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A B S T R A C T

Micro-Finite Element analysis (𝜇FEA) has become widely used in biomechanical research as a reliable tool
for the prediction of bone mechanical properties within its microstructure such as apparent elastic modulus
and strength. However, this method requires substantial computational resources and processing time. Here,
we propose a computationally efficient alternative to FEA that can provide an accurate estimation of bone
trabecular mechanical properties in a fast and quantitative way. A lattice element method (LEM) framework
based on the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) open-source software
package is employed to calculate the elastic response of trabecular bone cores. A novel procedure to handle
pore-material boundaries is presented, referred to as the Firm and Floppy Boundary LEM (FFB-LEM). Our
FFB-LEM calculations are compared to voxel- and geometry-based FEA benchmarks incorporating bovine and
human trabecular bone cores imaged by micro Computed Tomography (𝜇CT). Using 14 computer cores, the
apparent elastic modulus calculation of a trabecular bone core from a 𝜇CT-based input with FFB-LEM required
about 15 min, including conversion of the 𝜇CT data into a LAMMPS input file. In contrast, the FEA calculations
on the same system including the mesh generation, required approximately 30 and 50 min for voxel- and
geometry-based FEA, respectively. There were no statistically significant differences between FFB-LEM and
voxel- or geometry-based FEA apparent elastic moduli (+24.3% or +7.41%, and +0.630% or -5.29% differences

for bovine and human samples, respectively).
1. Introduction

Finite element analysis (FEA) is the most well-established and reli-
able method to estimate the stress and strain in complex structures like
bone (Taylor et al., 2002; Srirekha et al., 2010; Taylor and Prender-
gast, 2015). The prevalence of Computed Tomography (CT) in clinics
presents the opportunity to leverage CT data for patient-specific diag-
noses and treatments (Bott et al., 2023; Dowhanik et al., 2022). Among
the clinical guidelines established to assist in fracture risk assessment,
image-based computational modeling holds promise to enhance this
evaluation (Derikx et al., 2015; Sas et al., 2020). Advancements in
imaging technologies have allowed higher fidelity 𝜇FEA simulations in
clinics (Flaig, 2012; Nishiyama et al., 2013; Keyak, 2001; Müller and
Rüegsegger, 1995; van Rietbergen et al., 1995; Liu et al., 2006) with
bone-specific FEA solvers capable of managing millions of degrees of
freedom (DOF) (van Rietbergen et al., 1996; Adams et al., 2004; Flaig
and Arbenz, 2011; Knowles et al., 2021, 2022, https://bonelab.github.
io/n88).
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Two approaches for high-resolution trabecular 𝜇CT FEA meshing
are: geometry-based volumetric from the trabecular surface, and voxel-
based which converts voxels to hexahedral elements. Knowles et al.
found CPU times for a 27.3 million-element 𝜇FEA ranged from 3000
s on Linux GPU to 4700 s on Windows GPU at 10−6 mm conver-
gence (Knowles et al., 2022). Benca et al. generated voxel-based 𝜇FEA
of the human femur with approximately 13,000 elements within 30 min
and ran the simulations within 27 min of CPU time, and 390MB of
memory, with Abaqus (v.6.14, Simulia) on a desktop PC (4 CPUs,
3.4 GHz) (Benca et al., 2019). Despite the speed and automation of
voxel-based meshes, these models have sharp corners on their sur-
faces that cause stress concentrations (Palumbo et al., 2014; Guldberg
et al., 1998) and challenges for interfaces, crack propagation, frac-
ture, or bone modeling/remodeling simulations. Additionally, voxel-
to-hexahedral conversion must adopt strategies to avoid connectivity
loss (Mengoni et al., 2016; van Rietbergen et al., 1995). Smoothing
algorithms have been therefore developed for voxel-based 𝜇FEA with
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more accurate tissue-level stress and strain predictions (Bardyn et al.,
2010; Boyd and Müller, 2006). Geometry-based meshes offer smooth
surface representation with low discretization error (Sas et al., 2020;
Depalle et al., 2013). Derikx et al. reported 8 h to create a case-
specific human femur FEA using linear tetrahedrons with 2 mm edge
length (Derikx et al., 2012). Gislason et al. reported 7 h of CPU time to
simulate (dual-core 3 GHz CPU, Windows 64-bit, 8 GB RAM) a femur
with 1.5 million elements (Gislason et al., 2014).

