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Mechanical deformations of bone
generate interstitial fluid flow at
nanoscale velocities around
osteocytes

Asier Muioz, Annalisa De Paolis, Luis Cardoso and
Alessandra Carriero*

Department of Biomedical Engineering, The City College of New York, New York, NY, United States

Osteocytes play a critical role in bone mechanobiology, sensing and responding
to mechanical loading through fluid flow within the lacunar-canalicular network
(LCN). Experimental measurements of interstitial fluid flow in bone are difficult
due to the embedded nature of osteocytes in the dense mineralized matrix.
Therefore, accurate computer simulations of these processes are essential for
understanding bone mechanobiology. Two computational approaches have
mostly been used to characterize convective interstitial fluid flow in bone:
poroelastic finite element (FE) models, which treat bone as a homogenized
porous medium, and fluid-structure interaction (FSI) models, which
incorporate explicit LCN microarchitecture. However, these approaches have
predicted fluid velocities that differ by three to four orders of magnitude. Here, we
investigate the reasons for this discrepancy and demonstrate how imposed
pressure gradients influence the predicted fluid velocities. Using an FSI model
of a single osteocyte embedded in the mineralized matrix, we show that when an
imposed pore pressure gradient is smaller than that generated by bone matrix
deformation under mechanical loading, the convective fluid velocities in the
canaliculi reach ~100 nm/s and scale with the applied strain. In contrast, applying
higher pressure gradients decouples fluid flow from the solid bone matrix
deformation, resulting in fluid velocities bigger than 100 pm/s that are
insensitive to loading conditions. Future studies investigating the effect of
load-induced convection flow on osteocyte mechanobiology should
therefore apply small imposed pressure gradients to avoid overestimating
interstitial flow and more realistically capture load-induced convective flow.

KEYWORDS

osteocyte, lacuna, canaliculus, dendrite, interstitial fluid flow, convection, mechanical
loading, fluid-structure interactions

1 Introduction

Healthy bone is a living, adaptable tissue that undergoes mechanoadaptation in
response to its mechanical environment (Turner, 1992; Wolff, 2012; Schulte et al., 2013;
Gardinier et al.,, 2018). This mechanoadaptation process is fundamental for maintaining
bone structural and mechanical integrity, which differ with age and sex (Carriero et al,,
2021). Changes in mechanical loading influence the microarchitecture of trabeculae,
cortical porosity, and the external morphology of bone throughout all stages of life
(Carriero et al, 2011; Giorgi et al., 2014; Giorgi et al., 2015; Carriero et al, 2018;
Javaheri et al, 2018; Comellas et al, 2018; Zimmermann et al, 2025). Mechanical
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TABLE 1 Summary of the predicted fluid velocities from relevant studies on bone fluid flow modeling.

Type of study

First author and year

Predicted peak fluid velocity (hm/s)

Theoretical Computational and Analytical Modeling

Poroelastic
Finite Element (FE) Modeling

Zhou et al. (2008)

8 x 10* nm/s

Wu et al. (2013)

van Tol et al. (2020)

60 nm/s

2 x 10° nm/s

Fu et al. (2024)

2 x 10* nm/s

Fornells et al. (2007) 20 nm/s
Goulet et al. (2009) 24 nm/s
Pereira et al. (2015) 150 nm/s

Fan et al. (2016)

1.84 x 10°> nm/s

Carriero et al. (2018) 100 nm/s
Gatti et al. (2018) 20 nm/s
Yu et al. (2019) 80 nm/s
Wu et al. (2020) 20 nm/s
Gatti et al. (2021) 20 nm/s
Wang et al. (2022) 130 nm/s
Yu et al. (2023) 80 nm/s
Yu et al. (2025) 600 nm/s

Computational Fluid Dynamics (CFD) Simulations

Kamioka et al. (2012)

Schurman et al. (2021)

2.5 x 10° nm/s

8 x 10° nm/s

Wang et al. (2022)

Niroobakhsh et al. (2024)

5 x 10° nm/s

2.69 x 10° nm/s

Fluid-Structure Interactions (FSI) Simulations

Verbruggen et al. (2014)
Vaughan et al. (2015)
Verbruggen et al. (2016)

Joukar et al. (2016)

3.257 x 10° nm/s
2 x 10* nm/s
2.381 x 10° nm/s

7 x 10* nm/s

Ganesh et al. (2020)

Gupta et al. (2024)

2.355 x 10° nm/s

4 x 10° nm/s

loading within physiological ranges stimulates bone formation
(Jones et al., 1977; Ducher et al, 2009; Sugiyama et al., 2010;
Schulte et al., 2013; Carriero et al., 2018; Javaheri et al., 2018;
Suniaga et al., 2018; Meslier et al., 2022), while insufficient load
and disuse leads to bone resorption and loss (Uhthoff and Jaworski,
1978; Bloomfield, 1997; LeBlanc et al., 2000; Sievanen, 2010;
Armbrecht et al, 2011; Rolvien and Amling, 2022). Osteocytes,
the most numerous cells in bone, are the bone mechanosensors: they
perceive and react to mechanical forces applied on the bone (Burger
et al., 1995; Klein-Nulend et al., 1995; Burger and Klein-Nulend,
1999; Zaman et al., 1999). Originally osteoblasts, these cells are
encased during mineralization in the bone matrix within small
spaces known as lacunae. During this process, osteocytes extend
long cellular processes that connect with other cells through tiny,
fluid-filled channels called canaliculi. Extensive studies have
identified fluid flow through the lacunar—canalicular network
(LCN) during mechanical loading as the principal stimulus
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driving their mechanoadaptive response (Piekarski and Munro,
1977; Weinbaum et al., 1994; You et al., 2001; McGarry et al.,
2005; Fritton and Weinbaum, 2009; Carriero et al., 2018; Pathak
et al., 2020).

Despite current technological advancements, accurately
quantifying fluid flow within bone in vivo remains a significant
challenge because of the small dimensions of its canalicular porosity
and dense nature of its tissue. As a result, for nearly 30 years, much
of the research in this area has heavily relied on theoretical and
computational modeling. Table 1 presents predicted fluid velocities
from relevant studies on load-driven interstitial fluid flow in bone,
while Supplementary Table SI provides details of each study. A
groundbreaking contribution by Weinbaum et al. (1994)
transformed the bone field by proposing that osteocytes sense
mechanical loading not through direct detection of matrix strain,
but through load-driven convective interstitial fluid flow within the
LCN that generates shear stresses on their dendritic processes. This

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1639788

Mufioz et al.

hypothesis marked a significant paradigm shift, from viewing
osteocytes as strain detectors embedded in the mineralized
matrix, to recognizing them as flow sensors responsive to load-
driven fluid flow. Their analytical framework, based on Biot’s theory
of poroelasticity, established a theoretical foundation that connects
macroscale bone deformation to microscale fluid-induced shear
stresses around the osteocyte body and canaliculi. A central
component of this model was the idea that the canalicular pore
space is not empty but filled with a proteoglycan-rich matrix, which
increases drag forces and plays a key role in modulating fluid flow
and shear forces. Building on these foundations, many researchers
have investigated the interstitial fluid dynamics within bone under
mechanical loading (Table 1; Supplementary Table S1).
Numerous studies have adopted poroelastic finite element (FE)
modeling to explore convective fluid flow in bone (Fornells et al.,
2007; Goulet et al., 2009; Pereira et al., 2015; Fan et al., 2016; Gatti
etal., 2018; Carriero et al., 2018; Yu et al., 2019; Wu et al., 2020; Gatti
etal., 2021; Wang et al., 2022; Yu et al., 2023; Yu et al,, 2025). These
models treat bone as a homogeneous fluid-saturated porous
medium, defined by tissue properties of the solid (ie., mass
density, elastic properties, porosity and permeability) and fluid
phases (ie, mass density, dynamic viscosity, modulus of
FE models
convection-driven fluid-flow dynamics within the solid porous

compressibility).  Poroelastic characterize the
structure via an averaging process within a Representative
Elementary Volume (REV). Poroelastic FE models at different
REV length scales have been developed to study the interstitial
fluid-flow at the vascular porosity and the LCN levels. However,
microarchitectural details of the LCN morphology (i.e., lacuna/
canaliculi size, shape, tortuosity, etc.) are not explicitly taken into
account, but rather described by averaged properties within the
REV. This approach is well suited for modeling fluid flow in the LCN
whenever high-resolution images of the LCN are not available, or big
volumes of bone are considered.

