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Numerical Investigation of Frictional
Locking Mechanisms and Load Sharing in
Pedicle Screw-Rod Assemblies Under
Flexion: A Mechanically Consistent Finite
Element Analysis

Abstract

This study investigates the biomechanical stability and load-sharing mechanics
of a pedicle screw-rod assembly under flexion using non-linear finite element
analysis. A two-step analysis methodology was employed. First, a preload state
equivalent to a 10 Nm tightening torque was approximated via an interference
fit method using a non-linear Ti6Al4V model, and interface behavior was
assessed through power screw theory and literature. Second, the developed
model, which demonstrated mechanical consistency with experimental
literature, was subjected to flexion loads utilizing non-linear material
properties and contacts. Model 2.2 predicted a maximum moment capacity of
22.08 Nm, showing strong agreement with literature. Exceeding the maximum
flexion force of 869.5 N triggered a significant internal load shift, where axial
force on the screw head decreased while the reaction force on the tulip saddles
nearly doubled, initiating macro-slip. Maximum von-Mises stresses exceeding
the material's yield strength indicated localized yielding, facilitating a secure
mechanical interlock. The model successfully captures the transition from
static frictional locking to kinematic instability. By confirming the model's
reliability through a comprehensive sensitivity analysis of solver parameters,
this study demonstrates that the intrinsic frictional locking capacity, rather
than solely geometry, is the primary determinant of system stability.
Consequently, this research provides a robust and numerically consistent
framework for evaluating the biomechanical performance of spinal implant
designs.

Keywords: Pedicle Screw, Finite Element Analysis, Spinal Fixation,
Frictional Locking, Pretension
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Fleksiyon Altinda Pedikiil Vida-Rod
Sabitlemelerinde Siirtiinme Kilitleme
Mekanizmalarinin ve Yiik Paylagiminin Sayisal
incelenmesi: Mekanik Olarak Tutarli Sonlu
Eleman Analizi
0z
Bu calisma, dogrusal olmayan sonlu elemanlar analizi kullanilarak fleksiyon
altindaki bir pedikiil vida-rod sisteminin biyomekanik stabilitesini ve yik
paylasim meKkaniklerini aragtirmaktadir. Oncelikle, 10 Nm'lik sikma torkuna
esdeger on yik durumu, araylizde deplasman kontrollii gegme durumu ile
dogrusal olmayan Ti6Al4V modeli kullanilarak tahmin edilmis, arayiiz

davranisi gilic vidasi teorisi ve literatiir araciligiyla degerlendirilmistir.
Ardindan, deneysel verilerle mekanik tutarhligi gosterilmis olan model,
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dogrusal olmayan malzeme 6zellikleri ve temas kosullar: kullanilarak fleksiyon yiiklerine tabi tutulmustur. Model 2.2,
literatiirdeki temel verilerle gii¢lii bir uyum sergileyerek 22,08 Nm’lik bir maksimum moment kapasitesi saglamistir.
869,5 N’luk en yiiksek fleksiyon kuvvetinin asilmasi, 6nemli bir i¢ ylik kaymasini tetiklemis ve vida basi tizerindeki
eksenel kuvvet azalirken, tulip tizerindeki reaksiyon kuvveti neredeyse iki katina ¢ikarak makro kaymay1 baslatmistir.
Malzemenin akma dayanimini agsan von-Mises gerilmeleri, bolgesel akmanin gerceklestigini ve giivenli bir mekanik
kenetlenmeyi gostermistir. Model, statik strtiinmeli kilitlenmeden kinematik kararsizliga gecisi basariyla
yakalamaktadir. Coziicli parametreleri iizerinde yapilan kapsaml bir duyarlilik analizi ile modelin giivenilirligi teyit
edilerek, bu calismada sistem stabilitesini belirleyen temel faktoriin yalnizca geometri degil, montajin siirtiinmeli
kilitlenme kapasitesi oldugu gosterilmistir. Sonu¢ olarak bu arastirma, spinal implant tasarimlarinin biyomekanik
performansini degerlendirmek i¢in saglam ve sayisal agidan tutarh bir ¢er¢eve sunmaktadir.

Anahtar kelimeler: Pedikiil Vida, Sonlu Elemanlar Analizi, Omurga Sabitlemesi, Siirtiinmeli Kilitleme, On
Gerilme

L

1. Introduction

Posterior spinal fixation using pedicle screw-rod systems has become the gold standard for
stabilizing the spinal column in a variety of clinical conditions, including degenerative disc disease,
spinal fractures, spondylolisthesis, and complex deformities [1-3]. The primary goal of these implants
is to provide immediate rigid stabilization, facilitating successful bone fusion by limiting the
intervertebral range of motion [2]. However, despite advances in implant design and materials science,
particularly the shift to high strength titanium alloys such as Ti6Al4V for the implant material,
mechanical failures remain a significant concern in clinical practice [4-9].