The accuracy and speed of FEA depends on element type (e.g. hex-
ahedral versus tetrahedral), element size, full or reduced integration,
and shape function (linear versus quadratic). Overall, hexahedral ele-
ments, larger element size, reduced integration point, and linear shape
function reduce CPU time up to 20%, but local stress distribution at the
trabecular scale is highly influenced by each of those parameters which
may lead to discretization, stiffening, and shear locking errors (Depalle
et al., 2013). Additional limitations are increased computational time
for non-linear FEA. Knowles et al. demonstrated that linear FEAs for
70,000-element models ran under 1 min of CPU time with Faim (Mac-
Book Pro, Inteli9, 8 core, 32 GB RAM) and almost 2 min with Abaqus
(Inteli7, 4 core, 32 GB RAM, 8 CPUs). However, nonlinear FEAs took
approximately 3 h in Faim and 30 min in Abaqus (Knowles et al.,
2021). Thus, a method that can be both accurate and faster than FEA
for fracture risk assessment is needed (Pericoli et al., 2021; Du et al.,
2014).

Particle-based numerical simulation methods have been proposed as
alternatives, including peridynamics (Silling, 2000; Silling et al., 2007;
Zhou and Tian, 2021) and the lattice element method (LEM) (Ostoja-
Starzewski, 2002). The latter has mostly been employed in civil engi-
neering materials poromechanics (Laubie et al., 2017a,b,c), successfully
modeling elastic, plastic, and fracture behavior of porous materials.
In particular, LEM can capture complex anisotropic behavior, plastic
deformation, and crack propagation when details are considered in the
model, with good numerical efficiency (Chen et al., 2016; Meng et al.,
2021; Wei et al., 2020; Nikolić et al., 2018a; Laubie et al., 2017b).
Recent studies based on the potential of mean force LEM show promis-
ing results to simulate crack propagation in heterogeneous structures
as well as modeling of building systems with enhanced computational
efficiency (Wang et al., 2021; Razi et al., 2023).

In LEM particles are connected by springs to discretize a continuum
solid. These particles are referred to as lattice elements because they are
arranged on a regular lattice: simple cubic (SC), body-centered cubic
(BCC), or face-centered cubic (FCC). The spring constants are chosen
to ensure the change in energy generated by applying a strain to a
lattice element is rigorously equal to that of a continuous elastic solid
under the same applied strain (Ostoja-Starzewski, 2002). Historically,
LEM models were limited to materials with Poisson’s ratio of less than
0.25 (Nikolić et al., 2018b). In the last decade, Chen et al. formu-
lated a LEM capable of describing isotropic materials with arbitrary
Poisson’s ratio by adding a nonlocal parameter to the interparticle
interactions (Lin et al., 2015; Chen and Liu, 2016). This nonlocal term
can be viewed as an energy penalty for changing the volume of a lattice
element. This LEM model was recently implemented using a Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) open-source
software package (Thompson et al., 2022; Sun et al., 2022). Of note, the
boundary between pores and the solid phase during LEM simulations
must be handled with care, as particles at the boundary are under-
coordinated (particles with some broken bonds), which can lead to an
undesirable characteristic energy response to strain as compared to the
fully bonded particles (Nikolic and Ibrahimbegovic, 2015).

In this study, LAMMPS-LEM is proposed as an alternative to FEA
to estimate the elastic response of trabecular bone tissue under com-
pression. We compare the bone cores’ apparent elastic moduli (E𝑎𝑝𝑝)
redicted by geometry-based and voxel-based FEA, and LAMMPS-LEM
imulations and the computational times of these numerical methods.
2
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2. Methods

2.1. Sample preparation

Sixteen human trabecular bone cores (5 mm high by 10 mm di-
ameter) from a previous study were obtained from femoral heads
donated by two hip arthroplasty patients (48-year-old male, n = 8;
and, 68-year-old female, n = 8, Meyer (2016)), and seventeen bovine
trabecular bone cores (10 mm high by 10 mm diameter) with no known
diseases were obtained (Kunath et al., 2024). No information on age
and sex of the animal was available. Human and bovine bone cores
were 𝜇CT scanned (Vector4CT, 50 kV, 0.43 mA, 100 ms exposure
time, 0.1-degree rotation step in 360◦, 20 μm resolution). All 𝜇CT data
were segmented (Mimics, v23.0, Materialise) using global thresholding
(200–5600 Hounsfield Units) and region growing with embedded ‘‘six-
pixel-connectivity’’ to remove floating pixels. The bone volume fraction
(BV/TV) was assessed for all samples. All numerical methods used the
same segmented dataset.