More recently, several studies have integrated the morphology of
the LCN into FE modeling by using idealized geometries of lacuna,
canaliculi and osteocytes (Anderson et al., 2005; Kamioka et al.,
2012; Verbruggen et al,, 2014; Vaughan et al,, 2015; Verbruggen
et al., 2016; Joukar et al., 2016; Ganesh et al., 2020; Schurman et al.,
2021; Wang et al., 2022; Barber et al., 2023; Niroobakhsh et al.,
2024). The dynamics of the solid phase is solved using a structural
mechanics FE approach, and the fluid phase using Computational
Fluid Dynamics (CFD), which are often coupled with a solid
interface into a Fluid-Structure Interaction (FSI) numerical
solution. However, only in the last decade it has become feasible
to simulate fluid flow at the scale of individual osteocytes,
incorporating their detailed geometry and cellular processes
(Table 1; Supplementary Table S1). This has been enabled by
advances in high-resolution imaging (i.e., confocal laser scanning
and FIB-SEM),
computational

microscopy, synchrotron nanotomography

biological = understanding, and modeling
techniques, such as FSI modeling. Verbruggen et al. (2014) were
the first to make an FSI model to simulate the mechanical
environment of single osteocytes, integrating bone deformation
with interstitial fluid flow around the cell embedded in the
mineralized matrix. This approach has since been adopted and
further refined by other researchers (Vaughan et al, 2015;

Verbruggen et al., 2016; Joukar et al.,, 2016; Ganesh et al., 2020;
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Wang et al., 2022; Barber et al., 2023; Niroobakhsh et al., 2024)
(Table 1; Supplementary Table S1). These models facilitate the
controlled manipulation of LCN microstructural variables, such
as lacunar morphology and canalicular tortuosity, to examine
their effects on fluid flow, and cellular and bone mechanics. This
makes FSI modeling a valuable approach for studying how age- and
in LCN
mechanosensation and bone adaptation (Okada et al., 2002; Tate
et al., 2004; van Hove et al., 2009; Carter et al., 2013; Carriero et al.,
2014; Lai et al., 2015; Ashique et al., 2017; Tiede-Lewis et al., 2017;
Heveran et al., 2019; Schurman et al., 2021).

Despite the increasing application of numerical modeling to

disease-related changes structure affect osteocyte

characterize fluid flow at the LCN microstructural level in bone, a
notable and unaddressed discrepancy persists in the predicted fluid
velocities (Table 1; Supplementary Table S1). Poroelastic FE models
predict interstitial fluid velocities in the nanometer-per-second
range, that LCN
microstructure, such as CFD and FSI, often report fluid velocities

while models explicitly ~simulate the
that are three to four orders of magnitude higher, generally in the
micrometer-per-second range. This mismatch in results has received
very little attention so far in the field, but needs to be addresses in
order interstitial fluid flow and

mechanosensing in bone. In this study, we investigated the

to properly understand

reasons for this discrepancy by developing an FSI model of a
single osteocyte embedded in the mineralized matrix and
systematically varying the boundary conditions to understand
how loading-induced convection can be realistically captured at
the LCN microscale. This knowledge will

osteocyte  mechanobiology

enhance our
understanding  of and bone

mechanoadaptation.

2 Methods

2.1 Parametric models of bone-
fluid-osteocyte

An idealized model of a single osteocyte within a bone block
surrounded by a fluid layer was developed using SolidWorks. The
model consists of three components: the ECM with a lacuna, the
pericellular fluid, and the osteocyte (Figure 1A), similarly to the one
used by Verbruggen et al. (2014). The ECM is modeled as a cubic
structure surrounding the cell, with perilacunar fluid between them.
The osteocyte and its lacuna have a minor-to-major axis ratio of A =
0.6, representing realistic lacuna size (Carriero et al., 2014). The
osteocyte within each lacuna was shaped to match the lacuna
morphology, creating a surrounding pericellular interstitial fluid
layer that is 0.75 pm thick (Cardoso et al., 2013). The osteocyte has
ten star-shaped processes, modeled as cylinders with a diameter of
0.6 um (Cardoso et al., 2013). Six processes are aligned along the
lacunar axes in three-dimensional space, while the other four are
arranged in a star-like pattern at 45° angles in a single plane
(Figure 1A). A fillet was included at the junction between the cell
body and processes to create a smooth transition from the
environment around the cell body to the processes, mimicking
the natural curvature of biological structures, which typically
lacks sharp edges (Currey, 2002). This gradual change in
diameter helps avoid stress concentrations at the processes and
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FIGURE 1

Parametric model of bone ECM-fluid-osteocyte cell and its boundary conditions used in the study. (A) The model consists of the bone ECM (gray),
interstitial fluid (blue), and osteocyte cell (yellow). (B) The loading and boundary conditions applied to the three components of the model include: 1) a
pore pressure applied on the inlet canaliculi (brown triangles, all the remaining canaliculi are outputs) using a sigmoid function with varying pressure
values (1E-11 Pa, 5E-6 Pa, 0.5 Pa, 1 Pa, 50 Pa, and 100 Pa); 2) a full symmetrical compressive cycle lasting 0.5 s with amplitudes of O pe, 1,000 pe, or
3,000 pe (or 0%, 0.1%, or 0.3% strain, respectively, in magenta arrow) applied symmetrically on the top and bottom faces of the model; 3) restricted nodes
in the middle of the bone and cell (green surfaces in bone block and cell sections); and 4) pinned canaliculi positioned perpendicular to the lacunar major

axis (red line).

canaliculi connections to the cell body and bone matrix (block). The
canaliculi were formed by offsetting the processes by 0.08 pm,
creating the pericanalicular fluid space around the processes,
which connects to the fluid space around the cell body (Cardoso
etal,, 2013). The body was then exported to Abaqus (v6.14, Simulia),
where it was meshed with tetrahedral elements and refinements. To
improve accuracy around the cell processes, partitioning and local
seeding were applied. This approach created a fine mesh around the
cell processes and surrounding fluid, while maintaining a coarser
mesh in the rest of the structure, resulting in a model containing
5,286,203 tetrahedral elements in total.

2.2 Material properties

The bone ECM and osteocyte cells were modeled as linear
elastic, isotropic materials. The elastic modulus (E) and Poisson’s
ratio (v) for the bone ECM were set to 17 GPa and 0.32, respectively,
while for the osteocyte cell, they were set to 4.47 kPa and 0.3,
respectively (Choi et al., 1990; Sugawara et al., 2008). Since no
experimental data is available to accurately define the mechanical
properties of the interstitial fluid, it was approximated as salted
water with a density (p) of 1,000 kg/m*® and a dynamic viscosity (j)
of 0.001 Pa*s (Verbruggen et al., 2014).

2.3 Loading and boundary conditions
The CFD component of the FSI simulation requires the

definition of inlet and outlet boundary conditions, which in
previous FSI studies has typically been of 300 Pa at the inlet and
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0 Pa at the outlet (Verbruggen et al,, 2014; Vaughan et al., 2015;
Verbruggen et al.,, 2016; Joukar et al., 2016; Ganesh et al., 2020;
Wang et al,, 2022; Barber et al., 2023; Niroobakhsh et al., 2024).
Here, we examine the effect of this imposed pore pressure
gradient on the interstitial fluid velocity around the cell by
incrementally adjusting the pore pressure values at the fluid
inlet and outlet faces. Pressure gradients of P, = 1E-11 Pa,
P, = 5E-6 Pa, P, = 0.5 Pa, P; = 1 Pa, P, = 50 Pa, or P5 =
100 Pa were applied between the inlet and outlet faces of the
canaliculi in the fluid domain. In addition, a 1 Hz sinusoidal
displacement boundary condition with peak amplitudes of 0 pe,
1,000 pe and 3,000 pe (corresponding to 0%, 0.1%, and 0.3%
strain, respectively) was applied and analyzed during the first
0.5 s half-cycle of loading (Figure 1B). These pressure gradients
were applied to simulate fluid flow ranging from an extremely low
pressure (near zero) up to higher pressure values comparable to
those used in the osteocyte FSI models listed in Table 1 and in
Supplementary Table S1. The FSI pressure gradients were applied
using a sigmoid function to ensure a smooth and gradual increase
in the pressure difference between the inlet and outlet, avoiding
abrupt changes in fluid velocity that could result from a sudden
application of the pressure gradient. The vertical top and bottom
canaliculi were considered as the inlet, and the rest of the
canaliculi were the outlets. The displacement was applied on
the top and bottom surfaces of the model, which included the
ECM, canaliculi and dendrites. Given that the osteocyte’s long
axis typically aligns with the bone’s longitudinal axis (Vatsa et al.,
2008; van Hove et al., 2009; Carriero et al., 2014), the applied
mechanical load was directed along the major axis of the osteocyte
ellipsoid to replicate physiological loading conditions. To constrain
movement, nodes at the center of both the bone and cell were
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restricted in the plane perpendicular to the load direction (Z-axis),
while the nodes located at the midpoint of the canaliculi oriented
perpendicular to the lacunar major axis (also along the Z-axis,
Figure 1B) were fixed. The dendritic processes of the cell remained
unconstrained and free to move.

