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A B S T R A C T   

Computational predictions of stiffness and peri-implant loading of screw-bone constructs are highly relevant to 
investigate and improve bone fracture fixations. Homogenized finite element (hFE) models have been used for 
this purpose in the past, but their accuracy has been questioned given the numerous simplifications, such as 
neglecting screw threads and modelling the trabecular bone structure as a continuum. This study aimed to 
investigate the accuracy of hFE models of an osseointegrated screw-bone construct when compared to micro-FE 
models considering the simplified screw geometry and different trabecular bone material models. 

Micro-FE and hFE models were created from 15 cylindrical bone samples with a virtually inserted, osseoin-
tegrated screw (fully bonded interface). Micro-FE models were created including the screw with threads 
(=reference models) and without threads to quantify the error due to screw geometry simplification. In the hFE 
models, the screws were modelled without threads and four different trabecular bone material models were used, 
including orthotropic and isotropic material derived from homogenization with kinematic uniform boundary 
conditions (KUBC), as well as from periodicity-compatible mixed uniform boundary conditions (PMUBC). Three 
load cases were simulated (pullout, shear in two directions) and errors in the construct stiffness and the volume 
average strain energy density (SED) in the peri-implant region were evaluated relative to the micro-FE model 
with a threaded screw. 

The pooled error caused by only omitting screw threads was low (max: 8.0%) compared to the pooled error 
additionally including homogenized trabecular bone material (max: 92.2%). Stiffness was predicted most 
accurately using PMUBC-derived orthotropic material (error: -0.7 ± 8.0%) and least accurately using KUBC- 
derived isotropic material (error: +23.1 ± 24.4%). Peri-implant SED averages were generally well correlated 
(R2 ≥ 0.76), but slightly over- or underestimated by the hFE models and SED distributions were qualitatively 
different between hFE and micro-FE models. 

This study suggests that osseointegrated screw-bone construct stiffness can be predicted accurately using hFE 
models when compared to micro-FE models and that volume average peri-implant SEDs are well correlated. 
However, the hFE models are highly sensitive to the choice of trabecular bone material properties. PMUBC- 
derived isotropic material properties represented the best trade-off between model accuracy and complexity 
in this study.   

1. Introduction 

Internal fixation with plates and screws has become a popular 
treatment method for complex bone fractures (Azad et al., 2019; Li et al., 
2020). However, mechanical failures are still reported (Kralinger et al., 
2014; Li et al., 2019) and there is an increasing demand for optimization 

to reduce treatment costs (Kazmers et al., 2018). Biomechanical simu-
lations could help to further improve fracture fixations and even enable 
optimized, patient-specific treatment in the future (Lewis et al., 2021). 
These simulations have mainly been performed using two kinds of 
models: micro-finite element (micro-FE) models and homogenized FE 
(hFE) models. Micro-FE models include the microstructural geometry of 
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the bone and have achieved good agreement with experimental results 
(Steiner et al., 2018), but they are computationally demanding and rely 
on high resolution computed tomography (CT) scans which are hardly 
available in vivo. hFE models are a promising alternative as they are 
computationally efficient and could be created based on clinically 
available CT scans. 

However, the accuracy of hFE models of screw-bone constructs has 
been questioned particularly if the screws are anchored in trabecular 
bone (Einafshar et al., 2021; Wirth et al., 2012). In hFE models, bone is 
modelled as a continuum despite its complex microstructure, and screw 
geometries are often simplified (e.g. as cylinders without threads) to 
maintain computational efficiency (Caiti et al., 2019; Ovesy et al., 2018; 
Synek et al., 2015; Varga et al., 2017). Given these simplifications, some 
studies suggested that hFE models are of limited use to simulate 
screw-bone construct mechanics, reporting inaccuracies of peri-implant 
loading, structural stiffness and failure loads of a single screw in porous 
bone or bone surrogate material (Einafshar et al., 2021; Wirth et al., 
2012). A previous study on an entire distal radius fracture fixation 
showed that hFE-predicted construct stiffness correlates well with 
experimental data, but is overestimated by the models (Synek et al., 
2015). Interestingly, volume averaged peri-implant strain of hFE models 
was found to be well-correlated with fatigue failure of proximal humerus 
fracture fixations (Varga et al., 2017), even though the peri-implant load 
distribution was repeatedly reported to be inaccurate in hFE models 
(Chevalier, 2015; Wirth et al., 2012). Thus, hFE models seem to deliver 
useful correlates with clinically relevant biomechanical parameters, but 
their accuracy is still debated and different error sources remain to be 
disentangled. 