2.2. Geometry-based finite element analysis

The 3D surface mesh from 3-Matic (v16.0, Materialise) closely
modeled the trabecular structure with as few triangles as possible to
decrease computational time of the FEA solver (Beloglowka, 2022). Tri-
angle reduction was achieved by maintaining a quality of 0.85 (interior
angles between 50◦ to 70◦) and a geometrical error of 1.25 μm (max-
imum deviation from original surface). The resulting surface models
(STL ASCII) were imported into Abaqus (v2017, Simulia). All sam-
ples were meshed with quadratic tetrahedrons (Fig. 1b and f). The
average element and node counts were 3,753,531 ± 701,789, and
6,076,259 ± 1,080,655 for bovine, and 3,022,381 ± 2,136,220, and
4,654,253 ± 3,075,094 for human bone cores. To mimic quasi-static
uniaxial compression testing, nodes on lower cylindrical face were fixed
in the axial direction (z-axis) while quasi-static uniaxial compression of
4000 μ𝜖 (axial displacement according to individual core length) was
applied to nodes of upper face. Linear-elastic, isotropic, and homoge-
neous mechanical properties (tissue modulus, E𝑖 = 1 GPa, Poisson’s
ratio of 0.3) were assumed (same for all numerical methods). For all
numerical methods, Hooke’s Law was assumed to find E𝑎𝑝𝑝 (Eq. (1)).

Eapp = KL
A (1)

where K ( N
mm ) is the reaction force over the applied displacement; L

(mm) is the length of the bone core, and A (mm2) is the bone core
cross-sectional area.

2.3. Voxel-based finite element analysis

Segmented 𝜇CT data were exported from Mimics as binarized image
iles, converted to MHA format files (ImageJ, v2, Free Software Foun-
ation Inc.) and imported into an open-source FEA model generator
n88modelgenerator, v9.0, Numerics88 Solutions Ltd) for voxel-based
esh generation (Fig. 1d and h). FEA was performed using an open-

ource solver, Faim (v8.0, Numerics88 Inc.). A normal compression
train of 4000 μ𝜖 was applied on nodes of upper cylindrical face and

nodes on lower face were fixed in 𝑧-axis. Average element and node
counts were 24,253,819 ± 3,947,086 and 28,850,935 ± 4,427,805 for
ovine and 8,352,461 ± 3,686,904 and 9,898,997 ± 3,405,614 for
uman bone cores.

.4. Lattice element method simulations

Lattice element method simulations were carried out with the open-
ource LAMMPS-LEM package. In this section, a strategy to obtain
he LEM parameters and the procedure for preparing input files from
CT data based on the firm and floppy boundary (FFB) method are
resented. FFB method is a novel idea for accelerating LAMMPS-LEM
alculations.
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Fig. 1. The 𝜇CT-based FEA results of a human and bovine bone cores show the axial displacement (z-axis) magnitude; 𝐚 and 𝐞: Geometry-based mesh generated FE model of
human (3,160,073 elements, 4,525,501 million nodes) and bovine (3,015,073 elements, 4,940,200 nodes) bone cores; 𝐜 and 𝐠: voxel-based mesh generated FE model of human
(4,403,537 elements, 6,009,313 nodes) and bovine (19,636,792 elements, 23,889,513 nodes), respectively; 𝐛 and 𝐟 show the 10-noded tetrahedral mesh on human and bovine FE
models for the area bounded by the red dashed-line box; 𝐝 and 𝐡: 8-noded hexahedral mesh on the human and bovine FE models for the area bounded by the red dashed-line
box, respectively.
2.4.1. Parameters in lattice element method
To simulate the desired Poisson’s ratio, a nonlocal parameter is

defined in addition to the local one for each unit cell, i.e. the spring
constant. A unit cell is defined as the closed volume by the middle
planes between the particles. Therefore, the number of unit cells is
equal to the total number of particles. The total energy (Uunit cell

i )
for each unit cell (i) is the summation of local (Ulocal) and nonlocal
3

i

(Unonlocal
i ) energy terms (Eqs. (3)–(5)).

Utotal =
Nt
∑

i=1
Uunit cell

i (2)

Uunit cell = Ulocal + Unonlocal (3)
i i i
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Ulocal
i = 1

2
ki

Ni
∑

j=1
(𝛿lij)2 (4)

Unonlocal
i = 1

2
Ti(

Ni
∑

j=1
𝛿lij)2 (5)

here Utotal and Nt are the total energy and number of unit cells/
articles in the simulation box. ki and Ti are respectively the local
pairwise) and nonlocal stiffness parameters. Ni indicates the total
umber of nearest neighbors (first and second nearest neighbors) which
s 18, 14, and 18 for SC, BCC, and FCC structures, respectively. 𝛿lij
s half of spring elongation between particles i and j. The stiffness
arameters are related to elastic constants and can be calculated as
ollows for a SC lattice structure, and isotropic material (Eqs. (6)–(7)).
or further information on the equations and other crystal structures
BCC and FCC), the readers are referred to (Chen and Liu, 2016).