Maintaining the same boundary conditions, an additional
simulation was performed in which a uniaxial sinusoidal
displacement of +1,000 pe (0.1% at f = 1 Hz) was applied to the
top and bottom surfaces of the bone for 10 s, along with a constant
pressure gradient of 1E-11 Pa between the inlet and outlet canaliculi.
This setup aimed to replicate the dynamic, repetitive forces
experienced by bones during daily activities such as walking or
running. This arrangement allows us to analyze fluid dynamics
across various regions of the model over an extended period and to
determine when the system reaches a steady state—defined here as
the point at which the flow field stabilizes into a repeatable, cycle-to-
cycle pattern.

2.4 FSI coupling

An FSI approach was employed using a co-simulation
which  Abaqus/Standard addressed the
mechanical behavior of the osteocyte and surrounding bone

framework in

matrix, while Abaqus/CFD concurrently solved the fluid
dynamics within the lacunar-canalicular interstitial fluid space.
The pericellular fluid was modeled as an incompressible
Newtonian fluid governed by the Navier-Stokes equations,
while the deformation of the solid components followed linear
elastic theory. The interfaces between the osteocyte and the
surrounding fluid layer, as well as between the fluid layer and
the solid bone matrix, act as fluid-structure interaction coupling
surfaces, enabling a two-way communication. Fluid-driven
forces, such as pressure and shear stress, influence the
deformation of both the cell and the surrounding matrix,
while these structures, in turn, modify the local fluid flow and
that the
deformation of the bone matrix produces fluid movement that

pressure with their deformations. This means
further deforms the osteocyte, and the osteocyte’s own
additional

parametric models, these interaction surfaces were idealized in

deformation generated fluid motion. In our
the geometry and did not incorporate structural features like
tethering fibers or integrin attachments. The coupled solver
maintained dynamic consistency between both domains
during each simulation step. To ensure numerical stability and
accuracy at the interface, a small initial time increment of 5.1E-8 s
was used, enabling efficient communication between the fluid

and structural components at each timestep.

2.5 Analysis and post-processing

2.5.1 Influence of bone strain and imposed
pressure gradient on interstitial fluid flow dynamics
Interstitial fluid flow dynamics resulting from applied strain
and imposed pressure gradients were evaluated at the inlet
canaliculus (Figure 1, vertically oriented at the top and aligned
in the direction of the Y-axis) and in one of the outlet canaliculi
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(Figure 1, horizontally oriented at the middle and aligned in the
direction of the X-axis). The temporal variation in the annular
cross-sectional area perpendicular to the fluid flow direction at
both the inlet (A;(t)) and outlet (A,(t)) canaliculi was assessed by
averaging the values of the first 6,000 elements of the inlet and the
last 6,000 elements of the outlet. Then, we investigated how the
compression of the fluid space generates a pressure gradient,
which drives fluid flow—the core of convective flow—along the
inlet (VP;(t)) and outlet (VP,(t)) canaliculi. At each canaliculus,
the pressure gradients were calculated over time by measuring
the pressure difference between the first and last 6,000 nodes of
each canaliculus. Also, the fluid velocity components along the
direction of the flow were analyzed for both the inlet (V;(t)) and
outlet (Vy,(t)) canaliculi, i.e., the direction of flow was along the
Y-axis at the inlet and the X-axis at the outlet.

A further analysis of the percentage change in the average and
peak fluid velocity along the flow direction (|Vy;|™*" and [V, ;| ™
at the inlet and |Vyo|™* and |V, |™* at the outlet) was
performed for each pore pressure condition and imposed
loading. To achieve this, each parameter value corresponding
to incremental pore pressure levels was normalized to the value
obtained at a strain of 1,000 pe. The normalized velocities at 0 e
and 3,000 pe were then compared across pore pressure conditions
to assess how mechanical loading influences fluid velocity in
presence of different pressure gradients.

2.5.2 Pressure along the inlet canaliculus under
varying pore pressure conditions

The normalized pressure along the inlet canaliculus (P;(y)) was
analyzed and compared at the last instance of applied loading across
models, revealing information on pore pressure magnitude and its
distribution along the canaliculus.

2.5.3 Temporal evolution of fluid velocity in
convection and imposed pressure-driven flow

The temporal evolution of fluid velocity was examined in the
inlet canaliculus to determine the effect of load-driven flow
(convection) versus pressure-driven flow imposed by the CFD
boundary condition. This was carried out using the P, model, in
which fluid flow is entirely driven by convection, and the P, model,
which applies the lowest imposed pressure among all imposed
pressure-driven flow models, resulting in flow governed solely by
the pressure gradient.

2.5.4 Temporal evolution of fluid flow in response
to cyclic loading

For the 10-second simulation run with 1E-11 Pa and +1,000 pe,
oscillations in fluid velocity of the convective fluid flow at specific
nodes at the beginning and end of the inlet canaliculus, the end of
the diagonal canaliculus, and the beginning and end of the outlet
canaliculus were examined over time to understand the progression
of fluid flow through the model and
stability—defined as the point when convective fluid flow from

to assess when
the inlet canaliculus fully propagates to the ends of all outlet
canaliculi—is reached. In addition, interstitial fluid velocity maps
and principal strain maps of the osteocyte at different time points
were generated to gain deeper insight into the interaction between
the fluid and solid phases.
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FIGURE 2

Influence of ECM strain and pore pressure on canalicular fluid dynamics at the inlet and outlet. (A) Temporal changes in the cross-sectional area at

the inlet canaliculus show how ECM strain compresses the fluid space, with the degree of narrowing dependent on loading amplitude across all pressure
conditions. (B) Pressure gradients along the inlet canaliculus vary with time and correlate with area changes only under the zero-pressure condition (Pg).
In the P;_s models, gradients are dictated by imposed pore pressure. (C) Fluid velocity at the inlet along the direction of the canaliculi (negative Y

direction) fluctuates with loading in Po model, reversing direction as pressure increases and decreases. In contrast, in P;_s models, velocity magnitude
steadily increases and flows unidirectionally (in the negative direction of the Y-axis), unaffected by loading. (D) At the outlet canaliculus, ECM compression
along the Y-axis reduces cross-sectional area over time in all models, with changes influenced by loading conditions on bone. (E) Pressure gradients
along the outlet increase with ECM deformation in all models. (F) In the Po ; models, fluid velocity at the outlet canaliculi oscillates (in the X direction) with
bone deformation—flowing outward during compression and reversing during strain release. In the P,_s models, velocity increases steadily, driven solely

by the imposed inlet pressure.

3 Results

3.1 Influence of bone strain and imposed
pressure gradient on interstitial fluid
flow dynamics

Figure 2 illustrates how ECM strain and pore pressure influence
fluid dynamics at both the inlet and outlet canaliculi. At the inlet, the
applied strain on the bone causes lateral expansion in the X
direction, compressing the fluid space and reducing the
canalicular cross-sectional area (AA;) across all pore pressure
conditions (Figure 2A). The extent of this area reduction
increases with the loading amplitude (0 pe, 1,000 pe and
3,000 pe) applied on bone. This areal compression induces a
(VP;) along the

canaliculus, which aligns with changes in cross-sectional area

time-dependent pressure gradient inlet
only with zero-pressure (Py) (Figure 2B). In contrast, when a
higher external pore pressure is applied (P;_s), the pressure
gradient is dominated by the imposed CFD boundary pressure
condition, and mechanical loading does not influence the

interstitial fluid pressure distribution. Under the P, condition,
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fluid velocity along the canaliculus (Vy;) also varies over time
(Figure 2C). As the compression cycle begins and the ECM
expands in the X direction, increasing internal pressure, the
velocity magnitude in the Y direction increases as the fluid is
pushed along the canaliculus to relieve the pressure, reaching
peak fluid velocity magnitude values of ~250 nm/s. Once the
strain amplitude peaks and begins to decline, the internal
pressure also drops, and the fluid flow reverses, shifting back
along the positive Y direction, reaching once again peak fluid
velocity magnitude values of ~250 nm/s. This pattern is not
observed in the models P; s, where the fluid velocity magnitude
increases with the imposed pressure buildup at the inlet,
independent of the applied loading to the bone matrix phase,
reaching peak fluid velocity magnitude values up to 400 pm/s. In
these cases, the fluid consistently flows in the Y direction, driven by
the externally applied pressure gradient, as the interstitial fluid
continuously attempts to exit the canaliculi to alleviate the
high pressure.