Mechanical complications such as rod failure or slippage, screw loosening, and fatigue failure at
the interface between screw and tulip are frequently reported, especially in long-segment fixations
[5,8,10,11]. The literature indicates that the most critical part of the assembly is the locking
mechanism, which consist of the set screw, tulip, pedicle screw head, and longitudinal rod [12]. The
stability of this interface largely depends on friction locking, which is achieved by a standardized
surgical tightening torque applied to the set screw. The mechanical testing and torque protocols for
spinal assemblies are strictly defined by international standards, specifically for evaluating
interconnection stability [13] and construct stiffness [14]. Previous research has identified 10 Nm as
the optimal tightening torque to achieve maximal axial grip strength [15,16]. If this locking force is
insufficient or if physiological loads exceed the frictional resistance, slip occurs at the interfaces,
leading to loss of correction and potential pseudoarthrosis.

Current biomechanical literature emphasizes that flexion moments represent the most critical
loading condition for pedicle screw systems during daily activities. Experimental studies have
consistently investigated the structural integrity of these constructs, revealing a wide range of failure
thresholds depending on design parameters such as screw diameter, rod-tulip geometry, and setscrew
tightening torque (Table 1). For instance, while Rohlmann et al [17] have reported physiological
walking loads of approximately 5 Nm, others have focused on ultimate failure limits. Fogel et al [12]
have observed failure moments starting from 6.39 Nm, whereas Cetin et al [18] have reported
significantly higher capacities, up to 26.79 Nm for smaller diameter screws and 38.72 Nm for larger
diameter screws. Furthermore, studies by Wu et al [15] and Ardura et al [16] have highlighted the
pivotal role of tightening torque and gripping capacity in maintaining structural stability under
dynamic and axial loading. Nemade et al [19] have further bridged the gap between experimental and
numerical analysis by comparing monoaxial and polyaxial configurations. This variability in reported
results, as summarized in Table 1, underscores the system's sensitivity to the specific mechanical
interfaces within the rod-screw-tulip assembly.
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Table 1. Literature review of the pedicle screw-rod fixation mechanics.

Moment Result

Author Fixation Screw Tightening Parameter (Reported (R)
Information  Systems diameter torque Test type Examined or Calculated Methodology  Focused Data
(9)]
Polyaxial Failure Failure point of
g 4.35 mm . .
Fogel et al pedicle Flexion moments: 6.39 . the polyaxial
through 9 - Force Experimental :
[12] screw-rod mm moment test Nm through pedicle screw
fixation 14.58 Nm (C) head
. . Effect of the
Axial Maximum axial tightenin
Polyaxial gipping force: 1651.23 N togrque onggrip
edicle 10Nm capacityand  Force and through 2067.30 capacity and
Wu etal [15] P 4 mm through 13 P ty N (R), Fatigue Experimental P ty.
screw-rod dynamic Moment fatigue life of
N Nm . strength: 170 N
fixation cyclic the
. through 190 N
loading vertebrectomy
(R
model
Polyaxial
pedicle . . . Rod reduction
Ardura et al screw-rod Axial Maximum axial alienment. Axial
[16] fixation 5mm 10 Nm gripping Force force: 1223 N Experimental rig in ’
with capacity test and 1723 N (R) %a papci &
different set pacity
screw types
Modified
?nltcekrnal Dynamic Maximum Moments acting
Rohlmann et ) yn Force and bending . on the implant
fixator - - cyclic Experimental . .
al [17] . ) Moment moments: 3.5- during daily
(with loading o
5.0 Nm (R) activities
Schanz
screws)
Maximum
Polvaxial 6.5 mm Axial pull- flexion moment:
. 4 ' i out and 26.79 Nm for 6.5 Failure point of
Cetin et al pedicle 7.0 mm, . Force and . .
10 Nm flexion mm, 37.65 Nm Experimental the pedicle
[18] screws-rod and 7.5 Moment
o moment for 7 mm, 38.72 screw head
fixation mm
tests Nm for 7.5 mm
(R)
Compression
Yield: Monoaxial fg;ir;gat;glf;l;z
Monoaxial . (322-406 N), . )
Static ) Experimental poly axial
and . Polyaxial (184- L .
Nemade et al . compression  Force and . and finite pedicle screws
Polyaxial 5.5 mm 8.5 Nm ) . 231 N); Tensile
[19] f and tensile Stiffness : . element vertebrectomy
pedicle bendin; Yield: Monoaxial analysis models under
screws g (595-769 N), y -
. bending
Polyaxial (165- conditions
189 N) (R)
Polyaxial . Failure point of
. . . Finite -
Present pedicle Flexion Failure moment: the polyaxial
6.5 mm 10 Nm Moment element :
study screw-rod moment test 22.08 Nm . pedicle screw
N analysis
fixation head

Despite the clinical significance of these findings, numerical modeling remains complex. While
several numerical studies have evaluated the mechanical performance of pedicle screw assemblies,
most existing models rely on simplifying assumptions, such as “bonded” or “tie” interfaces [19-21] or
linear elastic material properties [19-21]. While computationally efficient, these simplifications ignore
the pretension induced by the set screw's tightening torque, thereby failing to capture the complex
frictional interactions and localized plastic deformations that may occur in these assemblies.
Furthermore, the transition from static pretension to kinematic instability, which often initiated by
rod slippage, remains inadequately characterized in current biomechanical literature.