1 = k2 =
(LP)(E)
1 + 𝜈

(6)

T =
(LP)(E)(4𝜈 − 1)
18(1 + 𝜈)(1 − 2𝜈)

, (7)

where k1 and k2 are the local stiffness parameters for the bond between
the particle and its first and second nearest neighbors. SC has 6 and
12 first and second nearest neighbors, respectively. k1 and k2 are
equal to each other in SC structures. For BCC and FCC structures, the
first and second nearest neighbors local stiffness parameters are not
the same (Chen and Liu, 2016; Sun et al., 2022). 𝑇 is the nonlocal
stiffness parameter that allows for a range of Poisson’s ratio (𝜈 = −1 to
.5). E and LP are elastic modulus and lattice parameter, respectively.
or convergence analysis, four different lattice parameters (0.06, 0.08,
.10, and 0.12 mm) were considered.

All of these equations have been implemented in LAMMPS (Sun
t al., 2022). To speed up the calculations for porous structures like
rabecular bone, we propose a new scheme, FFB method, as explained
n the next section. All three SC, BCC, and FCC structures are cubic. SC
s identical to voxels, and BCC and FCC are extensions of SC structure.
herefore, these cubic structures represent the trabecular geometry as
ell as voxel-based meshes.

.4.2. Firm and floppy boundary method
The main idea of FFB method is that instead of running a resource-

ntensive simulation with a small lattice parameter, one can run two
aster simulations with larger lattice parameters and average those
imulations to obtain the final result. Running two separate simulations
equired two different input configurations, one for each of the firm and
loppy boundaries.

A custom-made C code was written to generate input configurations
ased on segmented 𝜇CT data from Mimics. Bonds were inserted be-
ween particles using LAMMPS. FFB method was employed to define
he bone-pore boundary (Fig. 2). The firm boundary (Figs. 2a & b)
nterface was ‘‘padded’’ with lattice points, which were not themselves
ncluded when calculating stress, but ensured that the boundary lattice
ites had full coordination numbers. The firm boundary approach, had
o broken bonds on the surface; and therefore, overestimated E𝑎𝑝𝑝.

This approach required a post-processing step using OVITO (v2.9.0)
software package to narrow the stress calculation for the sites with
the full coordination number (18 bonds for SC and 14 bonds for
BCC) (Stukowski, 2009). The floppy boundary (Fig. 2c & d) had no
padding; and therefore, all lattice points were included when calculat-
ing stress. Boundary lattice particles were not fully coordinated as fewer
springs countered their displacement; and therefore, referred to as
floppy. Contrary to firm, the floppy boundary method underestimated
E𝑎𝑝𝑝 due to floppy bonds on and close to the surface. Final E𝑎𝑝𝑝 was
obtained by averaging the firm and floppy boundary methods. The
overestimated and underestimated terms come from the divergence of
4

firm and floppy boundary results as the lattice parameter increases from
0.06 mm to 0.12 mm.

LAMMPS-LEM input files were created from the segmented 𝜇CT
data by executing the custom-made C code twice, one for each of the
firm and floppy boundaries (Fig. 2a & c). C code input variables were
crystal structure (SC, BCC or FCC) and LP. Multiple input files are
created simultaneously with various LPs in one run: 1-fold, 2-fold, 4-
fold, 10-fold, and 12-fold of input LP. The segmented 𝜇CT data had a
SC structure with LP 0.02 mm (voxel size 0.02 mm). In the following,
as an example, the steps to build the input file for FBB method are
explained for LP 0.12 mm:

1. Firm boundary method: Define the input LP as 0.12 mm and use
the 1-fold LP output from C code as the input file for simulations. In this
case, the particles cover more volume as compared to the segmented
𝜇CT data (Fig. 2b)

2. Floppy boundary method: Define the input lattice parameter
as 0.01 mm and use the 12-fold LP output file. The 12-fold LP is built
based on the 1-fold LP (0.01 mm) by deleting some additional particles
and keeping the structure similar. Starting with 0.01 mm LP ensures a
volume close to the segmented 𝜇CT data and maintaining the volume
when deleting the particles to get 12-fold LP (Fig. 2d).

The LAMMPS-LEM simulations were run for both firm and floppy
boundaries (explained for the LP 0.12 mm of human bone cores):

1. Create bonds and define k1, k2, and 𝑇 parameters (E = 1 GPa, 𝜈
= 0.3, LP = 0.12 mm).

2. 0.6 mm of both cylindrical faces were fixed with ‘‘setforce’’
command in LAMMPS to make the force zero in the axial (z-axis)
direction and not alter the force in other (x- and y-axis) directions.

3. Both cylindrical faces were displaced by 0.0015 mm, and the
system was minimized by the conjugate gradient method. 0.003 mm
displacement was applied for bovine bone cores since they were double
the length of the human bone cores.