On the outlet canaliculus, instead, the applied loading influences
all models, as the bone undergoes compression along the Y direction
and only minimal expansion in the perpendicular Z direction. This
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FIGURE 3

Variation in average and peak fluid velocities at the inlet and outlet canaliculi with different loading conditions normalized for fluid velocity at

1,000 pe. Normalized (a) average and (b) peak fluid velocity at the inlet canaliculus under different pressure gradients and strain levels. Normalized (c)
average and (d) peak fluid velocity at the outlet canaliculus under various pressure gradients and strain levels. The Po model is the only one where fluid
velocities are solely influenced by mechanical loading (convection). Both at inlet and outlet, the P, model shows a three-fold increase in velocity
when triplicating the increase in tissue strain. The Py model of low pressure demonstrates convective flow solely at the outlet canaliculus with same three-
fold increase in velocity when triplicating the strain. The other pressure models with pressure >0.5 Pa show minimal sensitivity to mechanical loading,
displaying varying velocity responses with only up to 36% increase when triplicating.

results in a time-dependent reduction of the canalicular cross-sectional
area (AA,), with the extent of change varying according to the loading
conditions on the bone (Figure 2D). In this context, ECM deformation
leads to an increase in the pressure gradient (VP,) along the outlet
canaliculus with all the pressure gradients modeled (Figure 2E).
However, fluctuations in fluid velocity along the flow direction are
observed only in the Py; conditions, where velocity in the X direction
(Vy,0) becomes positive during bone compression as the fluid attempts
to exit the canaliculus, reaching peak fluid velocity magnitude values
~150 nm/s. The fluid flow then reverses toward the cell body during the
unloading phase of the cycle on bone, reaching peak fluid velocity
magnitude values of ~100 nm/s. In contrast, in the P, 5 models, the
velocity continuously increases as the imposed pressure at the inlet
progressively builds up, regardless of the applied mechanical loading,
reaching peak fluid velocity magnitude values up to 7 um/s (Figure 2F).
These results suggest that when minimal pressure (Py) is applied,
mechanical loading alone is sufficient to drive convective fluid flow
throughout the entire model. Introducing a very small imposed pressure
(P;) still allows convective flow, but only at the outlet canaliculus. This
partial response may be due to the fact that the imposed pressure in the
P; model is comparable in magnitude to the loading-induced pressure
changes, allowing localized pressure gradients to develop primarily at
the outlet. In contrast, high imposed pressures (P, 5) override the effects
of mechanical loading, preventing load-driven convection anywhere in
the model. As a result, fluid velocities in the inlet (Vy;) in the Py and P,
models are in the order of 100-500 nm/s, while in the P,~P5 models
they reach 100-500 um/s—approximately 1,000 times higher.

Figure 3 shows the variations in both average and peak fluid
velocities along the flow direction at the inlet and outlet canaliculi
across the different loading and boundary conditions. For each level
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of imposed pore pressure, velocity values were normalized to those
obtained at 1,000 pe loading, and percentage changes were
calculated at 0 pe and 3,000 pe.

When negligible pressure is applied at the inlet (Py), fluid velocity at
both the inlet and outlet remains very close to zero magnitude in the
absence of loading. Under very low pressure conditions (P, and P;),
increases in average and peak fluid velocity are noticeable at 1,000 e,
although only at the outlet canaliculi in the P; model, with gains of up to
86%, driven entirely by mechanical loading and convection. When a
3,000 pe displacement is applied, the increase reaches up to 232% at the
inlet in the Py model, and up to 207% at the outlet in the low-pressure P,
model. In contrast, in models P, to Ps, the increase in fluid velocity from
0 pe to 1,000 pe to 3,000 pe is modest—reaching only up to 36% at the
inlet and 28% at the outlet (as observed in Pj).

Overall, the Py model was the only one that clearly exhibited
loading magnitude dependent effects on the lacunar-canalicular fluid
flow velocity across the whole model. When the applied strain on the
whole model was tripled, the fluid velocity in the LCN increased by
approximately three times the original values (a rise of about 200%).

3.2 Pressure gradient along the inlet
canaliculus under varying boundary
conditions

The spatial distribution of the normalized pressure along the
inlet canaliculus at t = 0.5 s for models with varying loading and
boundary conditions are presented in Figure 4. Mechanical loading only
affects the pressure of the Py model. In the Ps model (as well as in the
P,-P, models, not shown in Figure 4), the high pressure applied
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FIGURE 4

Normalized pressure along the inlet canaliculus and its impact on fluid velocity at t = 0.5 s. In the Po model, the mechanical loading creates a pressure
wave that propagates through the canaliculus, resulting in a distributed pressure gradient (octant colormaps on the left) and uniform fluid velocities that
increase with the applied strain (octant colormaps on the right). In contrast, in the Ps model, the pressure dissipates quickly within the first micrometer,
leading to high velocities near the inlet and very low velocities throughout the rest of the model.

between the inlet and outlet faces exhibits a non-linear decay within the
first micrometer of the inlet canaliculus, leading to a pressure
distribution that is not uniform across the model and is insensitive
to mechanical loading (Figure 4). This high-pressure boundary
condition results in fluid velocities that are high near the inlet and
very small throughout the rest of the cell model, as shown in the inlet
canaliculus and octant colormaps for the Ps = 100 Pa model depicted in
Figure 4. In contrast, in the Py, model, the pressure along the inlet
canaliculus fluctuates, creating a wave generated by the compression
pulse that propagates through the canaliculus (Figure 4). The amplitude
of this wave is proportional to the applied strain magnitude, producing a
pressure gradient that is distributed throughout the model. As indicated
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by the Py model’s octant colormap in Figure 4, fluid velocities in this
case are similar in magnitude across the entire model (i.e., steady state),
and they increase proportionally with the applied strain.

3.3 Temporal evolution of fluid velocity in
convection and imposed pressure-
driven flow

The temporal evolution of fluid velocity highlights the
distinction between load-driven and pressure-driven flow.

Velocity profiles at the initial segment of the inlet canaliculus
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Bone interstitial fluid velocity magnitude and direction colormaps highlighting convection in Pq (load-driven flow) and absence in P, (imposed
pressure-dominated flow) across multiple timepoints. In the Po model, ECM deformation generates a velocity wave that propagates along the canaliculus
(t = 0-0.25 s), reversing with strain recovery (t = 0.3-0.5 s) as indicated by the arrow points. In contrast, the model P, shows continuous unidirectional
fluid flow driven solely by the imposed pressure gradient, with no evidence of load-induced convection

(shown in the colormaps of Figure 5 for both the Py and P, models
across multiple timepoints in the compressive cycle) reveal load-
induced fluid movement in the P, model that is absent in the P,
model, which applies the lowest pressure gradient among the
pressure-driven (non-convective) models. In the P, model,
canalicular compression due to ECM expansion generates a high-
velocity wave (indicated by the white arrows in the P, model at t =
0.15-0.25 s, Figure 5) that propagates along the canaliculus as the
interstitial fluid attempts to relieve pressure. This wave continues
until the compressive strain begins to reverse, at which point the
fluid flow changes direction and moves back toward the inlet as the
ECM returns to its original shape (P, model at t = 0.3 s, Figure 5).
This wave-like pattern is not observed in the P, model, where fluid
consistently flows outward throughout the cycle, driven solely by the
buildup of pressure from the imposed boundary condition at the
inlet (P, model at any timepoint, Figure 5).

3.4 Temporal evolution of fluid flow in
response to cyclic loading

The temporal evolution of fluid flow in response to cyclic
loading in a longer-duration simulation (t = 10 s) was conducted
to evaluate the time required for the system to reach a steady state -
defined as the moment when the convective flow initiated at the inlet
reaches the outlet region. The bone was subjected to cyclic loading
at +1,000 pe and 1 Hz to mimic daily physiological activity, using the
minimal pressure condition (P, model) to isolate flow generated
essentially by mechanical loading. As shown in Figure 6, fluid begins
flowing at the inlet from the onset of loading, reaching the end of the
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inlet canaliculus by 2 s the fluid flow along the diagonal canaliculus
does not reach the cell body until 5 s, and by 6 s the fluid begins to
circulate around the cell body and dissipate. Interstitial fluid flow
reaches the start of the outlet canaliculus at 8 s and the outlet
endpoint at 10 s. High fluid velocities are found in regions that also
experience large principal strains within the osteocyte, particularly
along the canaliculi, where strains can reach up to 3% (30,000 pe).

4 Discussion

This study offers a comprehensive understanding of the load-
induced convective fluid flow using an FSI model of a single
osteocyte to investigate the impact of imposed loading and
pressure gradient boundary conditions on fluid dynamics. Our
findings reveal that when high fluid pressure gradients are
imposed across the LCN models, the resulting fluid velocities
reach the micrometer-per-second range and show minimal
sensitivity to changes in the deformation of the surrounding
bone. In contrast, when the imposed pressure gradients are lower
than those generated by the deformation of the bone matrix walls,
the resulting fluid velocities are responsive to variations in
mechanical loading on bone with values falling within the
nanometer-per-second range that closely align with those
predicted by poroelastic FE models.