The present study addresses these specific limitations by developing a mechanically consistent
non-linear finite element model that incorporates frictional contact formulations and multilinear
isotropic hardening to represent the transition from static prestress to kinematic instability under
flexion. In accordance with this, the aim of this study is to address these limitations through a two-step
investigation approach. In the first step, a detailed process to determine the optimal interface
treatment that replicates experimental preload and moment capacity. Second, a comprehensive
biomechanical analysis was conducted to investigate the internal load sharing dynamics under flexion.

Erciyes University Journal of

(=]
N

Institue Of Science and Technology

W 42(2),2026
CC: BY-NC-ND



Institue Of Science and Technology

Erciyes University Journal of
42(2), 2026

CC: BY-NC-ND

®
N
»

Mustafa Ozkaya

2. Material and Method

In this section, the methodology of the study is explained in detail under subsections below. The
generation pedicle screw-rod fixation is explained first and then the force calculations based on the
power screw theory to obtain the forces acting on the components in pretension were given in detail.
The finite element method is a well-established numerical technique in engineering mechanics,
extensively utilized to analyze the biomechanical behavior of spinal constructs, particularly regarding
the stability of pedicle screw-rod fixation systems [16,20-23]. The finite element analyses in this study
consist of two sub-steps. In the first step, the preliminary analyses were performed to obtain a
mechanically consistent finite element model with appropriate contact conditions using the force
values obtained from power screw calculation as a reference. Then, this mechanically consistent
assembly was analyzed further under flexion loads in the second step.

2.1. Generation of pedicle screw-rod fixation

The pedicle screw-rod assembly was created by using SpaceClaim 3D CAD software (Ansys Inc.,
Canonsburg, PA, USA). It had four components as shown in Figure 1.a. Those were a pedicle screw, a
multi-axial tulip, a longitudinal rod, and a set screw. To reduce computational cost and numerical
instability, a simplified geometric model was employed instead of the original geometry. First of all, as
can be seen on the simplified model in Figure 1.c and its section view in Figure 1.d, thread geometries
of the pedicle screw, set screw, and tulip were omitted, instead, the load transfer mechanisms typically
governed by these threads was compensated by applying contact formulations at the mating
interfaces. Although these thread simplifications deviate from the full-scale implant geometry, they
make it possible to concentrate on the screw-rod-tulip interconnection mechanics with less
computational effort. Notably, the threads at the pedicle screw-bone interface have a negligible effect
on the internal clamping dynamics of the tulip-rod-screw assembly. Conversely, the load transfer
through the tulip-set screw interface is approximated by the interface treatment settings. In the
simplified assembly model, the pedicle screw was 6.5 mm in diameter and 45 mm in length, while rod
was 6 mm in diameter. The second simplification was made on the rod geometry. The rod length was
constrained to 20 mm specifically to isolate the primary frictional grip mechanism by minimizing the
bending effect of the rod under flexion load. In here, it should be acknowledged that the omission of
threads, the use of interference-based pretension, and the reduced rod length may not fully capture
the complex stress concentrations and local deformation that may occur in threaded interfaces
between screw-bone or set screw-tulip. However, this model provides a representative numerical
framework for analyzing the pedicle screw-rod fixation’s inner mechanics, rather than attempting a
full-scale clinical simulation of the entire construct. The established contact interfaces between the set
screw and tulip, set screw and rod, tulip and rod, tulip and screw, and lastly rod and screw are
illustrated in Figure 1.e and 1.f.
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Figure 1. a) The original pedicle screw-rod assembly, b) section view of the original geometry in
section A-A, c) simplified pedicle screw-rod assembly, d) section view of simplified geometry in section
A-A, and the contact interfaces in e) section A-A and f) section B-B.

2.2. Mechanics of the pretension in the assembly

In the present study, the forces occurring on the assembly, which is originated by the pretension
of the set screw, was calculated based on the power screw mechanics. In this theory, tightening torque
(T) of the set screw is converted into axial pretension (F;) using the power screw equation (Equation
1) as shown below. The [/ in this equation is axial distance covered in one revolution of the set screw or
pitch, di, is the mean diameter of the thread, d. is the base surface diameter of the set screw, p is the
static coefficient of the friction at the contact interfaces, and f is the thread angle of the set screw. The
set screw was chosen as a buttress type set screw because this type of set screw has been generally
preferred in the pedicle screw-rod assemblies. The buttress thread profile is the gold standard in
pedicle screw’s sets screws, especially where very high axial loads in one direction must be carried,
and outward splaying of the tulip is undesirable. In the calculations, T, , dm, dc, and 8 were used as 10
Nm, 1.5 mm, 8.875 mm, 8 mm, and 7°, respectively. Additionally, 4 was assigned as 0.23 with respect
to the friction value of Ti-Ti contacts [24,25].

