection had the highest.

As shown in Fig. 9, the von Mises stress in the pedicle screws
concentrated on the screw shank/body junction areas under all the
loading conditions.

3.2.4. von Mises stress of the rods

As shown in Fig. 10, the three types of screw-bone connec-
tions predicted comparable von Mises stress in the rods, where
the difference was less than 1%. The maximum von Mises stress
occurred in the flexion loading case were the largest and in ex-
tension the maximum von Mises stress were the smallest. The
simulated maximum von Mises stress values were 391. 42 MPa in
flexion, 96.76 MPa in extension, 226.19 MPa in lateral bending, and
24428 MPa in axial rotation.

As shown in Fig. 11, the highest von Mises stress occurred at
the screw-rod connecting area under all the loading conditions,
which was consistent with the clinical observations [16] and ex-
perimental tests [14].

(b)

(©)

(d)

Fig. 9. Contour plots of von Mises stress in the pedicle screws with contact con-
nection model (color bar: 0-450 MPa, anterior-superior view) under: (a) flexion; (b)
extension; (c) lateral bending; and (d) axial rotation.
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4. Discussion

This study compared three different screw-bone connections.
The pullout strength predicted by the FE simulations in this
study matched well with the experimental results reported by
[7], which validated the screw-bone FE models developed in this
study.

The bonded connection provided larger pullout strengths than
the contact models. This suggested that the failure at the screw-
bone interface is more likely to occur right after the pedicle-screw-
instrumented surgery. The SGR model could be considered as a
special case in bonded model where the thread depth was zero.
This was the reason why SGR model predicted smaller pullout
strength than those predicted by the non-simplified screw mod-
els and the experimental test. However, in the spinal loading test
where the screw-bone reaction force is far from reaching the pull-
out limit of the pedicle screw, SGR connection is an efficient and
qualified simplification, which is widely used in FE spine models
in the literatures [19-23].

The von Mises stress in both the pedicle screws and the ver-
tebrae predicted by the SGR connection was lower than those pre-
dicted by contact connection and bonded connection. This was due
to the fact that no screw thread was simulated in SGR model,
which reduced the stress concentration in the screw. Thus, the
SGR model was not the proper option to simulate the maximum
von Mises stress at the screw-bone contact region. To simulate the
stress distribution at the screw-bone contact region, screw thread
should be considered. The maximum von Mises stresses predicted
by the contact connection were higher than those predicted by the
bonded connection under identical loading conditions, which was
consistent with the results reported by Chao et al. [7]. This sug-
gested that both the spinal implants and the bone are subjected
to higher stress immediately after the pedicle-screw-instrumented
surgery. The screw-bone interface is more stable after the screw
and bone are fully bonded. Based on the screw-bone reaction force
and von Mises stress in the bone, bone fracture and screw loosen-
ing is most likely to occur under flexion among the four tested
loading modes in this study [22].

The screw-bone interaction forces predicted by the three types
of screw-bone connections were close under all four loading cases,
which is consistent with the mechanical fundamental that the

reaction force between two contact surfaces is irrelevant with the
geometry of the contact area. This suggested that the SGR connec-
tion is able to accurately predict the screw-bone reaction force un-
der the condition that the screw and bone fully bonded together.
The simplified screw model have limited effect on the external
biomechanicl hehavior of the spine model (range of motion, etc.)
after the screw and bone are fully bonded. The von Mises stress of
the rod is also not affected by the modeling method of the screw-
bone interface. This is consistent with the findings in the litera-
tures [19-23]. Thus, when predicting the overall biomechanical be-
havior of the spine without concerning the failure in the screw-
bone interface, eliminating the screw thread from the model is an
efficient and safe simplification. The highest von Mises stress con-
centrated on the shank/body junction area in the pedicle screw un-
der all the loading conditions. The highest von Mises stress in the
rod concentrated at the connecting areas with the screws. These
two predictions were consistent with the clinical observations and
experimetnal tests, which furthur validated the screw FEA models
in this study.

This study identified the limitations and advantages of the three
types of screw/bone connection models. For the simplified SGR
model, it has advantages in greatly reducing the simulation time
and can provide acceptable predicting results when it comes to
simulating the force and displacement of the spine models. Thus,
SGR model can be integrated in the future simulation-based surgi-
cal planning tool and spine FEA model for force and displacement
prediction. By comparing the bonnded and contact screw/bone
connection models, this study was able to show that greater risk of
screw pullout and loosening failures might occur before the screw
and bone are fully fused together after the surgery. Thus, large
loads on the screws and spine should be avoided immediately after
the surgery.

In this study, only static loading conditions were tested in the
pullout test and the spine model. However, long-term fatigue dam-
age accumulation in the screw-bone interaction also greatly con-
tributes to the screw failure and screw loosening [29]. In fact, fa-
tigue failure of the spinal implants is more commonly observed in
post-surgical subjects than the immediate implant failure which is
normally caused by sudden large amount of load on the implants
[30]. In our future work, long-term fatigue behavior of the screw-
bone connections will be studied.
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(a)

(b)

(c)
(d)
Fig. 11. Contour plots of von Mises stress in the rods (color bar: 0-400 MPa, pos-

terior view) with contact connection model under: (a) flexion; (b) extension; (c)
lateral bending; and (d) axial rotation.

5. Conclusion

This study investigated three different ways of screw-bone con-
nection in finite element model and results showed that both the
spinal implants and the bone are subjected to higher stress right
after the pedicle-screw-instrumented surgery. The screw-bone in-
terface is less likely to fail after the screw and bone are fully
bonded. Simplified screw models excluding the screw thread can
predict screw force and rod stress consistent with those predicted
by models including the screw thread.
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