This study provides a detailed analysis of how boundary
conditions influence interstitial fluid dynamics within the
osteocyte microenvironment using FSI. Our findings indicate that
load-induced convective fluid flow — generated solely by the

deformation of the solid matrix during loading — occurs only
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Time to steady state of convective flow under cyclic loading. The progression of convective flow in the different canaliculi of the osteocyte under
cyclic loading (+1,000 pe, 1 Hz) applied with minimal pressure (Pg). The simulation shows that fluid initiates flow at the inlet at the onset of loading,
reaching the end of the inlet canaliculus by 2 s. Flow along the diagonal canaliculus takes 5 s to reach the cell body, and by 6 s, fluid begins circulating
around the cell body. At 8 s, flow reaches the start of the outlet canaliculus, and the flow reaches the outlet endpoint at 10 s. Regions of high fluid
velocity are co-located with areas of elevated principal strain in osteocytes, particularly within the canaliculi, where strain levels can reach up to

30,000 pe, or 3%.

under minimal imposed fluid pore pressures across the model, and
the resulting fluid velocities scale with the magnitude of applied
strain. To date, no FSI study of fluid flow in the osteocyte
microenvironment has provided evidence that increasing the
applied strain on the bone matrix leads to higher fluid velocities.
Unlike diffusion or pressure-driven flow, convection links
macroscopic bone tissue-scale deformations under mechanical
loading to localized interstitial fluid movement, shear stresses
within the LCN, deflection of tethering elements and adhesion
protein complexes involved in osteocytes mechanotransduction
(Weinbaum et al., 1994).

Our study here reveals that compressive loading leads to subtle
deformations of the solid matrix that in turn generates a convective
fluid pressure differences within the LCN of approximately 1E-7 Pa
between the beginning and end of the inlet, and around 2E-7 Pa
across the outlet canaliculi, during a 0.5 s compressive cycle at
3,000 pe. We found that applying inlet pressures above this level

Frontiers in Bioengineering and Biotechnology

10

(1E-7 Pa) decouples fluid motion from the surrounding matrix
deformation, making it governed entirely by the fluid pressure
boundary condition. Under these conditions, the contribution of
convective flow is effectively masked, as increasing the applied
strain threefold does not affect fluid velocity.

Prior FSI studies modeling interstitial fluid flow in the osteocyte
microenvironment have commonly applied a pressure drop of 300 Pa
between the inlet and outlet canalicular faces (Verbruggen et al., 2014;
Verbruggen et al., 2016; Joukar et al., 2016; Ganesh et al., 2020), based
on an earlier CFD study of a single lacuna and its canaliculi (Anderson
et al,, 2005). Although the original paper did not clearly justify the
choice of this specific value, subsequent FSI and CFD studies have
adopted it under the assumption that it represents a uniform pressure
gradient across the bone cross-section, resulting from tension and
compression generated on opposing sides of the bone during
mechanical loading (Zhang DJ. et al,, 1998; Zhang D. et al., 1998;
Manfredini et al., 1999; Steck et al., 2000; Steck et al., 2003; Tate, 2003;
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Wang et al., 2003; Fan et al., 2016; Wang et al., 2022). That said, the
presence of such pressure gradient, particularly around a single
osteocyte, has not been demonstrated experimentally, nor has it
been explicitly justified mathematically or computationally. Indeed,
fluid pressure within the bone is not uniformly transmitted from
endosteum to periosteum because the main pathway for interstitial
fluid pressure relaxation is through the vascular canals rather than
across the external bone surfaces (Otter et al., 1994; Wang et al., 1999;
Fornells et al., 2007; Fritton and Weinbaum, 2009; Gailani and Cowin,
2011; Cowin and Cardoso, 2015; Gatti et al., 2021). Moreover, during
bone loading, fluid entering the LCN from the vascular canals is
constrained by the osteon’s architecture: once it reaches the cement
line — which is mostly impermeable (Repp et al., 2017; van Tol et al.,
2020) — there is no path for the fluid to exit the osteon along the radial
direction. In some cases, canaliculi have been observed crossing the
cement line, though this appears to involve only a very small number
of them (Milovanovic et al., 2013; Repp et al., 2017). Consequently, in
many cases the only available route is to flow back toward the original
vascular canal, through neighboring lacuna and canaliculi, meaning
the pressure gradient should be minimal, as both source and sink are
essentially at the same pressure level. When osteocytes have canaliculi
that cross the cement line, they could generate higher pressure
gradients that influence fluid flow. However, because such cases
are rare, most studies treat the cement line as an impermeable
barrier (Supplementary Table SI). Since no FSI study of the
osteocyte microenvironment has shown a relationship between
applied strain and fluid velocity under such high imposed pressure
conditions, it is reasonable to conclude, based on the data here
presented, that a 300 Pa pressure drop covers any convective
effects, making them undetectable. Thus, caution must be used
when interpreting the results of previous CFD (Anderson et al,
2005; Schurman et al., 2021; Niroobakhsh et al, 2024) and FSI
(Verbruggen et al., 2014; Verbruggen et al, 2016; Joukar et al,
2016; Ganesh et al, 2020) studies using 300 Pa pressure drop
(Supplementary Table S1), as they do not represent the effect of
mechanical loading but of pressure gradient on interstitial fluid flow.

FSI and CFD models that resolve the LCN microstructure,
including lacunae and canaliculi, have predicted convective fluid
velocities that can differ by up to three orders of magnitude from
those estimated by poroelastic FE models, which predicts
convection-driven fluid flow in bone tissue approximated as a
homogenized porous medium (Table 1; Supplementary Table S1).
This stark mismatch between modeling approaches has, however,
received little critical attention in the field. Our data indicates that
load-induced convective fluid flow is characterized by very low
interstitial fluid velocities (in the order of nanometers-per-
second), which are consistent with values obtained using
poroelastic FE models. However, when pore pressures higher
than those generated by the mechanical deformation of the LCN
porosity space are applied, as done in previous FSI studies studying
the osteocyte microenvironment (Supplementary Table S1), fluid
velocities increase by two to three orders of magnitude, reaching
values in the micrometer-per-second range.

Our simulations further indicate that a time period of at least
10 s is necessary for the whole system of this specific osteocyte
model to reach a steady state. This duration ensures that the
convective fluid flow within the lacunar-canalicular network has
fully developed and stabilized across the whole model, allowing for
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accurate assessment of the flow dynamics experienced by the
osteocyte. During this initial period, transient phenomena such
as inertial oscillations dissipate, allowing the flow to settle into a
stable pattern that more accurately represents physiological
conditions. For studies aiming to analyze fluid flow throughout
the entire model — from inlet to outlet — it is important to apply
loading until steady state is achieved. In the case of the current
model, this corresponds to 10 s. During this period, principal strain
gradually develops throughout the osteocyte model, with the
highest values occurring in the dendritic processes, where fluid
velocities are also elevated. Strain levels reach up to 3%, consistent
with values reported in studies using digital image correlation on
confocal images of osteocytes subjected to physiological uniaxial
compression (up to 3,000 pe) (Verbruggen et al., 2015), further
supporting the validity of the models presented in this work.

like
approximations and simplifications to remain feasible while being

Computationally intensive models ours require
relevant, and this study is no exception. We simulate a single
idealized osteocyte with an idealized biaxial ellipsoidal shape and
10 canaliculi, thus focusing on a single unit of the LCN
microstructure rather than modeling a large bone segment, as is
common in poroelastic finite element models. Unlike multiscale
computational models, our localized model does not capture spatial
variations in fluid flow throughout the bone, which have been shown
to vary with direction and position within the bone (Zhou et al.,
2008). Furthermore, poroelastic multiscale models at the microscale
have demonstrated fluid velocity amplification relative to larger
scales — for example, Yu et al. (2025) reported velocities nearly ten
times higher but still comparable to those in our model (Table 1;
Supplementary Table S1). These examples show that combining
detailed cell-level interactions with larger-scale bone behavior by
incorporating FSI models of osteocyte microstructure into
multiscale models could provide valuable insights into bone fragility
and mechanobiology. While realistic geometries could introduce
localized regions of high pressure or velocity, they would also
significantly increase computational cost without altering the central
conclusions of this work. Fluid properties are approximated as those of
saline, and the model excludes the PCM fiber-filled matrix, tethering
elements, and integrin connections. While these simplifications may
influence the absolute magnitude of fluid flow, they do not affect the
relative outcomes across different pressure gradients and applied
displacements. These assumptions are commonly used in the
literature on FSI and CFD studies of osteocytes (Table I;
Supplementary Table S1), and do not diminish the relevance of our
models. Lastly, the model uses uniaxial sinusoidal loading, which
largely simplifies the complex, multiaxial, and time-varying
mechanical stimuli osteocytes likely experience in vivo during daily
activities such as walking or running. Future studies should incorporate
these more realistic loading conditions, as they could meaningfully
impact fluid flow patterns within the osteocyte microenvironment.
The single osteocyte FSI model originally developed by Verbruggen
et al. (2014) and widely adopted and modified by numerous researchers
in the past decade (Vaughan et al., 2015; Verbruggen et al., 2016; Joukar
et al,, 2016; Ganesh et al., 2020; Wang et al., 2022; Barber et al., 2023;
Niroobakhsh et al, 2024), marked a pioneering advancement in
computational bone mechanobiology, providing insights on the
interstitial fluid flow within the LCN in bone. FSI models of
individual their ~ microstructural