An arguably large error source in hFE models of screw-bone con-
structs is to model bone as a continuum with homogenized material 
properties. Bone is an inhomogeneous material with a dense cortical 
shell surrounding the highly porous trabecular bone. To account for this 
inhomogeneity, cortical and trabecular bone phases are typically sepa-
rated in hFE models (Caiti et al., 2019; Synek et al., 2021) and material 
mapping can be used to account for spatial variation of the material 
properties (Kim et al., 2020; Synek et al., 2015). Various different bone 
material models and constants have been used in previous studies, 
ranging from homogeneous isotropic (Caiti et al., 2019; Knežević et al., 
2017) to inhomogeneous, density and fabric dependent material (Synek 
et al., 2015). While the effect of different homogenized bone material 
models is well documented for intact bone (Helgason et al., 2016; 
Marangalou et al., 2012; Pahr and Zysset, 2009), only few studies 
investigated their influence in hFE simulations of screw-bone constructs 
(Synek et al., 2015; Varga et al., 2017). It remains unclear which bone 
material models and constants are best suited for accurate predictions of 
the mechanical behaviour of screw-bone constructs with hFE models, 
and how strong the choice of material model affects the accuracy of the 
predictions. 

Another potential error source in hFE models of screw-bone con-
structs is the interface between the bone and the screws. In case primary 
stability should be investigated, bone damage due to screw insertion and 
screw-bone contact are critical modelling aspects (Steiner et al., 2015, 
2017). Implementing these phenomena in hFE models is challenging and 
conflicting results about their accuracy have been reported (Einafshar 
et al., 2021; Ovesy et al., 2018). But even in the osseointegrated case, i.e. 
assuming a fully bonded screw-bone interface (Steiner et al., 2015; 
Wirth et al., 2011), hFE models might not be able to accurately capture 
the mechanical behaviour of screw-bone constructs. For instance, Wirth 
et al. (2012) used micro-FE models of trabecular bone with a virtually 
inserted, osseointegrated screw as a reference and found poor agreement 
of stiffness and peri-implant strains to hFE models in a simulated pullout 
load case. Chevalier (2015) reported that hFE models accurately 
captured the elastic structural response of an osseointegrated screw in 
trabecular bone when compared to micro-FE models, but still observed 
differences in peri-implant stress distributions. In both of these studies, 
the error due to simplified screw threads in hFE models has not yet been 

considered. Moreover, Chevalier (2015) and Wirth et al. (2012) 
included only trabecular bone in their studies, whereas the screw is 
typically anchored in both cortical and trabecular bone in a clinical 
scenario. Overall, the literature is inconclusive about the accuracy of 
hFE models of screw-bone constructs, even for the simple case of linear 
elastic bone material and a single, fully osseointegrated screw. 

The main goal of this study was to assess the accuracy of hFE- 
predicted stiffness and peri-implant loading of bone with an osseointe-
grated screw, using micro-FE models as reference. The first subgoal was 
to delineate different error sources in hFE models (simplified screw 
geometry, homogenized bone material) and the second subgoal was to 
compare the accuracy achieved with different trabecular bone material 
models. To ensure clinical relevance, the bone samples included both 
cortical and trabecular bone and the accuracy was evaluated for mul-
tiple load cases. 

2. Methods 

2.1. Study outline 

Fig. 1 presents an outline of the study. In brief, 15 cylindrical bone 
specimens with 18 mm diameter were extracted from micro-CT scans of 
human distal radii and a screw was virtually inserted. Linear elastic 
micro-FE models with perfectly bonded screw-bone interface 
(“osseointegrated”) and screws including the thread geometry were 
created as reference models. In order evaluate the error due to simplified 
screw threads, an additional set of micro-FE models substituting the 
threaded screw with a smooth cylinder was created and compared to the 
micro-FE model with threads. Smooth hFE models were created with 
separated cortical and trabecular bone phases and the simplified screw 
geometry without threads. Four different trabecular bone material 
models were used, derived either from micro-FE-based homogenization 
with kinematic uniform boundary conditions (KUBC) or periodicity- 
compatible mixed uniform boundary conditions (PMUBC) and 
assuming either isotropy (KUBC-iso, PMUBC-iso) or orthotropy (KUBC- 
ortho, PMUBC-ortho) (Pahr and Zysset, 2009; Panyasantisuk et al., 
2015). Three load cases were simulated by applying a force along the 
screw axis (pullout) and in two directions perpendicular to the screw 
axis (shear). Structural stiffness and volume-average strain energy 
density (SED) in the peri-implant region were evaluated for all load 
cases to assess the accuracy of the hFE models with respect to the 
micro-FE models with screw threads. 

2.2. Image processing 

15 micro-CT scans of human distal radii (l/r: 8/7; f/m: 5/10) 
resampled to 32.8 μm resolution were obtained from two previous 
studies (Hosseini et al., 2017; Stipsitz et al., 2021). The original 
micro-CT scans were taken by Hosseini et al. (2017) from 20 mm high 
distal radius sections of body donors (age: 77.5 ± 9 years) using a μCT 
100 scanner (SCANCO Medical AG, Brüttisellen, Switzerland) with a 
resolution of 16.4 μm. Images resampled to 32.8 μm resolution, bone 
segmentations and masks covering the trabecular and cortical bone 
phases were directly taken from Stipsitz et al. (2021). All images were 
rotated to ensure uniform alignment of the volar surface and a cylin-
drical region with 18 mm diameter was cropped from the center of the 
bone (Fig. 2). The diameter of this region was chosen as large as possible, 
given the constraints of scan height and specimen width, to reduce the 
effect of boundary conditions on the peri-implant load distribution. A 
micro-CT scan of a locking screw of a distal radius fracture fixation 
system (A-5750; Medartis, Basel, Switzerland; outer diameter: 2.5 mm) 
was obtained using a micro-CT scanner (Skyscan 1173; Bruker, Bilerica, 
USA) at 21.9 μm resolution. The image was rescaled to 32.8 μm reso-
lution, segmented, aligned along the screw axis and cut to 15 mm length. 
The screw was then inserted into the center of each micro-CT image of 
segmented bone with an insertion depth of 10 mm (Fig. 2). The insertion 
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depth was chosen to simulate unicortical fixation, which is typical for 
distal screws in volar locking plate fixation (Baumbach et al., 2015). For 
the hFE models, a cylinder was created to represent the unthreaded 
screw and inserted into the 3D images of the trabecular and cortical 
bone masks. The diameter was calculated as 1.99 mm following the 
assumption of consistent average cross-sectional area of the screw and 
the cylinder. An additional set of images was created for the micro-FE 
model without screw threads by inserting the cylinder into the 

