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Abstract

Hip fractures are severe conditions, associated with reduced quality of life and high
mortality rates. Basicervical femoral neck fractures, a relatively rare type of hip frac-
tures, are associated with high internal failure fixation rates, due to the inherent rota-
tional instability of the fracture pattern. It has been shown that, during lag screw inser-
tion for internal fixation, the femoral head may rotate with relation to the femoral neck,
leading to greater risk malunion or nonunion and finally, of implant failure post-sur-
gery. This work focuses on the finite element modelling of an empirical surgical tech-
nique of lag screw insertion developed by the orthopedic department at the university
hospital of Patras, with the goal of limiting the relative rotation between femoral head
and neck. Then, a simulation of a robotic arm performing the insertion of the lag screw
is developed, to demonstrate potential feasibility of such a system. Using Quantitative
CT (QCT) scans of the proximal femur, a 3D model of the femur with inhomogeneous
material properties was generated. The Finite Element model (FEM) simulated the in-
sertion procedure of the lag screw according to the surgical technique. The equivalent
environmental stiffness of the system was estimated from the results of the model and
used to simulate the behavior of a robotic manipulator during insertion. The maximum
relative displacement suggests that the proposed surgical technique could be effective
in limiting relative sliding. The errors observed during the robotic arm simulation sug-
gest that the use of such a system could be feasible. The methodology employed high-
lights the usefulness of physics-based simulations in pre-operative planning.

Keywords: Basicervical hip fracture, Orthopedic biomechanics, Finite Element Anal-
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1 Introduction

The rapid ageing of the population, with the subsequent rise in age-related illnesses and
subsequent strain on national health systems, are two of the most pressing issues of
modern societies. Osteoporosis and osteoporosis-related fractures are common amongst
the elderly and are associated with severe costs and implications for the patients. Of
those, proximal femur or hip fractures are considered very severe, as they have been
associated with high mortality risks and reduction of quality of life [1]. According to
an estimation from the International Osteoporosis Foundation, it is expected that 6% of
males and 18% of females will require hospitalization due to hip fractures [2], while
projections estimate that hip fracture-related surgeries will rise to 4.5 million per year
by 2050 [3]. The costs of hospitalization are also significant, with one study finding
that each hip fracture surgery has an average cost of 12.000$ for the US national
healthcare system [4].

Basicervical femoral neck fractures account for 1.8-7.6% of all femoral neck frac-
tures [5] and are considered a relatively rare subtype. Due to the fracture pattern, which
promotes the development of shear stresses along the fracture line and at the implant,
basicervical fractures are inherently unstable [6]. Due to this instability, basicervical
femoral neck fractures are associated with high rates of fixation failure and reoperation
[7]. Currently, no clear guidelines exist for the treatment of such fractures [8]. Current
clinical data suggests that both arthroplasty and internal fixation methods are used at
about the same rate [9]. In the case of internal fixation, no clinical evidence favors
cephalomedullary or extramedullary implants [6]. It has been reported that during lag
screw insertion, the femoral head-neck fragment may rotate in relation to the femoral
diaphysis, therefore increasing instability of the fracture after fixation and contributing
to an increased risk of aseptic necrosis and non-union [10].

Finite element analysis (FEA) has been widely used in the biomechanical modelling
of the proximal femur, to estimate fracture risk, assess and compare implant perfor-
mance, and more recently, as a tool for pre-operative planning.

Personalized modelling has been employed in the quest for developing more accu-
rate fracture risk prediction markers, that integrate physics-based knowledge of the hip,
for patients at high risk of fracture [11-13]. Finite element has enabled detailed stress
analysis without the variability inherent in physical testing. Sophisticated three-dimen-
sional models have been widely developed to investigate the biomechanical perfor-
mance of various implants under different loading conditions, providing valuable com-
parative data [14-16]. The methodology typically involves constructing 3D models of
both the femur and implant systems, followed by the application of simulated physio-
logical loading conditions that mimic standing, walking, or other activities [14, 17]
Such numerical models can offer an attractive alternative to expensive experimental
techniques, especially in the case of comparative analyses of novel implant systems
[15, 18]. Recently, efforts have been made to incorporate FEA workflows to generate
clinically relevant data for pre-operative planning in the case of proximal femur frac-
tures [19] and other proximal femur conditions [20], due to the ability of detailed anal-
ysis of the in-vivo responses of the system [20], and the possibility of integration with



computer assisted planning systems, to effectively help surgeons to make accurate and
clinically relevant preoperative planning [21].