osteocytes incorporate
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features, offering a powerful computational tool to explore how
documented alterations in lacunar morphology associated with
aging and disease conditions (Okada et al., 2002; Tate et al., 2004;
van Hove et al., 2009; Carter et al., 2013; Carriero et al., 2014; Lai
etal., 2015; Ashique et al., 2017; Tiede-Lewis et al., 2017; Heveran
et al, 2019; Schurman et al, 2021) may affect bone
mechanosensation, mechanobiology, and fragility—phenomena
that remain difficult to examine experimentally due to the
embedded nature of these cells within the mineralized matrix.
Building on this approach, we recently extended our FSI framework
to simulate how disease-associated variations in lacunar shape influence
local mechanobiology and contribute to bone fragility (Munoz et al,
2025). To deepen our understanding of bone function, future models
must account for additional morphological complexities. Crucially, for
these models to yield biologically meaningful insights, they must
replicate fluid flow behavior that is both realistic and sensitive to
mechanical and structural conditions. Our data show that when the
applied pressure gradient exceeds the pore pressure from solid
deformation, fluid velocities are driven solely by the gradient,
remaining in the micrometer-per-second range and unaffected by
changes in the applied strain. On the other hand, when a pore
pressure boundary condition lower than the bone matrix stresses is
applied, bone interstitital fluid velocities become dependent on the
applied strain, aligning with experimental observations in bone
research. In this case, velocities remain in the nanometer-per-second
range, consistent with those predicted by poroelastic finite element
models. To more accurately capture load-driven convective flow and
avoid overestimating interstitial fluid movement, future FSI studies on
osteocyte mechanobiology should apply only minimal imposed
pressure gradients.

5 Conclusion

This that
convective fluid flow in the osteocyte microenvironment with FSI

study demonstrates simulating load-induced
models results in canalicular fluid velocities in the order of
nanometers-per-second. In contrast, imposing pressure gradients
that exceed those arising from matrix deformation produces fluid
velocities in the micrometer-per-second range and causes the flow to
become insensitive to mechanical loading. This analysis provides a
deeper understanding of the discrepancy in interstitial fluid
velocities reported by poroelastic FE models and FSI simulations.
Our study emphasizes the necessity of carefully selecting boundary
conditions in FSI simulations of single osteocytes to ensure accuracy
in modeling physiological conditions.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

AM: Data
Methodology, Validation, Visualization, Writing — original draft,

curation, Formal Analysis, Investigation,

Frontiers in Bioengineering and Biotechnology

12

10.3389/fbioe.2025.1639788

Writing - review and editing. AD: Investigation, Methodology,
Validation, Writing - original draft. LC: Conceptualization, Data
curation, Formal Analysis, Investigation, Methodology, Resources,
Validation, Visualization, Writing - review and editing. AC:
Conceptualization, Data curation, Formal Analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Validation,
Writing - original draft, Writing — review and editing.

Resources, Software, Supervision, Visualization,

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was supported
by the National Science Foundation (CBET 1829310) and Human
Frontier Science Program (RGP0023/2021). Alessandra Carriero
reports a relationship with National Science Foundation that
includes: funding grants. Alessandra Carriero reports a
relationship with Human Frontier Science Program that includes:

funding grants.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1639788/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2025.1639788/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1639788/full#supplementary-material
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1639788

Mufioz et al.

References

Anderson, E. J., Kaliyamoorthy, S., Iwan, J., Alexander, D., and Knothe Tate, M. L.
(2005). Nano-microscale models of periosteocytic flow show differences in stresses
imparted to cell body and processes. Ann. Biomed. Eng. 33 (1), 52-62. doi:10.1007/
510439-005-8962-y

Armbrecht, G., Belavy, D. L., Backstrom, M., Beller, G., Alexandre, C., Rizzoli, R., et al.
(2011). Trabecular and cortical bone density and architecture in women after 60 days of
bed rest using high-resolution pQCT: WISE 2005. J. Bone Min. Res. 26 (10), 2399-2410.
doi:10.1002/jbmr.482

Ashique, A., Hart, L., Thomas, C., Clement, J., Pivonka, P., Carter, Y., et al. (2017).
Lacunar-canalicular network in femoral cortical bone is reduced in aged women and is
predominantly due to a loss of canalicular porosity. Bone Rep. 7, 9-16. doi:10.1016/j.
bonr.2017.06.002

Barber, J., Manring, I, Boileau, S., and Zhu, L. D. (2023). Modeling and simulation of
flow-osteocyte interaction in a lacuno-canalicular network. Phys. Fluids 35 (9), 091910.
doi:10.1063/5.0165467

Bloomfield, S. A. (1997). Changes in musculoskeletal structure and function with
prolonged bed rest. Med. Sci. Sports Exerc 29 (2), 197-206. doi:10.1097/00005768-
199702000-00006

Burger, E. H., and Klein-Nulend, J. (1999). Mechanotransduction in bone--role of the
lacuno-canalicular network. FASEBJ. 13 (9001), S101-S112. doi:10.1096/fasebj.13.9001.
s101

Burger, E. H., Klein-Nulend, J., van der Plas, A., and Nijweide, P. J. (1995). Function of
osteocytes in bone--their role in mechanotransduction. J. Nutr. 125 (7 Suppl. 1),
2020S-2023S. doi:10.1093/jn/125.suppl_7.2020s

Cardoso, L., Fritton, S. P., Gailani, G., Benalla, M., and Cowin, S. C. (2013). Advances
in assessment of bone porosity, permeability and interstitial fluid flow. J. Biomech. 46
(2), 253-265. doi:10.1016/j.jbiomech.2012.10.025

Carriero, A., Jonkers, I, and Shefelbine, S. J. (2011). Mechanobiological prediction of
proximal femoral deformities in children with cerebral palsy. Comput. Methods
Biomech. Biomed. Engin 14 (3), 253-262. doi:10.1080/10255841003682505

Carriero, A., Doube, M., Vogt, M., Busse, B., Zustin, J., Levchuk, A., et al. (2014).
Altered lacunar and vascular porosity in osteogenesis imperfecta mouse bone as
revealed by synchrotron tomography contributes to bone fragility. Bone 61,
116-124. doi:10.1016/j.bone.2013.12.020

Carriero, A., Pereira, A., Wilson, A., Castagno, S., Javaheri, B., Pitsillides, A., et al.
(2018). Spatial relationship between bone formation and mechanical stimulus within
cortical bone: combining 3D fluorochrome mapping and poroelastic finite element
modelling. Bone Rep. 8, 72-80. doi:10.1016/j.bonr.2018.02.003

Carriero, A., Javaheri, B., Bassir Kazeruni, N., Pitsillides, A. A., and Shefelbine, S. J.
(2021). Age and sex differences in load-induced tibial cortical bone surface strain maps.
JBMR Plus 5 (3), €10467. doi:10.1002/jbm4.10467

Carter, Y., Thomas, C. D. L., Clement, J. G., and Cooper, D. M. (2013). Femoral
osteocyte lacunar density, volume and morphology in women across the lifespan.
J. Struct. Biol. 183 (3), 519-526. doi:10.1016/j.jsb.2013.07.004

Choi, K., Kuhn, J. L., Ciarelli, M. J., and Goldstein, S. A. (1990). The elastic moduli of
human subchondral, trabecular, and cortical bone tissue and the size-dependency of cortical
bone modulus. J. biomechanics 23 (11), 1103-1113. doi:10.1016/0021-9290(90)90003-1

Comellas, E., Carriero, A., Giorgi, M., Pereira, A., and Shefelbine, S. (2018). “Modeling
the influence of mechanics on biological growth,” in Numerical methods and advanced
simulation in Biomechanics and biological processes. Editors M. Cerrolaza,
S. J. Shefelbine, and D. Garzon-Alvarado (Elsevier), 17-35.

Cowin, S. C., and Cardoso, L. (2015). Blood and interstitial flow in the hierarchical
pore space architecture of bone tissue. J. biomechanics 48 (5), 842-854. doi:10.1016/j.
jbiomech.2014.12.013

Currey, J. D. (2002). Bones: structure and mechanics. New Jersey, United Kingdom:
Princeton University Press.