- F,-dn, (l + ud,, secﬁ) Fud, 1
2 nd,, — ulsecf 2 (1)
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With the tightening torque applied to the set screw, the axial force F, acting on the rod is
balanced by the total reaction force (2Fs) generated in the two rod bearings of the tulip and the
reaction force (Fs) generated in the screw head as can be seen on Figure 2.a and Figure 2.b.

a c | 25mm |
L F
|
b d i
1 LT ¥
] |
Ey F, PTPsd
O F, /_i;A * )(X ] $5 L/
— —] ST
Fr Fr Y :
€ 1200

950

True Stress (MPa)
3 3 2
S a o
o o o

900
850

800
0 0.01 0.02 0.03 0.04 0.05 0.06

Plastic Strain (m/m)

Figure 2. The free body diagrams of the components in a) isometric view and b) section view, c)
loading and boundary condition of the flexion analysis, d) some outputs of the flexion analysis, and e)
true stress-plastic strain curve of Ti alloy.

2.3. Finite element analysis

All finite element analysis were implemented by using Ansys Workbench (Ansys Inc.,
Canonsburg, PA, USA). After creation of the model, material properties of Ti6Al4V titanium alloy were
assigned to the structures. A multilinear isotropic hardening model was employed for entire structure.
This allows for a realistic representation of the material’s post-yield behavior, which is essential for
simulating such an analysis. To apply this, first an elastic modulus of 109.8 GPa, a Poisson’s ratio of
0.342, and a yield stress of 986.5 MPa were assigned for the linear elastic isotropic part of the stress-
strain curve, and then a true stress-plastic strain curve (Figure 2.e) was used for the plastic part of the
curve. This true stress-plastic strain curve was used in the previous numerical studies [26,27] and the
data correspond to Ti6Al4V alloy specimens tested in tension at room temperature with a crosshead
speed of 2 mm/min.

After assigning the material properties, meshing procedure was carried out. The second order
hexahedron (20 node), tetrahedron (10 node), wedge (15 node), and pyramid (13 node) elements
were used as the mesh elements. The hexahedron elements were dominantly used, while the others
were used when they needed. The mesh was refined by decreasing the size of the elements and
increasing the element number in the critical regions such as head and neck of the pedicle screw or the
regions of the tulip that contacts the pedicle screw head. The final mesh structure is illustrated in
Figure 3. This refinement is important for the accuracy of the results. Due to the fact that increasing
the number of elements means increased computational work and time, a mesh convergence study
was conducted to ensure numerical reliability and efficiency. The total strain energy (m]) and the peak
stress at the pedicle screw head (MPa) were used as a comparison parameter in the convergence
analysis. The mesh model was assumed to converge if the percent difference (e) in total strain energy
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or peak stress results of three consecutive analyses was less than 5% when the number of elements
was twiced.

As mentioned above, the finite element analysis of the present study had two sub-steps. The first
one contained the preliminary analyses which were conducted to obtain the mechanically consistent
assembly model with an approximated pretension resulting in a complex and reasonable contact
interactions between the tulip, pedicle screw, and rod. On the other hand, the second step consisted of
the detailed analysis of the mechanically consistent assembly to investigate the internal load sharing
dynamics of it under flexion. To explain in more detail, one by one, the mechanical integrity of the
assembly was primarily governed by the complex contact interactions at the multi-component
interfaces in the first step. To achieve a high accuracy simulation, two distinct contact formulations
were employed as “bonded” and “frictional”. In Model 1, all contacts shown in Figure 1.c and d were
assumed as bonded, which previously implemented in many studies [19-21] of the literature. This
preference was made to simulate the rigid engagement of the contact interfaces, effectively preventing
numerical instabilities associated with thread to thread sliding or friction. Conversely, the interactions
between the rod and the screw head, the rod and the set screw, the rod and the tulip saddles, and the
screw head and the tulip were defined using a frictional contact formulation in Model 2.1, 2.2. and 2.3.
A static friction coefficient of 0.23 was assigned to all these pairs [24,25], representing the typical
surface interaction for medical-grade Ti6Al4V alloy under dry conditions. The most critical aspect of
the model is the simulation of the 10 Nm tightening torque of the set screw, which generates the
necessary axial pretension F; to lock the rod. Rather than modeling the helical thread geometry, which
would exponentially increase computational cost, an interface treatment based on the
offset/penetration technique was utilized. From Model 2.1 to Model 2.3, the contacts between the rod
and the screw head, the rod and the tulip, and the tulip and the screw head were respectively treated
with 0 mm, 0.05 mm, and 0.1 mm interference fit (penetration) at the contact pairs to numerically
simulate effect of F, (Table 2). During this initial load step, the solver resolves the interference by
calculating the contact pressure required to prevent overlap, effectively squeezing the rod, and
creating the internal prestress on the assembly. The frictional force transfer between the structures
were examined for all these models and they were compared with the results of the power screw
analytical calculation to test which contact design is consistent with the analytical calculations. This
procedure represents the initial part toward establishing mechanically consistent contact interactions
and is based on analytical power screw calculations. Furthermore, in the second part, to provide
experimental evidence for the mechanical consistency of these contact interactions within the pedicle
screw-rod assembly, the maximum resultant moment (M;) capacity under flexion loads (F) was
compared against the experimental data reported by Cetin et al [18]. Specifically, the maximum
moment prior to slip in the numerical model was evaluated against the experimental findings. To
create moment at the assembly, the external flexion force, F, was applied incrementally (Figure 2.c and
d) to the model. F was applied to the red enlightened area perpendicular to the screw axis with a
distance of 25 mm to the axis of the rod in accordance with the ASTM Standard [13]. The blue
enlightened areas of the rod were fixed in all degrees of freedom. In the flexion loading, the prestress
condition created in the previous process remained active, meaning the system enters the flexion
phase with a pre-existing stress distribution and mechanical interlock. Through this two-part
procedure in preliminary analyses of the first step, it was attempted to demonstrate that the numerical
pedicle screw-rod assembly is mechanically consistent, which is supported by both analytical theory
and experimental literature.
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Table 2. Contact assignments for the models.