segmented bone images. All image processing steps were conducted in 
Medtool 4.5 (Dr. Pahr Ingenieurs e.U., Pfaffstätten, Austria). 

2.3. Morphometry 

Since the error in homogenized material properties may depend on 
bone morphometry (Pahr and Zysset, 2008), standard morphometric 
parameters were evaluated from the cylindrical bone samples prior to 
screw insertion (Supplemental Table S1). Mean cortical thickness was 
only evaluated for the volar cortex and ranged from 0.5 to 1.07 mm. 
Trabecular bone volume fractions ranged from 9 to 26% and the degree 
of anisotropy was high in all samples, ranging from 1.7 to 2.19. The 
trabecular structure was strongly aligned with the proximo-distal di-
rection (see Figs. 1 and 2). 

2.4. Micro-FE modelling 

Micro-FE models were created based on the segmented bone images 
with either the threaded or unthreaded screw. The mesh was created by 
directly converting each voxel to an eight-noded hexahedral element, 
resulting in an element edge length of 32.8 μm. The bone tissue was 
modelled with an elastic modulus of 12 GPa (Gross et al., 2013) and the 
titanium alloy screw was modelled with an elastic modulus of 115 GPa 
(Synek et al., 2021), both with a Poisson’s ratio of 0.3. All nodes at the 
cylindrical boundary of the bone were fixed and load was applied to the 
most volar surface of the screw (Fig. 1). Three load cases were simulated: 
In the pullout load case, a force of 100 N was applied in volar direction, 
and for the two shear load cases, a total force of 100 N was applied in 
either proximal or radial/ulnar direction. All models were created using 
Medtool, had 108.4 ± 28.4 million degrees of freedom (DoF), and were 

Fig. 1. Outline of the study. 15 cylindrical bone samples from distal radii with virtually inserted screws were modelled using micro-FE and hFE methods. hFE models 
were created with four different trabecular bone material models model (KUBC-ortho, KUBC-iso, PMUBC-ortho, PMUBC-iso) to evaluate the overall accuracy of the 
hFE models and to influence of the chosen material (shown in sagittal cross sections of the cylindrical sample in the second row). An additional set of micro-FE 
models without screw threads was created to evaluate the effect of simplified screw geometry. All models were compared in three load cases (axial pullout; 
shear in two directions) based on the structural stiffness and volume-average peri-implant strain energy density (SED) in the peri-implant region. 

Fig. 2. Virtual sample preparation and sample dimensions. The cylindrical 
bone sample had a radius of r2 = 9 mm. The inserted screw had a length of L2 =

15 mm and an insertion depth of L1 = 10 mm. The peri-implant region was 
defined as a cylindrical region around the screw with a diameter of r1 = 4 mm 
and an offset from the tip of L3 = 2 mm. 
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solved using ParOSol (Flaig and Arbenz, 2011; Stipsitz et al., 2020). 

2.5. hFE modelling 

Smooth hFE models were created by meshing the 3D images con-
taining the trabecular and cortical bone masks as well as a cylinder 
representing the unthreaded screw. Meshes with second order tetrahe-
dral elements and an approximate element size of 0.4 mm were created 
using Medtool and the computational geometry algorithms library 
(CGAL) (Alliez et al., 2014). The element size was chosen following a 
mesh convergence study (see Appendix A). 

Bone material properties were assigned to each element using a 
previously presented material mapping algorithm (Pahr and Zysset, 
2009). In brief, the algorithm evaluates the relative bone density ρ and 
the fabric tensor within multiple sampling spheres in a regular grid and 
assigns their interpolated values to each element. In this study, the 
sampling sphere size was set to 5 mm, the grid spacing was set to 2.5 mm 
and the fabric tensor was established using the mean intercept length 
method. Density and fabric tensors are then used to compute material 
properties for each element as described below. 