4. Step 3 was repeated seven times for a total displacement of
0.021 mm (strain 4200 μ𝜀). Constant displacement increments were
defined as they are easier to implement in LAMMPS than constant
strain.

For the floppy boundary, the stress was directly extracted from the
LAMMPS output file. For the firm boundary, a post-processing step in
OVITO (v2.9.0) limited the stress calculations to the fully coordinated
particles (red particles in Fig. 2a). The firm boundary E𝑎𝑝𝑝 was found
from the summation of stress components for red particles in the axial
(z-axis) direction. Finally, the FFB E𝑎𝑝𝑝 was calculated as the average
E𝑎𝑝𝑝 of firm and floppy boundary methods. Throughout the remainder
of the manuscript, LEM refers to FFB LAMMPS-LEM with SC lattice
structure unless otherwise noted.

2.5. Statistical analysis

Linear regressions were performed to assess possible correlations
among the different studied parameters (Python v.3.11). Student t-
test determined if the slope and intercept of the regression line were
significantly different from 0. LEM results were compared to voxel- and
geometry-based FEA. Voxel-based was the assumed gold standard for
comparisons of FEAs. One-way repeated measures ANOVA tested for
differences in E𝑎𝑝𝑝 (𝛼 = 0.05, Origin 2023b, student version). Agree-
ment between FEA and LEM results was analyzed with Bland-Altman
plots (Bland and Altman, 1986; Giavarina, 2015).

3. Results

3.1. Comparison of LAMMPS-LEM and FEA

Bovine bone cores had a BV/TV range of 22%–38%, and human
bone cores BV/TV range was 9%–43%. FEA BV was highly correlated
to BV of the segmented 𝜇CT data (Fig. 3). The BV of the voxel-
and geometry-based FEAs deviated less than 10% from the 𝜇CT BV.
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Fig. 2. 3D illustration of a segmented 𝜇CT scan of a bovine trabecular bone core (fine gray particles) as obtained using Mimics. a and c show the firm and floppy boundary
particles on top of the fine gray particles, respectively. b: The particle lattice corresponding to a firm boundary (large blue particles) is overlaid on top of the segmented 𝜇CT
data (fine gray particles). The large red particles correspond to fully coordinated particles. d: The particle lattice corresponding to a floppy boundary (green particles) is overlaid
on top of the segmented data (fine gray particles). The lattice parameter (distance between firm and floppy particles) is 0.12 mm as shown. A 2D illustration of firm and floppy
boundary LEM is shown in the supplementary material. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 3. Regression analysis comparing BV from the original segmented mask with the voxel- and geometry-based models (the equations of the regression lines (y = mx + b) with
slopes (regression coefficients, m) and y-intercepts (b), and the coefficients of determination (𝑅2) are presented (𝛼 = 0.05, slope p-value < 0.001)).
The mean percent differences between LEM and voxel or geometry-
based FEA predictions were +24.5% or +7.41% for bovine and −3.55%
or −5.29% for human bone cores, respectively. The comparison be-
tween voxel- and geometry-based FEA found percent differences in E𝑎𝑝𝑝
of −12.8% and −4.38% for bovine and human samples, respectively
(Fig. 4a&b). LEM and voxel-based FEA predictions of E𝑎𝑝𝑝 were well
correlated for bovine (R2 = 0.95, slope = 1.25, slope p-value < 0.001,
intercept = -0.66, intercept p-value = 0.45) and human bone cores (R2

= 0.97, slope = 0.97, slope p-value < 0.001, intercept = -0.45, intercept
𝑝-value = 0.55). The LEM and geometry-based FEA predictions of E𝑎𝑝𝑝
also exhibited strong correlations. For bovine, the R2 was 0.92, with a
5

slope of 1.03 (p-value < 0.001), and for human bone cores, the R2 was
0.93, with a slope of 0.93 (p-value < 0.001) (Fig. 4c&d).

All three methods could estimate the effect of bone topology on its
mechanical properties, beyond the effect of BV/TV. In general, the E𝑎𝑝𝑝
normalized for BV/TV as predicted by all three methods were in good
agreement. For bovine trabecular bone cores, LEM E𝑎𝑝𝑝 normalized to
BV/TV was highly correlated with the voxel-based FEA (𝑅2 = 0.96,
slope p-value < 0.001). A moderate correlation was found between LEM
and geometry-based FEA normalized to BV/TV (𝑅2 = 0.55, slope p-
value < 0.001) (Fig. 5a). For human trabecular bone cores, LEM E
𝑎𝑝𝑝
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Fig. 4. (a) Bar-whisker plot of E𝑎𝑝𝑝 of the bovine and human trabecular bone cores predicted using voxel-based FEA, geometry-based FEA, and LEM. (b) Bar-whisker plot of a
percent difference in the E𝑎𝑝𝑝 predictions between voxel-based FEA and geometry-based FEA, LEM and voxel-based FEA, and LEM and geometry-based FEA. At a significance level
of 0.05, using repeated measures ANOVA, no statistical differences were observed among the E𝑎𝑝𝑝 values derived from voxel-based FEA, geometry-based FEA, and LEM. Linear
regression plots of the correlations between E𝐿𝐸𝑀