Set screw-tulip Setscrew-rod Tulip-rod Tulip-screw Rod-screw
Model1 Bonded Bonded Bonded Bonded Bonded
Model 2.1 Bonded l(:gif,ﬂﬁ;lal Egircgig;lal Egirc;ig;lal fgirc;ig;lal
O W O
Model 2.3 Bonded lggi;firﬁ;lal Egl;tggsl félitiﬁﬂﬁl glit;g;e;l

Once the mechanically consistent model was determined in the first step, its mechanical
behavior under flexion loads were detailly examined in analyses of the second step. The force (N)
sharing between the pedicle screw and tulip, the slip at the screw head-rod interface (mm), the vertical
displacement in the direction of the flexion force (&), the angle of rotation of the screw («), and von-
Mises stresses (MPa) at the assembly were the outputs of the flexion analyses.

It is essential to distinguish between the two modes of failure present in this study. First one is
the kinematic instability or functional failure that represents the mechanical limit of the assembly’s
locking mechanism. This occurs when the applied moment exceeds the frictional resistance provided
by the pre-tensioned screw-rod-tulip interfaces, resulting in uncontrolled rod slippage. This rod
slippage eventually leads to numerical non-convergence. This failure mode is the primary failure mode
examined in the study. The second one is material physical failure which is defined as the state where
the equivalent von Mises stress in any component exceeds the material yield strength, indicating
permanent structural damage.

To ensure the reliability of the finite element results and to assess the influence of numerical
parameters on the predicted structural behavior, a sensitivity analysis was performed. This analysis
systematically evaluated the effects of contact formulation algorithms (Augmented Lagrange vs. Pure
Penalty), contact stiffness factors (FKN ranging from 0.5 to 1.5), and time-stepping configurations. The
primary objective of this investigation was to determine whether the observed convergence limits
were artifacts of the solver settings or representative of the system's inherent physical failure mode.
The friction coefficient was set to 0.23 based on the data for titanium-alloy interfaces [24,25]. While
this parameter influences the locking threshold, it was kept constant to focus the sensitivity analysis
on the numerical stability of the contact formulation rather than variations in surface treatment or
manufacturing finish.

3. Results

The results of the convergence analysis, the results of the first step analysis, and the results of
the second step analysis under flexion were given in detail under this section.

3.1. The results of the convergence analysis

The results of the convergence analysis showing the total strain energy or peak stress at the
screw head versus number of elements is given in Figure 3.c and d, respectively. The six dots in this
figure show the total strain energy values or peak stress values of each one of the six consecutive mesh
models at given number of elements. The results revealed that increasing numbers of elements beyond
4th model (4th dot in the figure) did not result in a percent difference more than 5% (e) in the total
strain energy or peak stress values between two consecutive mesh model. This mean that these three
mesh models were converged and each one of them can be used. Therefore, to avoid further increasing
the element number and computational work, the fourth model with the element number of 48011
was chosen. This represents the global element size of 0.7 mm in all bodies and 0.35 mm in the contact
surfaces between the tulip, rod, and screw head. The number and types of the elements for each
geometry was shown in Figure 3.b as a bar graphic.
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3.2. The results of the preliminary analysis and the mechanically consistent model

The numerical model, which demonstrated reasonable agreement regarding its contact
interactions, was selected based on the results of the pretension analyses, confirming it as a
mechanically consistent representation of the system. The analytical calculation for
a 10 Nm tightening torque yields a theoretical axial force F, of approximately 4540 N. According to the
numerical results (Table 3), the pretension of Model 2.2. with 0.05 mm interference fit generated a
numerical axial force of 4779 N, approximately. The close agreement between the finite element
results and the power screw theory suggested that Model 2.2 provided a mechanically consistent
representation of the pretension mechanism compared to the other investigated scenarios. In
contrast, Model 1, which had bonded contacts, overestimated system rigidity by ignoring frictional
interactions, while Model 2.1 with no interference failed to generate any significant locking force
leading to immediate slip and instability. Although being stable, Model 2.3 represented an over-
tightened state with an axial force of 9426 N that exceeded the standard clinical protocols.