The cortical bone material was modelled using an isotropic density 
dependent power law: 

E =E0ρk  

where E is the elastic modulus and E0 and k are material constants. E0 
was set to 12 GPa to ensure consistency with the micro FE models, k was 
set to 2 following Rice et al. (1988), and the Poission’s ratio was set to 
0.3. For the trabecular bone in the KUBC-iso and PMUBC-iso models, an 
isotropic power law in analogy to the cortex was used. Respective ma-
terial constants were obtained based on a previous study (Panyasantisuk 
et al., 2015), but rescaled to a bone tissue elastic modulus of 12 GPa to 
ensure consistency with the micro-FE models (Table 1). For the 
KUBC-ortho and PMUBC-ortho models, a Zysset-Curnier type ortho-
tropic trabecular bone model was used (Panyasantisuk et al., 2015; 
Zysset and Curnier, 1995): 

Ei =E0ρkm2l
i  

Gij =G0ρkml
im

l
j  

vij = v0
ml

j

ml
i  

Where E0, G0, ν0, k and l are material constants, and mi are the eigen-
values of the fabric tensor. The material constants were taken from the 
same study as for the isotropic trabecular bone material (Panyasantisuk 
et al., 2015) and also rescaled to match the bone tissue elastic modulus 
of the micro-FE models. The titanium alloy screw was modelled with an 
elastic modulus of 115 GPa and a Poisson’s ratio of 0.3 in analogy to the 
micro-FE models. 

The boundary conditions were applied to the hFE models in a similar 
way to the micro-FE models, i.e. all nodes at the cylindrical boundary 
were constrained and a force of 100 N was applied to the screw to 
simulate pullout or shear loading (Fig. 1). To facilitate load application 
and data evaluation, a reference point was coupled to all nodes of the 

volar surface of the screw. 
In order to verify the hFE model solution and to ensure that errors 

from boundary conditions and meshing do not influence the comparison 
between hFE and micro-FE models, hFE and micro-FE models with ho-
mogeneous cortical and trabecular bone regions and an unthreaded 
screw were created and compared based on all output variables used in 
this study (see Appendix B for details). Overall, the error was less than 
5% for all load cases and variables. 

All hFE models were created using Medtool, had 1.1 ± 0.1 million 
DoF, and were solved using Abaqus (2021HF3; Dassault Systemes, 
Velizy-Villacoublay, France). 

2.6. Output variables 

The main output variables of the simulations were: 1) The stiffness of 
the entire screw-bone structure and 2) the volume-average SED in the 
peri-implant region. Stiffness was chosen as it, along with implant plate 
bending, contributes to accurate predictions of fracture gap motion in 
models of entire fracture fixations. In addition, screw-bone construct 
stiffness may influence the force transmission to the implant plate. 
Volume-average SED in the peri-implant region was chosen for two 
reasons. First, volume-average peri-implant loading may be a good 
predictor of fatigue failure of screw-bone constructs as indicated in a 
previous study (Varga et al., 2017). Second, it allows to evaluate the 
agreement of the elastic energy stored in the peri-implant bone between 
the micro-FE and hFE models. 

Stiffness in the pullout and shear load cases was defined as the 
applied force F divided by the displacement u in the respective direction 
i: 

Ki =
Fi

ui 

In the micro-FE models, ui was the averaged displacement in direc-
tion i of the most volar node set of the screw. In the hFE models, ui was 
the displacement of the reference node in direction i. 

The peri-implant volume-average SED 〈U〉 was evaluated in a cy-
lindrical region around the screw with a radius of 4 mm and extending 2 
mm beyond the screw tip (Fig. 2). In the micro-FE models, all n elements 
within the peri-implant region were selected and 〈U〉 was computed as: 

〈U〉=
1

VTotal

∑n

i=1
Ui Vi  

where Ui is the SED at the element centroid, Vi is the respective element 
volume, and VTotal is the total volume of the peri-implant region 
including both bone and void volume. In the hFE models, Ui and Vi were 
evaluated at the element integration points. Note that the peri-implant 
region size affects the absolute values of 〈U〉. Additional evaluations 
with differently sized peri-implant regions were conducted to ensure 
that the main findings of this study are not limited to a single peri- 
implant region size (Appendix C). 

2.7. Comparison of hFE and micro-FE models 

The micro-FE and hFE models were compared qualitatively based on 
their deformation and the spatial distribution of SEDs in the three load 
cases. 

In order to address the first subgoal, i.e. to delineate different error 
sources, the pooled error (all load cases) of the stiffness and volume- 
average peri-implant SED was evaluated. The pooled errors were split 
into the error due to omitting screw threads and the overall error 
including the hFE models with the four different trabecular bone ma-
terial models. Errors of each variable were defined as the difference of 
hFE and micro-FE, relative to the micro-FE models with screw threads. 

To address the second subgoal, i.e. to investigate the overall accuracy 
of the hFE models with different trabecular bone material models, the 

Table 1 
Material constants used for the trabecular bone models of the hFE models. The con-
stants were determined based on (Panyasantisuk et al., 2015) but rescaled for the 
tissue elastic modulus of the micro-FE models used in this study.  

hFE model type E0 (MPa) G0 (MPa) ν0 (− ) k (− ) l (− ) 

KUBC-ortho 9381.77 3426.17 0.2320 1.55 0.84 
KUBC-iso 8556.24 – 0.2426 1.55 – 
PMUBC-ortho 13757.76 4136.17 0.2228 2.01 1.20 
PMUBC-iso 10904.96 – 0.2526 2.00 –  
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relative error and Lin’s Concordance Correlation Coefficient (CCC) (Lin, 
1989) was evaluated. The hFE models were considered accurate if the 
mean error of the pooled data was close to zero, and the CCC was above 
0.95, indicating a “substantial” agreement (Akoglu, 2018). In addition 
to the pooled data, relative errors and CCC were assessed for each in-
dividual load case. Furthermore, the correlation of the results was 
evaluated in terms of the coefficient of determination (R2). 