𝑎𝑝𝑝 and E𝐹𝐸𝐴
𝑎𝑝𝑝 for (c) bovine and (d) human samples. The dashed line corresponds to a one-to-one relationship between E𝐿𝐸𝑀

𝑎𝑝𝑝 and
E𝐹𝐸𝐴
𝑎𝑝𝑝 . The equations of the regression lines (y = mx + b) with slopes (regression coefficients, m) and y-intercepts (b), and the coefficients of determination (𝑅2) are presented

(slope p-value < 0.001 in all cases, intercept p-value > 0.2 in all cases, 𝛼 = 0.05).
normalized to BV/TV was more closely correlated with the geometry-
based FEA (𝑅2 = 0.92, slope p-value < 0.001) (Fig. 5b). A weak
negative correlation was observed between the percentage difference in
E𝑎𝑝𝑝 and BV/TV between LEM and geometry-based FEA. No relationship
was found between the percent difference of E𝑎𝑝𝑝 and BV/TV between
LEM and voxel-based FEA (Fig. 5c&d). In all cases, 95% of the data fell
within the limits of agreement of Bland-Altman plots (±2 × standard
deviation). On average, there was a constant bias of 24.0% between
E𝑎𝑝𝑝 predicted by LEM and voxel-based FEA of bovine bone cores (with
the slope of the Bland-Altman regression not significantly different than
zero); whereas, for the human bone cores, the bias was small (3.55%).
LEM slightly over-predicted the E𝑎𝑝𝑝 by 7.41% for bovine and 5.29%
for human bone cores with respect to geometry-based FEA (Fig. 5e&f).

3.2. Convergence and performance analyses

LEM convergence analysis indicated LP = 0.12 mm was sufficient for
accurate E𝑎𝑝𝑝 predictions (supplemental material and Fig. 6). The differ-
ence between the firm and floppy boundary methods became negligible
for 0.06 mm LP. Voxel- and geometry-based FEA mesh convergence
analyses were performed for four of the human bone cores (9.00%,
11.2%, 17.8%, and 42.9% BV/TV). Convergence in E𝑎𝑝𝑝 was achieved
with a maximum edge length of 0.02–0.05 mm for voxel-based and
0.5–2.0 mm for geometry-based FEA.

To compare computational time between LAMMPS, Faim and
Abaqus, all simulations were run on the same 14-core workstation.
The wall time (CPU time divided by number CPUs) for LEM was
similar to voxel-based FEA and less than the geometry-based FEA. As
6

LP decreased in LEM, the simulation time increased (Table 1). The wall
time solely considers the analysis performance and does not include the
preparation time for input files.

4. Discussion

Patient-specific 𝜇FEA exhibits promising potential in fracture risk
assessment, yet there remains a trade-off between speed, automation,
and accuracy in using 𝜇FEA in pre-clinical and clinical settings. The
novelty of this study was to introduce LEM as a potential alternative
to 𝜇FEA for fast and accurate prediction of the mechanical behavior
of trabecular bone cores. Bovine and human trabecular bone cores
were analyzed from previous live bone experiments in which samples’
geometry was purposely selected to maintain bone tissue viability for
three weeks (Kunath, 2022; Meyer, 2016). Thus, the end- and side-
effect artifacts (Ün et al., 2006) resulted in reduced E𝑎𝑝𝑝 in contrast
to specimens prepared for quantifying trabecular bone mechanical
properties.

The E𝑎𝑝𝑝 of bovine and human trabecular bone cores from voxel- and
geometry-based FEA and LEM were compared. There were no statically
significant (𝛼 = 0.05) differences between the E𝑎𝑝𝑝 calculated from LEM
and voxel- or geometry-based FEA. The E𝑎𝑝𝑝 of bovine and human
trabecular bone cores from LEM can accurately replicate E𝑎𝑝𝑝 from
voxel- and geometry-based FEA, showing a high degree of correlation
(≥90%), which is similar to the result of a previous study where
authors found a strong relation between E𝑎𝑝𝑝 of a porous structure
from FEA and LEM (Sun et al., 2022). Mayya et al. used a 𝜇CT-
based spring network model of bovine trabecular bone and reported
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Fig. 5. Linear regression plots illustrating the proportional correlations for E𝑎𝑝𝑝 and BV/TV between LEM and FEA of (a) bovine and (b) human bone cores, the black solid line
shows zero percent difference. There was no relationship between the percent differences between E𝐿𝐸𝑀

𝑎𝑝𝑝 and E𝐹𝐸𝐴
𝑎𝑝𝑝 and BV/TV of 𝜇CT data of (c) bovine and (d) human samples.