Ducher, G., Daly, R. M., and Bass, S. L. (2009). Effects of repetitive loading on bone
mass and geometry in young male tennis players: a quantitative study using MRI. J. bone
mineral Res. 24 (10), 1686-1692. doi:10.1359/jbmr.090415

Fan, L., Pei, S., Lucas Lu, X., and Wang, L. (2016). A multiscale 3D finite element
analysis of fluid/solute transport in mechanically loaded bone. Bone Res. 4 (1),
16032-10. doi:10.1038/boneres.2016.32

Fornells, P., Garcia-Aznar, J. M., and Doblaré, M. (2007). A finite element dual
porosity approach to model deformation-induced fluid flow in cortical bone. Ann.
Biomed. Eng. 35, 1687-1698. doi:10.1007/s10439-007-9351-5

Fritton, S. P., and Weinbaum, S. (2009). Fluid and solute transport in bone: flow-
induced mechanotransduction. Annu. Rev. Fluid Mech. 41, 347-374. doi:10.1146/
annurev.fluid.010908.165136

Fu, R. S, and Yang, H. S. (2024). Effects of lacunocanalicular morphology and
network architecture on fluid dynamic environments of osteocytes and bone
mechanoresponses. Phys. Fluids 36 (12), 121915. doi:10.1063/5.0242900

Gailani, G., and Cowin, S. (2011). Ramp loading in Russian doll poroelasticity.
J. Mech. Phys. Solids 59 (1), 103-120. doi:10.1016/j.jmps.2010.09.001

Frontiers in Bioengineering and Biotechnology

13

10.3389/fbioe.2025.1639788

Ganesh, T., Laughrey, L. E., Niroobakhsh, M., and Lara-Castillo, N. (2020). Multiscale
finite element modeling of mechanical strains and fluid flow in osteocyte
lacunocanalicular system. Bone 137, 115328. doi:10.1016/j.bone.2020.115328

Gardinier, J. D., Rostami, N., Juliano, L., and Zhang, C. (2018). Bone adaptation in
response to treadmill exercise in young and adult mice. Bone Rep. 8,29-37. doi:10.1016/
j.bonr.2018.01.003

Gatti, V., Azoulay, E. M., and Fritton, S. P. (2018). Microstructural changes associated
with osteoporosis negatively affect loading-induced fluid flow around osteocytes in
cortical bone. J. Biomech. 66, 127-136. doi:10.1016/j.jbiomech.2017.11.011

Gatti, V., Gelbs, M. ]., Guerra, R. B., Gerber, M. B., and Fritton, S. P. (2021). Interstitial
fluid velocity is decreased around cortical bone vascular pores and depends on osteocyte
position in a rat model of disuse osteoporosis. Biomechanics Model. Mechanobiol. 20 (3),
1135-1146. doi:10.1007/s10237-021-01438-4

Giorgi, M., Carriero, A. Shefelbine, S. J, and Nowlan, N. C. (2014).
Mechanobiological simulations of prenatal joint morphogenesis. J. Biomech. 47 (5),
989-995. doi:10.1016/j.jbiomech.2014.01.002

Giorgi, M., Carriero, A., Shefelbine, S. J., and Nowlan, N. C. (2015). Effects of normal
and abnormal loading conditions on morphogenesis of the prenatal hip joint:
application to hip dysplasia. J. Biomech. 48 (12), 3390-3397. doi:10.1016/j.jbiomech.
2015.06.002

Goulet, G. C., Coombe, D., Martinuzzi, R. ., and Zernicke, R. F. (2009). Poroelastic
evaluation of fluid movement through the lacunocanalicular system. Ann. Biomed. Eng.
37 (7), 1390-1402. doi:10.1007/s10439-009-9706-1

Gupta, A, Saha, S., Das, A., and Chowdhury, A. R. (2024). Evaluating the influence on
osteocyte mechanobiology within the lacunar-canalicular system for varying lacunar
equancy and perilacunar elasticity: a multiscale fluid-structure interaction analysis.
J. Mech. Behav. Biomed. Mater. 160, 106767. doi:10.1016/j.jmbbm.2024.106767

Heveran, C. M., Schurman, C. A., Acevedo, C., Livingston, E. W., Howe, D., Schaible,
E. G, et al. (2019). Chronic kidney disease and aging differentially diminish bone
material and microarchitecture in C57Bl/6 mice. Bone 127, 91-103. doi:10.1016/j.bone.
2019.04.019

Javaheri, B., Carriero, A., Wood, M., De Souza, R., Lee, P. D., Shefelbine, S., et al.
(2018). Transient peak-strain matching partially recovers the age-impaired
mechanoadaptive cortical bone response. Sci. Rep. 8 (1), 6636. doi:10.1038/s41598-
018-25084-6

Jones, H. H., Priest, J. D., Hayes, W. C,, Tichenor, C. C, and Nagel, D. A. (1977).
Humeral hypertrophy in response to exercise. J. Bone Jt. Surg. Am. 59 (2), 204-208.
doi:10.2106/00004623-197759020-00012

Joukar, A., Niroomand-Oscuii, H., and Ghalichi, F. (2016). Numerical simulation of
osteocyte cell in response to directional mechanical loadings and mechanotransduction
analysis: Considering lacunar-canalicular interstitial fluid flow. Comput. Methods
Programs Biomed. 133, 133-141. doi:10.1016/j.cmpb.2016.05.019

Kamioka, H., Kameo, Y., Imai, Y., Bakker, A. D., Bacabac, R. G., Yamada, N, et al.
(2012). Microscale fluid flow analysis in a human osteocyte canaliculus using a realistic
high-resolution image-based three-dimensional model. Integr. Biol. (Camb). 4 (10),
1198-1206. doi:10.1039/c2ib20092a

Klein-Nulend, J., van der Plas, A., Semeins, C. M., Ajubi, N. E., Frangos, J. A,
Nijweide, P. J., et al. (1995). Sensitivity of osteocytes to biomechanical stress in vitro.
FASEB J. 9 (5), 441-445. doi:10.1096/fasebj.9.5.7896017

Lai, X., Price, C., Modla, S., Thompson, W. R., Caplan, J., Kirn-Safran, C. B,, et al.
(2015). The dependences of osteocyte network on bone compartment, age, and disease.
Bone Res. 3 (1), 15009. doi:10.1038/boneres.2015.9

LeBlanc, A., Schneider, V., Shackelford, L., West, S., Oganov, V., Bakulin, A., et al.
(2000). Bone mineral and lean tissue loss after long duration space flight.
J. Musculoskelet. Neuronal Interact. 1 (2), 157-160.

Manfredini, P., Cocchetti, G., Maier, G., Redaelli, A., and Montevecchi, F. M. (1999).
Poroelastic finite element analysis of a bone specimen under cyclic loading. J. Biomech.
32 (2), 135-144. doi:10.1016/s0021-9290(98)00162-6

McGarry, J. G., Klein-Nulend, J., Mullender, M. G., and Prendergast, P. J. (2005). A
comparison of strain and fluid shear stress in stimulating bone cell responses--a
computational and experimental study. FASEB J. 19 (3), 1-22. doi:10.1096/1j.04-2210fje

Meslier, Q. A., DiMauro, N., Somanchi, P., Nano, S., and Shefelbine, S. J. (2022).
Manipulating load-induced fluid flow in vivo to promote bone adaptation. Bone 165,
116547. doi:10.1016/j.bone.2022.116547

Milovanovic, P., Zimmermann, E. A., Hahn, M., Djonic, D., Puschel, K., Djuric, M.,
et al. (2013). Osteocytic canalicular networks: morphological implications for altered
mechanosensitivity. ACS Nano 7 (9), 7542-7551. doi:10.1021/nn401360u

Muiioz, A., De Paolis, A., Cardoso, L., and Carriero, A. (2025). Osteocyte-lacuna
shape and canaliculi architecture dictate fluid flow around osteocyte, and strain of cell
and bone matrix: implications for cell mechanobiology and bone fragility. Bone. doi:10.
1016/j.bone.2025.117613

Niroobakhsh, M., Laughrey, L. E., Dallas, S. L., Johnson, M. L., and Ganesh, T. (2024).
Computational modeling based on confocal imaging predicts changes in osteocyte and