All descriptive statics are presented as mean ± standard deviation 
(SD) if not noted differently and all correlation analyses were performed 
using SciPy (Virtanen et al., 2020). The statistical significance of dif-
ferences between errors was evaluated with Friedman tests and 
Dunn-Bonferroni post-hoc tests using SPSS (v27; IBM Corporation, New 
York, USA) with a level of significance of 5%. 

3. Results 

3.1. Qualitative comparison of deformation and SED distributions 

The qualitative comparison of deformation and SED distributions of 
the three load cases is shown for one representative specimen in Fig. 3. 
Differences in SED distributions between threaded and unthreaded 
micro-FE models were small and restricted to regions in close proximity 
to the screw. Large differences were visible between the micro-FE and all 
hFE models, but only minor differences were observed between hFE 
models with different trabecular bone material models. 

Qualitatively, a better agreement between micro-FE and hFE models 
was achieved in the shear load cases when compared to the pullout load 
case, as well as a better agreement in the cortical when compared to the 

trabecular bone. In the pullout load case, SEDs were particularly high 
below the tip of the screw in the hFE models, whereas the SEDs were 
more evenly distributed along the screw shaft in the micro-FE models. 

3.2. Delineation of error sources and pooled errors 

The analysis of the pooled errors of all load cases revealed that the 
error caused by simplified screw geometry alone was relatively low 
(overall range: -7.3 to 8.0%) compared to the error including both 
simplified screw geometry and homogenized bone material (overall 
range: -54.4 to 92.2%) (Fig. 4, Table 2). The mean error caused by 
omitting screw threads was within ±5% for both predicted stiffness and 
peri-implant average SED. 

Significant differences of the pooled errors were observed for the hFE 
models with different trabecular bone material (Fig. 4, Table 2). In 
particular, the errors were significantly different between KUBC- and 
PMUBC-derived material properties both for the isotropic and ortho-
tropic models. In terms of stiffness, using orthotropic PMUBC-derived 
material properties led to the lowest errors (− 0.7 ± 8.0%) and using 
KUBC-derived isotropic bone material led to largest errors (+23.1 ±
24.4%). hFE models with PMUBC-derived bone material had a mean 
error of the predicted stiffness within ±5%, whereas KUBC-derived bone 
material led to an overestimation of the stiffness. Volume average SEDs 
in the peri-implant region were slightly overestimated using PMUBC- 
derived and underestimated using KUBC-derived material properties. 
A minor, statistically insignificant reduction of the pooled errors was 
achieved using orthotropic rather than isotropic bone material. 

Fig. 3. Qualitative comparison of deformation and SED distributions of different micro- and hFE models for one representative sample in the pullout and shear load 
cases. Pullout and shear-1 load cases are shown as sagittal cross sections, while the shear-2 load case is shown in a transverse cross section. For visualization, the 
deformations were scaled by a factor of ten. 
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3.3. Errors of hFE model predictions for each load case 

For all material models and output parameters, significant differ-
ences between the errors of different load cases were found. The errors 
between micro-FE and hFE models were overall lower in the shear load 
cases when compared to the pullout load case (Fig. 5, Table 2). This was 
particularly pronounced in the hFE models with KUBC-derived material 
properties, which strongly overestimated the pullout stiffness. The 
stiffness error of the hFE models with PMUBC-derived material was less 
variable between the different load cases. Differences in the error be-
tween the two shear load cases were more pronounced in the models 
with isotropic bone material when compared to the models with 
orthotropic bone material. 

3.4. Correlations of hFE with micro-FE model predictions 

Correlations between micro- and hFE model predictions were 
generally good to excellent for all load cases and all output variables (R2: 
0.76 to 0.99) (Fig. 6, Table 3). hFE models with PMUBC-derived 
trabecular bone material generally led to a better 1:1 agreement with 
the micro-FE models (CCC: 0.65 to 0.99) when compared to KUBC- 
derived material (CCC: 0.3 to 0.95). Using PMUBC-derived orthotropic 
material led to the best results, with CCC higher than 0.95 for the pooled 
stiffness and volume average peri-implant SED. Using orthotropic 
trabecular material models generally led to a slightly higher coefficient 
of determination and better 1:1 agreement compared to the isotropic 
material models. 

4. Discussion 

The primary goal of this study was to assess the accuracy of hFE 
predicted stiffness and peri-implant loading of bone with an osseointe-
grated screw, using micro-FE models as a reference. The results showed 
that not only well-correlated but also accurate predictions of pullout and 
shear stiffness are possible with hFE models, provided that appropriate 
trabecular bone material properties are chosen. PMUBC-derived ortho-
tropic trabecular bone material properties led to the best results in this 
study (mean pooled error: -0.7%, CCC: 0.98). However, qualitative 
differences in the peri-implant SED distributions were evident in all hFE 
models, and although the peri-implant SED averages were well corre-
lated, small systematic errors were still observed. 