As mentioned before, a two-part procedure was conducted in the preliminary analysis when
determining the mechanically consistent model. So, in the second part, to assess the predictive
capability of Model 2.2, the maximum moment capacity M, was compared with experimental findings
from the literature [18]. The numerical model predicted an M, of 22.08 Nm, whereas the experimental
study reported 26.79 Nm for the pedicle screw-rod assembly. This represents a deviation of 17.5%,
which is considered reasonable arising from the differences in boundary conditions and the geometric
simplifications applied in this study. While this result does not constitute an absolute validation, it
demonstrates a favorable agreement between the numerical model and established experimental
assembly. Additionally, the vertical displacement § for Model 2.2 was 1.02 mm.

Table 3. Force values in X direction on the screw head (Fs), tulip saddles (2Fy), and axial force (Fa)
induced by pretension and maximum force (F) and maximum moment (M;) can be borne by the
system, and vertical displacement (&) of the force surface.

Force on Force on Axial Maximum Maximum Vertical
screw (Fs), tulip saddles force (F.), force (F), N Moment Displacement
N (2Fn), N N ’ (M), Nm (@), mm

Model 1 -0.31 0.03 -0.28 1035.3 25.704 0.37

Model 2.1 -552.9 53.9 -499.0 10.7 0.341 -

Model 2.2 31928 1586.3 47791 869.5 22.084 1.02

Model 2.3 5598.7 3827.7 9426.4 1225.6 31.559 0.95

Institue Of Science and Technology

Erciyes University Journal of
42(2),2026

©
N
2

CC: BY-NC-ND



Institue Of Science and Technology

Erciyes University Journal of
42(2), 2026

=)
(]
o

CC: BY-NC-ND

Mustafa Ozkaya

1000
900
800
700
600
500

400

Total strain energy (mJ)

300
200
100

0

0

e=51.2%

20000 40000

60000 80000 100000 120000 140000 160000
Number of elements

50000

45000

40000

35000

30000

20000

Number of Elements
N
v
o
o
o

15000

10000

5000

Peak stress at screw head (MPa)

0

—_

=N A

i

Set screw Rod

INASNAAANANNANRRNNNNNNY

S‘
N
e N
7 N
N E
AN .
Tulip Pedicle screw  Assembly

B Tetrahedral (10 node) » Hexahedral (20 node) m Wedge (15 node)

@ Pyramid (13 node)

1000

900

800

700

600

500

400

300

200

100

0

0

N Total # of elements

e=3.3% e=0.2% e=0.9%

e=15.5%

e=39.7%

20000 40000

60000 80000 100000 120000 140000 160000
Number of elements

Figure 3. a) The mesh structure of the pedicle screw-rod assembly, b) number of elements in the mesh
structure, and the results of the convergence analysis showing c) the total strain energy vs number of
elements and d) the peak pedicle screw head vs number of elements.

3.3 The finite element analysis results of the mechanically consistent model

The slip analysis of Model 2.2 provided a timeline of the assembly failure. According to the
Figure 4.a, the screw force F;s decreased with the increased applied force F, while the tulip force 2Fy
increased. In addition, Figure 4.b showed that the rod remained remarkably stable, with a
displacement of only 0.0015 mm between 0 and 800 N of applied flexion force F. Once the force
exceeded 800 N threshold, the slip rate increased exponentially, reaching 0.019 mm at the ultimate
load of 869.5 N.
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Figure 4. a) Forces in X direction versus applied force and b) slip at rod-screw head interface versus
applied force curves for the mechanically consistent Model 2.2.

The von-Mises stress distributions for Model 2.2 highlights the transition from pretension to
maximum flexion load. Under pretension just before flexion, the highest stress was 1311.7 MPa and
observed on the tulip head immediately after tightening as can be seen on Figure 5.a. As the flexion
force reached its maximum (Figure 5.b), the stress on the rod’s surface increased to 1178.4 MPa, while
the tulip stress decreased to 1270.1 MPa.
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Figure 5. The stress distributions on the mechanically consistent assembly, a) under pretension just
before the flexion and b) at maximum flexion.

Surface stress examination shown in Figure 6 revealed that the screw neck experienced stresses
between 991.5 MPa and 1019.1 MPa. Additionally, the maximum stress value on the tulip critical
regions that contacts the screw head decreased from 1003.2 MPa to 972.43 MPa with flexion.
Furthermore, the calculated screw rotation was 2.34° at peak flexion load.
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Figure 6. The stress distributions on the tulip’s critical failure regions before flexion loads a) without
mesh and b) with mesh and distributions on the tulip and screw failure regions at maximum flexion c)
without mesh and d) with mesh.

3.4. Results of the contact sensitivity analysis

The sensitivity analysis conducted to evaluate the influence of solver parameters on the system's
failure threshold is summarized in Table 4. The maximum force F, defined before as start of kinematic
instability, was recorded for each configuration. As presented in Table 4, the failure threshold
remained within the range of 831.9 N to 871.5 N across all simulated cases. The percentage differences,
calculated relative to the baseline configuration (Model 2.2), indicated the degree of variation in the
predicted failure load associated with each modification in the solver settings. The differences from
the mechanically consistent Model 2.2 were below 5% for each contact model.