The dashed line corresponds to a zero percent difference between the E𝐿𝐸𝑀
𝑎𝑝𝑝 and E𝐹𝐸𝐴

𝑎𝑝𝑝 . Bland-Altman plots of (e) bovine and (f) human samples represent every difference between
the two methods against the average of the estimations. An average bias of +24.0% and 7.41% between voxel- and geometry-based FEA and LEM for bovine samples was seen,
while a small bias (<10%) between FEA and LEM in human samples was observed. The 𝑦-axis shows the difference percentage between the E𝑎𝑝𝑝 from FEA and LEM, and the 𝑥-axis
represents the average of these measures. The equations of the regression lines (y = mx + b) with slopes (regression coefficients, m) and y-intercepts (b), and the coefficients of
determination (𝑅2) are presented. Slope p-value < 0.001 in all cases, intercept p-value > 0.2 in all cases. 𝛼 = 0.05.
Table 1
Wall time required to perform FEA and LEM simulations is reported as a function of mesh size or lattice parameter. In all cases, 14 computer cores were employed. Results are
shown for human bone core (ID #16).

Geometry-based FEA (ABAQUS) Voxel-based FEA (Faim) LEM

Mesh size
(mm)

Wall
time (s)

E𝑎𝑝𝑝
(MPa)

Mesh size
(mm)

Wall
time (s)

E𝑎𝑝𝑝
(MPa)

LP (mm)
simple cubic

Wall time (s)
Firm boundary

Wall time (s)
Floppy boundary

Total wall
time (s) FFB

E𝑎𝑝𝑝
(MPa)

0.1 3920 12.5 0.01 19 414 10.3 0.06 2936 1946 4882 11.0
0.5 1861 9.34 0.02 1045 9.25 0.08 263 198 561 9.58
1 1392 10.9 0.05 39 9.65 0.10 36 21 57 8.76
2 606 7.53 0.10 3 7.14 0.12 18 16 34 7.77
a strong correlation between experimental and numerical apparent
linear stiffness (Mayya et al., 2016). To investigate the dependency
of estimated E𝑎𝑝𝑝 on trabecular bone porosity, a wide range of BV/TV
(22%–38% for bovine and 9%–43% for human bone cores) was covered
in this study. The correlation between E𝑎𝑝𝑝 normalized to BV/TV from
voxel-based FEA and LEM was strong (𝑅2 = 96% for bovine and 𝑅2

= 86% for human bone cores). While the correlation between E𝑎𝑝𝑝
normalized to BV/TV from geometry-based FEA and LEM was moderate
(𝑅2 = 55%) for bovine bone cores, a strong correlation was found (𝑅2
7

= 92%) for human bone cores. This suggests a dependence of E𝑎𝑝𝑝
on mesh density and BV/TV (Camacho et al., 1997). Given that the
height of bovine samples was twice that of human samples, coarser
meshes were generated for bovine bone cores in geometry-based FEA,
resulting in an average of ∼3.5 million elements in both bovine and
human FEA. In general, the variation between geometry-based FEA and
LEM was influenced by BV/TV and appeared as a random error. Despite
the absence of a correlation between BV/TV and the percent difference
between voxel-based FEA and LEM (𝑅2 < 5%), geometry-based FEA and
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Fig. 6. Example of FEA and LEM convergence analyses of a human trabecular bone core (ID #16, 11.2% BV/TV). The FFB LEM E𝑎𝑝𝑝 is the average of the firm and floppy boundary
E𝑎𝑝𝑝.
Fig. 7. E𝑎𝑝𝑝 for five bovine bone cores calculated with FEA and LEM for both SC and BCC lattice structures with LP of 0.1 mm. The firm and floppy boundary E𝑎𝑝𝑝 are shown
with isolated star and square, respectively.
LEM were weakly correlated (𝑅2 = 13% for bovine and 𝑅2 = 10% for
human bone cores). The difference between geometry-based and LEM
E𝑎𝑝𝑝 was random. While LEM exhibited a bias of +24.0% compared to
voxel-based FEA for bovine samples, a negligible random error (<5%)
was shown for human samples. This indicates a systematic bias towards
LEM for bovine trabecular bone cores characterized by higher BV/TV
values.