The results of this study can be compared with two previous studies 
(Chevalier, 2015; Wirth et al., 2012) that also assessed the accuracy of 
hFE models of osseointegrated screw-bone constructs relative to 
micro-FE models. In line with Chevalier (2015), this study suggests that 
accurate predictions of stiffness are possible with hFE models even for 
different load cases. While Chevalier only tested trabecular bone spec-
imens without a cortical shell, the results found in this study showed that 
accurate stiffness predictions are also possible with hFE models for the 
clinically more relevant scenario of a thin cortex covering the trabecular 
bone. In contrast to Chevalier (2015) and the present study, Wirth et al. 
(2012) reported a considerable mismatch of pullout stiffness between 
hFE and micro-FE models. This mismatch might be the result of using a 
single elastic modulus for the entire peri-implant region rather than 
material mapping, or of determining the elastic modulus from uniaxial 
compression tests rather than material homogenization in their study 

Fig. 4. Pooled errors of various models relative to the micro-FE model with screw threads in terms of stiffness and volume average SED in the peri-implant region.  

Table 2 
Mean errors and standard deviations of the homogenized models with respect to the micro-FE models of all load cases and the pooled data including all load cases. SD: 
Standard deviation.  

Variable Load case KUBC-ortho KUBC-iso PMUBC-ortho PMUBC-iso   

Mean SD Mean SD Mean SD Mean SD 

Stiffness error (%) Pullout 36.37 21.56 47.65 26.77 − 7.53 9.42 1.94 14.14 
Shear-1 6.61 4.54 4.86 4.26 0.78 3.22 − 2.70 3.11  
Shear-2 14.04 8.15 16.73 8.86 4.56 4.03 8.90 5.39  

Pooled 19.01 18.54 23.08 24.42 − 0.73 8.00 2.71 10.11 

Peri-implant average SED error (%) Pullout − 16.00 12.40 − 22.43 13.74 24.91 13.70 15.57 17.57 
Shear-1 − 5.07 11.89 − 0.21 11.86 2.77 8.67 14.53 9.01 
Shear-2 − 17.50 17.06 − 21.17 17.51 − 1.43 11.79 − 11.26 13.73 

Pooled − 12.86 15.04 − 14.60 17.78 8.75 16.35 6.28 18.62  
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Fig. 5. Relative error of the hFE models with respect to the micro-FE models for stiffness and volume average peri-implant SED in the pullout and shear load case. For 
the pooled errors, the reader is referred to Fig. 4. 

Fig. 6. Correlations between micro-FE (y-axis) and hFE (x-axis) model predictions of structural stiffness and peri-implant volume average SEDs with different 
trabecular material modelling approaches. Each variable was normalized by the mean of the micro-FE model prediction to facilitate the visual comparison. 
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(Wirth et al., 2012). In terms of peri-implant loading, the results of the 
present as well as both previous studies showed inaccuracies of the 
spatial distribution of peri-implant loading predicted by the hFE models 
(i.e. distribution of stresses, strains or SEDs). Thus, micro-FE models 
remain the best option to investigate load transmission patterns and 
detailed load distributions around implants. However, the present study 
showed that volume averaged peri-implant SEDs of the hFE models were 
well correlated to micro-FE predictions. This result is reassuring for the 
use of volume average peri-implant loading as a predictor of fatigue 
failure, which has been increasingly used in the recent past (Mischler 
et al., 2020; Schader et al., 2022; Synek et al., 2021). 

The comparison of different trabecular bone material models 
revealed a large impact on the hFE model accuracy. The results ranged 
from highly accurate predictions of structural stiffness using PMUBC- 
derived orthotropic material (pooled error mean ± SD: -0.7 ± 8.0%; 
CCC: 0.98), to errors up to 92% (pooled error mean ± SD: +23.1 ±
24.4%; CCC: 0.92) using KUBC-derived isotropic material properties. 
The fact that PMUBC-derived material properties generally led to higher 
accuracy than KUBC-derived material properties is surprising at first 
glance, as the stiff cortex and screw confining the trabecular bone 
arguably better resemble kinematic boundary conditions. However, 
using PMUBC for homogenization was reported to generally better 
approximate the effective elastic properties of trabecular bone 
compared to KUBC (Daszkiewicz et al., 2017; Pahr and Zysset, 2008). In 
addition, the shear deformation experienced by a volume element close 
to the screw during pullout might be better represented using PMUBCs 
rather than KUBCs, which would also explain the higher errors of the 
KUBC-derived models in this load case. Note that this is also reflected in 
the shear moduli, which were considerably lower in the PMUBC-derived 
models in the relevant range of trabecular bone density (e.g. shear 
moduli of the isotropic models at ρ = 0.24: GKUBC = 376.9 MPa vs. 
GPMUBC = 250.7 MPa). In terms of inclusion of the trabecular anisotropy, 
orthotropic material led to slightly better results compared to isotropic 
material. These differences were particularly visible in the comparison 
of shear load cases between PMUBC-derived orthotropic and isotropic 
models, where the isotropic model failed to capture the lower stiffness in 
the radio-ulnar direction (shear-2 load case). Still, the pooled mean er-
rors were only slightly different between orthotropic and isotropic 
models. This is in agreement with a previous study on hFE models of an 
entire distal radius fracture fixation, which found only little improve-
ment of whole construct stiffness and individual screw load predictions 
using orthotropic bone material (Synek et al., 2015). Thus, this study 
further supports the use of isotropic bone materials models for hFE 
models in clinical applications, which usually rely on clinical CT scans 
that do not allow to infer information about trabecular anisotropy. 