Table 4. Results of the contact sensitivity analysis.

Contact . Percent
. . Number of Maximum .
Formulation Stiffness . difference
Contacts . solutions  force (F),
Algorithm Factor sub-ste N (%) from
(FKN) P Model 2.2
Model 2.2 Augmented Lagrange 1 13 869.5 -
Contact model 1 Augmented Lagrange 1 17 844.2 29
Contact model 2 Pure penalty 1 13 869.5 -3,0
Contact model 3 Augmented Lagrange 0.5 13 831.9 4,3
Contact model 4 Augmented Lagrange 1.5 13 871.5 -4,8

4. Discussion and Conclusion

The mechanical stability of a pedicle screw-rod system is a complex function of surgical
assembly parameters and its subsequent resistance to physiological loads. This study’s primary
objective was to characterize the mechanical stability of the pedicle screw-rod system through a
mechanically consistent two-step finite element analysis. This approach is essential for simulating the
fundamental contact mechanics of the pedicle screw-rod assembly under the physiological loading
conditions of the spine.
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A comparative analysis of Models 2.1, 2.2, and 2.3 revealed the high sensitivity of the construct's
stability to the initial pretension state. Model 2.1, which utilized a 0 mm interference fit, resulted in a
negligible axial force. This model failed to establish a functional frictional lock, leading to immediate
kinematic instability under minimal flexion loads. Therefore, it proves that without a verified surgical
torque, the screw-rod interface lacks any structural resistance. On the other hand, Model 2.3 with
0.1 mm interference generated a high axial force. While this provided extreme stability against
slippage, it represented an over-tightened state that exceeds standard clinical protocols of 10 Nm and
could lead excessive stress values and fracture in a real-world scenario. Contrast to these two models,
Model 2.2 with 0.05 mm interference emerged as the most reasonable representation of the surgical
10 Nm torque. Its calculated axial force F, 0f4779.1 N aligned closely with the theoretical power screw
prediction (Table 3). Model 2.2 was the only configuration that maintained a conservative yet
consistent correlation with experimental moment capacity, providing a failure threshold of 22.08 Nm
against the experimental 26.79 Nm [18]. This 17.5% error margin, coupled with its adherence to
analytical power screw theory, confirmed that Model 2.2 successfully captured the functional locking
mechanism offering enough pretension to resist physiological flexion while avoiding the excessive
rigidity of an over tightened construct.

When it comes to the flexion analyses of the mechanically consistent Model 2.2, the results of
the present study clearly revealed theload sharing mechanism of the pedicle screw-rod
construct under flexion. As the flexion force F increased toward its maximum value of 869.5 N, the
pedicle screw acted as a cantilever, pivoting by an angle of a=2.34°. While the flexion force increased,
the load sharing inside the construct was redistributed. Initially, the axial preload is concentrated on
the screw head around 3200 N (Figure 4.a), providing the frictional grip. However, as the screw started
to rotate, the force on the screw head dropped to 2200 N, while the reaction force on the tulip saddles
2Fn nearly doubled. This unloading of the screw head was the onset of the macro-slip phase. The
sudden increase in slip to 0.019 mm at 869.5 N represents the point where frictional resistance can no
longer counteracted the flexion induced moment, leading to kinematic instability. In the flexion
analyses, there was a numerical termination (non-convergence) of the simulation at 869.5 N (Figure
4.b). This serves as a deterministic indicator of the system's ultimate frictional capacity. This
convergence failure marks the point where the initiation of macro-slip creates a kinematic instability
that exceeds the static solver's ability to reach numerical equilibrium, effectively defining the
functional failure threshold of the rod-screw interface or slip.

From the mechanical perspective, the evolution of von-Mises stress provided a clear illustration
of the mechanical transition from static pretension to maximum flexion. During the initial pretension
phase (Figure 5.a), the system reached its absolute maximum stress of 1311.7 MPa at the tulip-set
screw interface. This value significantly exceeded the specified yield strength of the Ti6Al4V alloy
(986.5 MPa) assigned, indicating that localized plastic deformation is a fundamental component of the
frictional lock. This finding is mechanically reasonable, as the high-pressure contact between the set
screw and the tulip arms is designed to penetrate the material, ensuring the rod is securely clamped.
Upon the application of the maximum flexion load (Figure 5.b), a notable stress redistribution was
observed, while the maximum stress on the tulip slightly decreased to 1270.1 MPa, the stress on the
rod surface increased to 1178.4 MPa. This shift confirmed that the flexion moment forces the rod to
act as a lever, transferring the energy from the tightening zone toward the structural body of the rod
and the screw neck.