Time to prepare simulations for LEM and voxel- and geometry-
based 𝜇FEA were compared. Voxel conversion approach was faster
than the tetrahedral meshing and eliminated user bias (Müller and
Rüegsegger, 1995; van Rietbergen et al., 1995; Keyak, 2001). The total
time for preparing voxel-based 𝜇FEA including image segmentation and
preparing the input file for Faim (Windows, Intel(R) Xeon(R) W-2275
CPU @3.30 GHz, 14 core, 64 GB RAM), was between 10 min for the
human bone cores with ∼9.8 million nodes to 15 min for bovine bone
cores with ∼28.8 million nodes. Generating the quadratic tetrahedral
mesh for the human bone cores with ∼4.6 million nodes and ∼6.1
million nodes for the bovine bone cores and input file generation for
Abaqus (Windows, Intel(R) Xeon(R) W-2275 CPU @3.30 GHz 3.31GH,
14 core, 64 GB RAM) took almost an hour for both bovine and human
bone cores. The main reason for using two different FEA solvers was
that the voxel-based FEAs were too large to run efficiently in Abaqus.
For LEM, the custom-made C code took about 10 min to build the input
file for LEM for both firm and floppy boundary approaches. For LEM,
8

the input files were prepared from the segmented 𝜇CT data without
any modifications from the user. The only input variables in the C code
were LP (in mm) and crystal structure (SC, BCC or FCC). The current
version of C code is serial and it can become faster with parallelization.
Additionally, the post-processing of firm boundary data with OVITO
software should become automated in the future (Stukowski, 2009).

To test the effect of lattice structure, the E𝑎𝑝𝑝 of five bovine bone
cores, was also calculated employing a BCC lattice with 0.1 mm LP
(Fig. 7). Similar E𝑎𝑝𝑝 was found for LEM with SC or BCC lattice
structures. The BCC structure took slightly more CPU time than SC.
The difference was a few seconds for LP of 0.1 mm and increased for
finer LPs. The increased time of BCC was due to more particles being
present in the BCC structure (two particles per unit cell) in comparison
with the SC one (one particle per unit cell) for a given LP. The SC
had 18 bonds considering both the first and second nearest neighbors,
while BCC had 14 total bonds per particle. Therefore, considering both
the number of particles per unit cell and bonds per particle, BCC
had more total bonds. Therefore the computational time for BCC was
higher than SC lattice. Interestingly, the BCC structure respectively
overestimated and underestimated the firm and floppy boundary E𝑎𝑝𝑝
in comparison to SC. In the case of floppy boundary, SC led to a larger
E𝑎𝑝𝑝 because of a larger cut-off distance (LP×1.1) when building the
input file in comparison with BCC (

√

3
2 LP×1.1). This larger cut-off led

to a slightly less porous structure in SC than BCC. In the case of the
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firm boundary, the situation was reversed, due to the distance to the
second nearest neighbor. This distance was smaller in BCC (1×LP) than
SC (

√

2×LP) which decreased the number of particles considered in E𝑎𝑝𝑝
alculations. Although BCC and FCC structures tend to perform and
onverge better than SC (Chen and Liu, 2016; Sun et al., 2022), the
roposed FFB method performs better with SC structure.

. Conclusions

FFB LAMMPS-LEM was introduced and assessed as an alternative to
FEA to predict the elastic response of trabecular bone in bovine and
uman bone cores. FFB LAMMPS-LEM required much less computer
esources as compared to geometry-based FEA. In contrast, voxel-based
EA and FFB LAMMPS-LEM required similar computer resources and
imulation time. All three methods led to consistent predictions of
𝑎𝑝𝑝, within statistical uncertainty. The benefit of FFB LAMMPS-LEM is
hat building the input simulation files based on segmented 𝜇CT data
equired minimal preparation and computer resources. Furthermore,
FB LAMMPS-LEM implementation has a computational cost that scales
inearly with system size and allows for massive parallelism (Sun et al.,
022). In comparison, most FEA codes scale nonlinearly (N*log(N))
ith the number of computer cores, N, and parallelism is typically

imited to a few tens of computer cores.
Given FEA’s maturity, extensive testing, and various FEA software

ackage features, it will likely remain the best tool available in many
iomechanical modeling scenarios. However, the current study showed
hat the LEM can offer a cost-accuracy ratio similar to that of FEA.
ombined with other characteristics of particle-based methods, such as
umerical stability under material failure scenarios, this points to fur-
her study and development of the FFB LAMMPS-LEM being warranted.
urther investigations are underway to upgrade the LAMMPS-LEM to
andle heterogeneous media, plastic deformation, and crack initiation
nd propagation.

ode availability

The in-house C code, additional source files for compiling LAMMPS,
s well as examples of LAMMPS input scripts are available in the
upplementary material.
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