The delineation of different error sources showed that the homoge-
nized trabecular bone material model is a larger error source compared 
to neglecting screw threads. Thus, neglecting screw threads seems to be 
viable option for the prediction of stiffness and volume-average peri- 
implant loading of screw-bone constructs in case the screw is considered 
as osseointegrated. This is in line with a previous study on pedicle screws 

in vertebrae (Sensale et al., 2021), which found good agreement of 
predicted displacements of hFE models with fully bonded screws either 
with or without screw threads. Note that this result does not directly 
justify the use of an unthreaded screw with a fully bonded screw-bone 
interface to investigate primary stability, as it is done in many recent 
models of bone fracture fixation (Caiti et al., 2019; Synek et al., 2021). In 
fact, a previous study showed that there is a considerable difference in 
the strain field between a fully bonded screw without threads and a 
threaded screw with contact interaction (Inzana et al., 2016). Even 
though the screw threads may be omitted when simulating an osseoin-
tegrated screw, homogenized trabecular material properties must be 
chosen with caution to achieve accurate results. In this study, 
PMUBC-derived orthotropic material led to the most accurate results, 
but similar accuracy was achieved using PMUBC-derived isotropic ma-
terial. Given the high effort of including orthotropy in hFE models, 
PMUBC-derived isotropic material properties might represent the best 
trade-off between modelling effort and accuracy. Note that this material 
model closely resembles a simple isotropic power law using the bone 
tissue elastic modulus as E0 and an exponent of k = 2, which is in line 
with the findings of Rice et al. (1988). Thus, if the bone tissue elastic 
modulus is known, using a power law with an exponent of k = 2 seems 
to deliver a good approximation for the homogenized trabecular bone 
material properties in hFE models of screw-bone constructs. 

Several limitations of this study must be mentioned. First, only 
osseointegrated screws were considered. Although this constitutes an 
important first step, the results must be interpreted separately from 
studies on primary stability. Future study shall extend the methodology 
presented in this study to enable a well-controlled hFE model validation 
of various mechanical aspects involved in primary stability, such as 
screw insertion damage and screw-bone contact (Steiner et al., 2015, 
2017). Second, only four different trabecular bone material models were 
compared in this study. Many other material models were used in pre-
vious studies (Chevalier, 2015; Varga et al., 2017; Yan et al., 2020) and 
could be included in the comparison. However, using material models 
and constants from FE-based homogenization appeared as the most 
systematic and unbiased approach for this study, as they were deter-
mined using micro-FE models with consistent bone tissue elasticity 
following a previous study (Panyasantisuk et al., 2015) without further 
parameter tuning. Third, only one type of screw, unicortical fixation 
with a constant screw insertion depth, three load cases and one 
anatomical site were investigated in this study. Although this allowed a 
systematic comparison, the findings of this study remain to be gener-
alized for various anatomical sites with different bone microstructure, 
different screw geometries, insertion depths, and load cases. Finally, it 
must be mentioned that micro-FE models were taken as a reference in 
this study, which have not been experimentally validated. Experimental 
validation of micro-FE models of osseointegrated screw-bone constructs 
were considered beyond the scope of this study, as they would require 
rarely available bone samples with fully ingrown screws. However, 
micro-FE models previously delivered predictions in very good agree-
ment with experiments on bones without implants (Hambli, 2013; 

Table 3 
Concordance correlation coefficients (CCC) and coefficient of determination (R2) of all load cases and the pooled data including all load cases.  

Variable Load case KUBC-ortho KUBC-iso PMUBC-ortho PMUBC-iso   

CCC R2 CCC R2 CCC R2 CCC R2 

Stiffness Pullout 0.83 0.95 0.73 0.92 0.95 0.97 0.96 0.93  
Shear-1 0.87 0.96 0.91 0.96 0.98 0.96 0.96 0.96  
Shear-2 0.72 0.97 0.64 0.97 0.96 0.98 0.87 0.98  

Pooled 0.95 0.98 0.92 0.97 0.98 0.99 0.99 0.98 

Peri-implant average SED Pullout 0.82 0.95 0.71 0.91 0.91 0.96 0.94 0.92 
Shear-1 0.60 0.79 0.69 0.78 0.87 0.85 0.81 0.83 
Shear-2 0.39 0.87 0.30 0.86 0.88 0.91 0.65 0.92 

Pooled 0.80 0.82 0.77 0.76 0.96 0.95 0.89 0.84  
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Stipsitz et al., 2021, van Rietbergen and Ito, 2015) as well as primary 
stability of bone implants (Ovesy et al., 2019; Steiner et al., 2017, 2018). 