Robotic-assisted surgery (RAS) has been a novel technological advancement, em-
ployed in orthopedic surgical procedure as a solution that improves precision and re-
producibility mainly in joint reconstruction, joint replacement and spinal surgical pro-
cedures [22]. Robotic systems such as MAKO and ROSA for total knee and hip re-
placement, have enabled the use of preoperative 3D planning using CT scans, allowing
surgeons to optimize implant positioning and balance soft tissues intraoperatively [23,
24]. As far as spinal surgeries are concerned, a 2023 meta-analysis of lumber fusion
cases reported a 98.7% screw accuracy rate with robotics, compared to 92.1% in free-
hand techniques, while reducing fluoroscopy time by 38% [25].

While RAS systems, whether autonomous or semi-autonomous, have been greatly
developed over the past decade and short-term outcomes have been promising, long-
term data (>10 years) on implant survivorship in robotic cases remains limited. Current
consensus guidelines recommend selective use in complex primary cases and revisions
rather than routine implementation [23, 24]. Recently, efforts to expand the application
of RAS have been undertaken in trauma orthopedic surgery, for example for the precise
fracture reduction in periarticular fractures, using haptic-guided systems [26].

The scope of this work is dual: (i) a Finite Element Model (FEM) of the insertion
procedure of a lag screw in the case of a basicervical fracture will be developed using
clinical data and (ii) a simulation of the insertion procedure executed by a robotic arm
using results from the FEM will be implemented. The goal is to illustrate the potential
beneficial uses of physics-based simulations in pre-operative planning, in terms of pre-
dicting the behavior of the fracture during surgery, assisting in better implant placement
and fracture reduction for this challenging surgical procedure and additionally, the po-
tential for the development of a semi-automated surgical procedure for the treatment of
basicervical fractures.

2 Methods
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The outline of the proposed methodology is presented in Fig. 1. First a Quantitative
Computed Tomography (QCT) scan is segmented and a model of the proximal femur
with inhomogeneous material properties is generated. Then, using results from the
model, a control scheme for the robotic arm is designed to automate the insertion pro-
cedure.

2.1  Finite Element Model of Lag Screw Insertion

Geometry

The geometry of the lag screw was modelled using the Strycker’s Gamma3 Lag Screw
in combination with the Gamma3 Intertrochanteric Nail. Only the Lag Screw was mod-
elled, as the nail has no effect on the sliding behavior of the head-neck fragment studied
for the scope of this study.

The geometry of the proximal femur was obtained employing a typical medical im-
aging workflow. One random QCT scan was obtained from a cohort of osteoporotic
women, in DICOM format, from a previous study. The area of the femur was then
segmented using the 3D Slicer software [27], through semi-automated methods. From
the segmented scan, a surface mesh was generated, which was used to create a solid
CAD model of the proximal femur. Employing the guidelines set by [28], the anterior-
posterior and inferior-superior lines of the proximal femur were defined to assist in the
positioning of the lag screw. The fracture was introduced through a virtual fracture line,
indicative of the typical geometry of a basicervical hip fracture following the clinical
advice.

Positioning of the lag screw in the final assembly was done according to the optimal
position for post-operative results, as shown in the work of Konya et al. For the scope
of this work, the lag screw is considered in a position partially inserted in the femoral
head-neck fragment but not yet having reached its ultimate position in the femoral head.
Drilling of the bone is considered to have preceded lag screw insertion and threads to
have already been cut. Fig. 2 presents the geometries of the femur and screw geometry.



Fig. 2. Anteroposterior (left) and top-down (right) view of the proximal femur geometry.

Finite Element Analysis

The finalized assembly was then meshed using 10-node tetrahedral elements, which
are well equipped for handling the complex geometries of both the femoral bone and
the treads of the lag screw. The final meshed femur geometry has 280674 elements
while the lag screw 75990 elements.