Furthermore, the surface stress analysis presented in Figure 6 highlighted that these extreme
stress concentrations are strictly localized at the contact interfaces, specifically the screw neck (1019.1
MPa) and the internal tulip surface (972.43 MPa). The fact that these high stress regions were confined
to the contact areas, rather than spreading through the entire body, confirmed the structural integrity
of the design. In this context, exceeding 986.5 MPa yield threshold at these specific contact points is
not an indicator of failure but rather maybe a sign of effective notching, which prevents rod slippage
under high physiological demands. Further exceeding these flexion force may cause the stress
concentrations to expand to the entire structure and the failure of the system.
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The contact sensitivity analysis of the numerical model provided critical evidence regarding the
robustness of the failure threshold predictions for the present study. By evaluating the failure force
across varied contact formulations, stiffness factors (FKN), and time-stepping configurations, it was
demonstrated that the model’s response is largely independent of solver-specific parameters. The
observed kinematic instability and subsequent non-convergence at the failure threshold (869.5 N)
showed a variation of less than 5% across all simulated cases (Table 4). This consistency confirms that
the predicted failure point is not a numerical artifact or an inherent limitation of the chosen contact
algorithm, but rather an indicator of the intrinsic physical limit of the pedicle screw assembly of this
study. Specifically, the loss of frictional locking between the rod-tulip-screw interfaces represents a
fundamental mechanical failure mode that transcends numerical discretization. Consequently, the
present finite element analysis perspective, by incorporating non-linear frictional interactions and
material plasticity, effectively captures the physical performance limit of the system, providing a
mechanically consistent and reliable basis for biomechanical design evaluations.

It is worth mentioning an important point here. The 0.05 mm interference fit used here is
specific to a 10 Nm tightening torque. To extend this method to different torque magnitudes, a
systematic recalibration is required. Specifically, the relationship between T and the required
pretension force F, must first be established using analytical power screw equation (Equation 1).
Subsequently, a series of short numerical analysis should be performed to determine the specific
interference value that reproduces this axial pretension force within the numerical environment. This
calibration-based approach allows the method to remain robust and adaptable for various surgical
protocols, ensuring that the approximated pretension always reflects the intended clinical tightening
torque.

Consequently, this study confirms that a 10 Nm tightening torque, approximated through
a 0.05 mm interference fit, provides a robust frictional lock capable of resisting significant flexion
loads. The model utilizing these settings shows a consistent and conservative correlation with the
experimental moment capacity. The rod slippage is a direct consequence of internal load shifting,
where the screw's rotation reduces the vertical pressure on the rod-screw interface. The analysis
highlights the set screw-tulip, the pedicle screw-rod, and the pedicle screw-tulip interfaces as the
primary stress concentration regions, offering a mechanically consistent basis for optimizing implant
geometry and surgical protocols. Ultimately, Model 2.2 provides a reliable computational reference for
the spinal implant industry. By effectively capturing the transition from static pretension to dynamic
slip, this study enables in silico analysis of next generation materials and designs, potentially
enhancing the long-term success of spinal fusion procedures.

Limitations

Anotable simplification in this study is the omission of the screw and set screw thread geometry.
While modeling threads would offer higher resolution for localized contact stresses at the thread
geometries, it was omitted to prioritize the macro-scale structural stability and the frictional locking
mechanism of the pedicle screw-rod-tulip assembly. The full representation of such detailed thread
geometries significantly increases computational complexity and often compromises the convergence
of non-linear contact simulations, particularly under complex assembly interactions. Although this
simplification may lead to variations in the local stress distribution at the interface, the comparison of
this numerical results with the experimental moment capacity [18] demonstrates that the model
remains mechanically consistent and provides a representative characterization of the assembly’s
overall behavior. Therefore, the findings presented in this study reflect the global mechanical integrity
and functional locking performance of the construct, which are the primary focus of this research. With
the same regard, constraining the rod length to 20 mm is another limitation of the study.

Another limitation of the present study is the treatment of the set screw-tulip interface as a
bonded contact. Although modeling threads with frictional contact is technically more representative,
the bonded interface was employed to achieve robust numerical convergence for pretension,
particularly under additional flexion cycle. This methodological choice was necessary to ensure that
the pretension force is consistently maintained, which is critical for the stability of the pedicle screw-
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rod system. While this simplification may result in localized stress concentrations, it allows for a clear
evaluation of the macro-level frictional mechanics at the rod-screw-tulip interfaces, which is the
primary focus of this study.

In the present study, a cyclic fatigue analysis was not conducted. This may be another limitation.
The observed localized stress concentration (1311.7 MPa) at the set screw interface, while discussed
here in the context of effective notching under static loading, must be carefully considered from a
fatigue perspective. In clinical scenarios, repetitive spinal flexion and extension subject implants to
millions of cycles, potentially transforming such localized stress zones into sites of fatigue crack
initiation, even if the stress levels are initially within acceptable limits for static yield strength.
Consequently, while the reported results showed the functional locking integrity under static
physiological loads, they should not be viewed as a complete assessment of the implant's fatigue life.
Future computational efforts should focus on cyclic loading simulations to evaluate the endurance
limit of the pedicle screw-rod construct, particularly at the contact interfaces identified as critical.
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