In conclusion, this study suggests that construct stiffness of bone with 
an osseointegrated screw can be predicted accurately using hFE models 
when compared to micro-FE models, despite homogenized bone mate-
rial properties and simplified screw thread geometry. Although peri- 
implant SEDs showed differences in their spatial distribution, their 
volume-averages were well correlated with respect to micro-FE models. 
However, the hFE models were highly sensitive to the choice of 
trabecular bone material properties. PMUBC-derived orthotropic mate-
rial properties delivered the highest accuracy in this study, but PMUBC- 
derived isotropic material might serve as the best trade-off between 
accuracy and modelling effort. The latter material model closely re-
sembles an isotropic power law using the bone tissue elastic modulus as 
E0 and an exponent of k = 2, which might be a good first approximation 
in future studies. 
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Appendix A 

To ensure that the predicted stiffness and peri-implant average SEDs of the hFE models was not influenced by the selected meshing parameters, a 
convergence study was conducted. For this purpose, three hFE models with different meshing parameters were created for one sample with isotropic 
homogeneous material properties (elastic moduli of 500 MPa and 12 GPa for the trabecular and cortical bone, respectively; both with a Poisson’s ratio 
of 0.3). The resulting meshes had 0.16 (“Mesh 1”), 1.14 (“Mesh 2”) and 2.64 (“Mesh 3”) million degrees of freedom (DoF). Simulations of screw pullout 
and two different shear load cases were performed as described in the main text, and the stiffness as well as volume-average SED in the peri-implant 
region were evaluated. The error of the predictions was assessed relative to the model with the finest mesh (“Mesh 3”). As shown in Figure A.1, the 
selected meshing parameters (“Mesh 2”) resulted in errors below 2% for all load cases and output parameters.

Fig. A.1. Convergence of stiffness and peri-implant average SED of hFE models of one sample with different meshes in three load cases. The meshing parameters of 
“Mesh 2” (marked with *) were used for all hFE models in this study. 
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Appendix B 

To evaluate the errors introduced from the meshing or boundary conditions of the hFE models, micro-FE and hFE models were created from all 15 
bone samples with homogeneous isotropic cortical and trabecular bone and a screw without thread geometry. This means that the micro-FE model was 
created by direct conversion of the cortical and trabecular bone masks to an FE mesh (i.e., a continuous mesh without pores or microstructure), and no 
material mapping was used in the hFE models. Cortical bone was assigned an elastic modulus of 12 GPa, and trabecular bone an elastic modulus of 500 
MPa. Both were assigned a Poisson’s ratio of 0.3. Deformation plots and SED distributions of a representative sample are shown in Figure B.1. The SED 
distributions were qualitatively similar and the pooled error of all 15 samples and all load cases was below 5% for both stiffness (mean ± SD: 0.1 ±
0.5%; min/max: -1.1%/+1.4%) and volume average SED in the peri-implant region (mean ± SD: 2.5 ± 1.9%; min/max: -1.1%/+4.6%).

Fig. B.1. Deformation (scale factor: 10) and SED distributions of a representative specimen predicted by micro-FE and hFE methods, both with homogeneous 
isotropic cortical and trabecular bone material properties. 
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Appendix C 

To ensure that the main findings of this study regarding the volume-average SEDs are not affected by the peri-implant region size, two additional 
peri-implant region sizes were evaluated. The original region described the main text of this manuscript had a radius of 4 mm and extended 2 mm 
beyond the screw tip. A smaller region was created with radius 3 mm, extending 1 mm beyond the screw tip. Additionally, a larger region with radius 
5 mm and extending 3 mm beyond the screw tip was evaluated. Correlation plots were created for both the smaller and larger region and compared to 
the reference region in Figure C.1. The assessed parameters differed slightly (e.g. coefficients of determination), but the main trends were consistent 
irrespective of the peri-implant region size. The coefficient of determination (R2) for the pooled data was larger than 0.76 for all models and region 
sizes (range: 0.76–0.95) and PMUBC-ortho material led to the highest correlation (R2 = 0.95).

Fig. C.1. Correlations of volume average peri-implant SEDs for differently sized peri-implant regions. 
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The error resulting from simplified screw threads also remained fairly constant for all three peri-implant region sizes (Figure C.2), although the 
error increased slightly with decreasing region size (mean error, small region: 1.44%; reference region: 1.07%; large region: 0.79%).

Fig. C.2. Pooled errors resulting from simplified screw threads in the micro-FE models with three different peri-implant region sizes.  
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Carey, C.J., Polat, İ., Feng, Y., Moore, E.W., VanderPlas, J., Laxalde, D., Perktold, J., 
Cimrman, R., Henriksen, I., Quintero, E.A., Harris, C.R., Archibald, A.M., Ribeiro, A. 
H., Pedregosa, F., van Mulbregt, P., Vijaykumar, A., Bardelli, A., Pietro Rothberg, A., 
Hilboll, A., Kloeckner, A., Scopatz, A., Lee, A., Rokem, A., Woods, C.N., Fulton, C., 
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