The material assigned to the lag screw was Ti6Al4V. To model the inhomogeneous
material properties of the bone, the radiodensity field of the QCT scan, calculated at
each voxel, expressed in Hounsfield Units, HU, was converted to radiographic density,
Pocr,» Which was then calibrated to ash density, p4,, according to the relationships
reported in [29]. Ash density was converted to local Young’s modulus, E, at each voxel
through the empirical relationship reported in [30] (eqg. 1-3). The voxel mesh was then
mapped to the unstructured mesh of the model to obtain the material properties of each
element using the open-source software BoneMat [28].

pocr = —0.00393573 +0.000791701 « HU  [9/_ ], @)
Pash = 0.0079 + 0.877 % pocr [9/. 5. @)
E = 14664 * pye,*° [MPal, 3)

An important aspect of the model is contact modelling. Two different types of con-
tact are considered. The bone-implant interface contact, present at the interface of the
lag screw and the head-neck fragment, is modelled by both a static and a dynamic fric-
tion coefficient, as determined experimentally in the work of Grant et al. [31], and the
transition from the former to the latter is described by the exponential decay law, which
is an expression for the friction coefficient, p, as a function of the relative sliding speed
between the bone and implant surfaces, v:



u(w) = 0.38 + (0.41 — 0.38)e™1%. 4)

The bone-bone interface between the two bone fragments is modelled only by a static
friction coefficient, as it is expected that the relative motion between the fragments will
be minimal. The interface between the lag screw and the intertrochanteric region is
modelled as frictionless, to reduce computational cost, as the effect of friction at that
interface are assumed to have no significant effect on the relative motion of the head-
neck fragment.

The boundary conditions are defined in accordance with the empirical surgical tech-
nique proposed by the orthopedic department at the University Hospital. The surgical
technique employed by the surgeons is a two-step process. After the lag screw has ini-
tially been inserted and some threads are in contact with the neck-head fragment, the
compression screw of the implant system is tightened, with the goal of pretension de-
velopment along the main axis of the screw. Due to this pretension force, a frictional
contact force is developed at the bone fragments interface. Then, the lag screw is rotated
and inserted into the head-neck fragment, up until the compression screw requires re-
tightening. To simulate the surgical technique, the boundary conditions are broken into
two steps. Initially, a tractive force is developed at the body of the screw, to mimic the
effect of the compression screw. Then, the lag screw is rotated for a total of 70 degrees.
Only this initial phase of rotation is modelled, as it is assumed that the critical phase of
the operation is before and immediately after initial sliding at the bone-implant interface
has occurred.

2.2  Simulation of Robotic Arm

The simulation of the semi-automated insertion of the lag screw in the proximal femur
was implement using a Multiphysics model of a Kuka IIWA, 7 degree of freedom
(DoF), robotic arm. This redundant manipulator is converted to non-redundant by con-
sidering the revolute joint at the base of the manipulator to be welded. For simplifica-
tion of the simulation, it was also assumed that the main lag screw axis was aligned
with the x-axis of the world frame. Therefore, the problem of the application of a force
and rotation along the main axis of the screw, is instead treated as a problem of applying
a force along and a rotation around the x-axis of the world frame.

For the control of the manipulator, a hybrid force-position control scheme was im-
plemented, as shown in Fig. 1. The position controller of the hybrid scheme is designed
to control the rotation around the x-axis, that is, one DoF is controlled through position.
The other five DoFs are controlled by the force controller. Initially, during the tractive
force development phase, the rotation reference input is zero, while the x-axis force is
being developed as discussed in the FE simulation. After the tractive force development
phase, the force input remains constant and the screw is rotated, initially accelerating
and after a point reaching a constant rotational insertion speed. The input forces and
moments in the y, z axes of the world frame are zero, to minimize the unnecessary
stresses on the femur.

One important aspect of the force controller of the control scheme is the estimation
of the stiffness k of the environment, or, more specifically, in this case, the stiffness of



the screw-proximal femur system as shown by eq. 5, where f. is the force control signal,
f is the actual force at the end-effector, f = f. — f is the force error and

k," k,” k,” are the proportional, integral and differential controller gains respec-
tively. This estimation cannot be made simply from the elastic modulus of the materials
involved, as the thread interface is complex, and the apparent stiffness of the system
depends primarily on the behavior of the treaded interface. To obtain an estimation of
the apparent stiffness of the environment, the slope of the curve of the change in tractive
force at the head of the screw applied in the FEM, AF, against the displacement of the
head of the screw, Az, as evaluated by the model, as calculated (eq. 6).

@& =f+3(f + k'f + kST +k7 [ ), )

k=% [N/m]. (6)

3 Results and Discussion

The finite element (FE) analysis of the lag screw insertion procedure revealed signifi-
cant insights into the biomechanical behavior of the implant-bone interface, bone frag-
ments interaction, and stress distribution within the screw.

First, the bone-implant interface analysis demonstrated a non-uniform distribution
of contact pressure at the screw threads, primarily concentrated at the upper surface of
the threads due to the developed tractive force along the screw axis. Sliding behavior
at the interface transitioned from initial sticking to full sliding as rotational acceleration
increased, with maximum frictional stresses peaking early and subsequently decreasing
due to the transition from static to dynamic friction (Fig. 3).
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Analysis of the bone fragments interface indicated that relative sliding between the
femoral head and shaft was minimal, peaking at 1.55um. Contact pressure distribution
at the fracture interface was non-uniform, with higher pressures developing on the pos-
terior side near the implant hole (Fig. 4). Notably, sliding occurred around a rotation
center not coincident with the lag screw axis, suggesting geometric sensitivity and high-
lighting the importance of screw orientation relative to the fracture plane.
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Stress analysis revealed that the lag screw experienced minimal stress from the ap-
plied tractive force, with the maximum von-Mises stress recorded at 1.37 MPa, signif-
icantly below the material yield strength (850 MPa) of Ti6Al4V. Stress concentration
was observed primarily at the root of the threads due to geometrical transitions in the
screw design. Additionally, bending stresses developed due to slight misalignment be-
tween the fracture plane and the screw axis were negligible (Fig. 5).
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Fig. 5. (a) Von-Mises equivalent stress distribution in the body of the screw and (b) normal
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The equivalent elastic stiffness of the bone-implant assembly varied slightly
throughout the procedure, stabilizing around 554474 N/m, confirming the viability of
a simplified elastic model for robotic simulation purposes.

The robotic manipulator simulation, aimed at automating lag screw insertion for
basicervical femoral neck fracture fixation, yielded promising results. The end-effector
successfully maintained the targeted trajectory, with minimal linear displacement along
the screw axis during the initial phase of tractive force development (0-0.2 s), corre-
sponding to slight elongation of the compliance spring representing the bone-screw in-
terface stiffness. During the subsequent rotational acceleration phase (0.2-1.2 s), the
manipulator accurately followed the angular velocity reference, with negligible posi-
tional error (<1%), demonstrating effective position control. The force control scheme
exhibited a transient error of up to 7.5% at the initiation of screw rotation, swiftly di-
minishing and stabilizing within operational requirements (Fig. 6). This force over-
shoot, although brief, underscores the importance of accurate initial force application
to minimize femoral head rotation. Despite minor overshoot during transitions, the con-
trol system maintained stable and precise force output for the remainder of the proce-
dure.
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4 Conclusion

The finite element analysis and robotic simulation presented in this study demonstrate
that the empirical surgical technique of applying tractive force along the lag screw's
axis prior to rotation successfully minimizes the relative rotational displacement be-
tween femoral fragments during the fixation of basicervical femoral neck fractures. The
contact behavior at the bone-implant interface, specifically frictional interactions, pre-
dominantly governed the sliding response observed between fragments. Notably, the
distribution of contact pressures across the fracture interface was uneven, with elevated
pressures primarily around the implant and on the posterior side of the fracture, largely
due to the non-perpendicular orientation of the lag screw axis relative to the fracture
plane. This geometric configuration was found to induce beneficial frictional forces that
constrained fragment rotation effectively, though it also introduced slight bending
stresses on the lag screw. Despite this bending, peak stress values within the implant
remained significantly below the yield strength threshold for Ti6AI4V, indicating a low
risk of mechanical failure during insertion.

Simulation results further revealed a complex interplay between the orientation of
the lag screw and its effectiveness in maintaining fracture stability. It was demonstrated
that adjusting the orientation of screw insertion could optimize interface pressures and
reduce undesirable fragment motion. These findings underscore the potential of per-
sonalized finite element analyses (FEA) for preoperative planning, suggesting that de-
tailed patient-specific modeling could significantly improve surgical outcomes through
tailored screw placement strategies.
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Additionally, the robotic manipulator simulation employing a hybrid position/force
control scheme in Simulink successfully reproduced the lag screw insertion procedure.
The manipulator followed rotational speed reference inputs accurately, with minimal
positional errors (less than 1%) and acceptable tractive force control errors (less than
7.5%). These minor deviations, however, occurred predominantly at critical phases of
the procedure. The simulation also verified that joint torques remained within opera-
tional limits, supporting the practical feasibility of employing a robotic system for semi-
automated screw insertion.

Overall, these findings support the potential clinical utility of an integrated robotic
system that could automate portions of lag screw insertion, reducing variability and
potentially improving patient outcomes. The study underscores the potential of patient-
specific finite element modelling and robotic automation in enhancing the precision and
reliability of orthopedic surgical interventions.
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