frontiersin.org


https://doi.org/10.1007/s10439-005-8962-y
https://doi.org/10.1007/s10439-005-8962-y
https://doi.org/10.1002/jbmr.482
https://doi.org/10.1016/j.bonr.2017.06.002
https://doi.org/10.1016/j.bonr.2017.06.002
https://doi.org/10.1063/5.0165467
https://doi.org/10.1097/00005768-199702000-00006
https://doi.org/10.1097/00005768-199702000-00006
https://doi.org/10.1096/fasebj.13.9001.s101
https://doi.org/10.1096/fasebj.13.9001.s101
https://doi.org/10.1093/jn/125.suppl_7.2020s
https://doi.org/10.1016/j.jbiomech.2012.10.025
https://doi.org/10.1080/10255841003682505
https://doi.org/10.1016/j.bone.2013.12.020
https://doi.org/10.1016/j.bonr.2018.02.003
https://doi.org/10.1002/jbm4.10467
https://doi.org/10.1016/j.jsb.2013.07.004
https://doi.org/10.1016/0021-9290(90)90003-l
https://doi.org/10.1016/j.jbiomech.2014.12.013
https://doi.org/10.1016/j.jbiomech.2014.12.013
https://doi.org/10.1359/jbmr.090415
https://doi.org/10.1038/boneres.2016.32
https://doi.org/10.1007/s10439-007-9351-5
https://doi.org/10.1146/annurev.fluid.010908.165136
https://doi.org/10.1146/annurev.fluid.010908.165136
https://doi.org/10.1063/5.0242900
https://doi.org/10.1016/j.jmps.2010.09.001
https://doi.org/10.1016/j.bone.2020.115328
https://doi.org/10.1016/j.bonr.2018.01.003
https://doi.org/10.1016/j.bonr.2018.01.003
https://doi.org/10.1016/j.jbiomech.2017.11.011
https://doi.org/10.1007/s10237-021-01438-4
https://doi.org/10.1016/j.jbiomech.2014.01.002
https://doi.org/10.1016/j.jbiomech.2015.06.002
https://doi.org/10.1016/j.jbiomech.2015.06.002
https://doi.org/10.1007/s10439-009-9706-1
https://doi.org/10.1016/j.jmbbm.2024.106767
https://doi.org/10.1016/j.bone.2019.04.019
https://doi.org/10.1016/j.bone.2019.04.019
https://doi.org/10.1038/s41598-018-25084-6
https://doi.org/10.1038/s41598-018-25084-6
https://doi.org/10.2106/00004623-197759020-00012
https://doi.org/10.1016/j.cmpb.2016.05.019
https://doi.org/10.1039/c2ib20092a
https://doi.org/10.1096/fasebj.9.5.7896017
https://doi.org/10.1038/boneres.2015.9
https://doi.org/10.1016/s0021-9290(98)00162-6
https://doi.org/10.1096/fj.04-2210fje
https://doi.org/10.1016/j.bone.2022.116547
https://doi.org/10.1021/nn401360u
https://doi.org/10.1016/j.bone.2025.117613
https://doi.org/10.1016/j.bone.2025.117613
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1639788

Mufioz et al.

dendrite shear stress due to canalicular loss with aging. Biomechanics Model.
Mechanobiol. 23 (1), 129-143. do0i:10.1007/s10237-023-01763-w

Okada, S., Yoshida, S., Ashrafi, S. H., and Schraufnagel, D. E. (2002). The canalicular
structure of compact bone in the rat at different ages. Microsc. Microanal. 8 (2),
104-115. doi:10.1017/s1431927601020037

Otter, M., MacGinitie, L., Seiz, K., Johnson, M., Dell, R., and Cochran, G. (1994).
Dependence of streaming potential frequency response on sample thickness:
implications for fluid flow through bone microstructure. Biomemetics 2, 57-75.

Pathak, J. L., Bravenboer, N., and Klein-Nulend, J. (2020). The osteocyte as the New
Discovery of Therapeutic Options in rare bone diseases. Front. Endocrinol. (Lausanne)
11, 405. doi:10.3389/fendo.2020.00405

Pereira, A. F., Javaheri, B., Pitsillides, A. A., and Shefelbine, S. J. (2015). Predicting
cortical bone adaptation to axial loading in the mouse tibia. J. R. Soc. Interface 12 (110),
20150590. doi:10.1098/rsif.2015.0590

Piekarski, K., and Munro, M. (1977). Transport mechanism Operating between
Blood-Supply and osteocytes in long bones. Nature 269 (5623), 80-82. doi:10.1038/
26908020

Repp, F., Kollmannsberger, P., Roschger, A., Berzlanovich, A., Gruber, G. M.,
Roschger, P., et al. (2017). Coalignment of osteocyte canaliculi and collagen fibers
in human osteonal bone. J. Struct. Biol. 199 (3), 177-186. doi:10.1016/j.jsb.2017.07.004

Rolvien, T., and Amling, M. (2022). Disuse osteoporosis: Clinical and Mechanistic
insights. Calcif. Tissue Int. 110 (5), 592-604. doi:10.1007/500223-021-00836-1

Schulte, F. A., Ruffoni, D., Lambers, F. M., Christen, D., Webster, D. J., Kuhn, G., et al.
(2013). Local mechanical stimuli Regulate bone formation and resorption in mice at the
tissue level. Plos One 8 (4), €62172. doi:10.1371/journal.pone.0062172

Schurman, C. A., Verbruggen, S. W., and Alliston, T. (2021). Disrupted osteocyte
connectivity and pericellular fluid flow in bone with aging and defective TGF-beta
signaling. Proc. Natl. Acad. Sci. U. S. A. 118 (25), €2023999118. doi:10.1073/pnas.
2023999118

Sievanen, H. (2010). Immobilization and bone structure in humans. Arch. Biochem.
Biophys. 503 (1), 146-152. doi:10.1016/j.abb.2010.07.008

Steck, R., Niederer, P., and Tate, M. L. K. (2000). A finite difference model of load-
induced fluid displacements within bone under mechanical loading. Med. Eng. and
Phys. 22 (2), 117-125. doi:10.1016/s1350-4533(00)00017-5

Steck, R., Niederer, P., and Knothe Tate, M. L. (2003). A finite element analysis for the
prediction of load-induced fluid flow and mechanochemical transduction in bone.
J. Theor. Biol. 220 (2), 249-259. doi:10.1006/jtbi.2003.3163

Sugawara, Y., Ando, R., Kamioka, H., Ishihara, Y., Murshid, S. A., Hashimoto, K., et al.
(2008). The alteration of a mechanical property of bone cells during the process of changing
from osteoblasts to osteocytes. Bone 43 (1), 19-24. doi:10.1016/j.bone.2008.02.020

Sugiyama, T., Price, J. S., and Lanyon, L. E. (2010). Functional adaptation to
mechanical loading in both cortical and cancellous bone is controlled locally and is
confined to the loaded bones. Bone 46 (2), 314-321. doi:10.1016/j.bone.2009.08.054

Suniaga, S., Rolvien, T., vom Scheidt, A., Fiedler, I. A. K., Bale, H. A., Huysseune, A.,
et al. (2018). Increased mechanical loading through controlled swimming exercise
induces bone formation and mineralization in adult zebrafish. Sci. Rep. 8 (1), 3646.
doi:10.1038/s41598-018-21776-1

Tate, M. L. K. (2003). “Whither flows the fluid in bone?” An osteocyte’s perspective.
J. biomechanics 36 (10), 1409-1424. doi:10.1016/s0021-9290(03)00123-4

Tate, M. L. K,, Adamson, J. R,, Tami, A. E., and Bauer, T. W. (2004). The osteocyte.
Int. J. Biochem. and Cell Biol. 36 (1), 1-8. doi:10.1016/S1357-2725(03)00241-3

Tiede-Lewis, L. M., Xie, Y., Hulbert, M. A., Campos, R., Dallas, M. R., Dusevich, V.,
et al. (2017). Degeneration of the osteocyte network in the C57BL/6 mouse model of
aging. Aging (Albany NY) 9 (10), 2190-2208. doi:10.18632/aging.101308

Turner, C. (1992). Functional determinants of bone structure: beyond Wolff’s law of
bone transformation. Bone 13 (6), 403-409. doi:10.1016/8756-3282(92)90082-8

Uhthoff, H. K., and Jaworski, Z. F. (1978). Bone loss in response to long-term
immobilisation. J. Bone Jt. Surg. Br. 60 (3), 420-429. doi:10.1302/0301-620x.60b3.681422

van Hove, R. P., Nolte, P. A, Vatsa, A., Semeins, C. M., Salmon, P. L., Smit, T. H., et al.
(2009). Osteocyte morphology in human tibiae of different bone pathologies with
different bone mineral density—is there a role for mechanosensing? Bone 45 (2),
321-329. doi:10.1016/j.bone.2009.04.238

van Tol, A. F., Roschger, A., Repp, F., Chen, J., Roschger, P., Berzlanovich, A., et al.
(2020). Network architecture strongly influences the fluid flow pattern through the
lacunocanalicular network in human osteons. Biomechanics Model. Mechanobiol. 19
(3), 823-840. doi:10.1007/s10237-019-01250-1

Frontiers in Bioengineering and Biotechnology

14

10.3389/fbioe.2025.1639788

Vatsa, A., Semeins, C. M., Smit, T. H., and Klein-Nulend, J. (2008). Paxillin
localisation in osteocytes--is it determined by the direction of loading? Biochem.
Biophys. Res. Commun. 377 (4), 1019-1024. doi:10.1016/j.bbrc.2007.12.174

Vaughan, T. J., Mullen, C. A, Verbruggen, S. W., and McNamara, L. M. (2015). Bone
cell mechanosensation of fluid flow stimulation: a fluid-structure interaction model
characterising the role integrin attachments and primary cilia. Biomech. Model
Mechanobiol. 14 (4), 703-718. d0i:10.1007/s10237-014-0631-3

Verbruggen, S. W., Vaughan, T. J., and McNamara, L. M. (2014). Fluid flow in the
osteocyte mechanical environment: a fluid-structure interaction approach. Biomech.
Model Mechanobiol. 13 (1), 85-97. d0i:10.1007/s10237-013-0487-y

Verbruggen, S. W., Mc Garrigle, M. J., Haugh, M. G., Voisin, M. C., and McNamara,
L. M. (2015). Altered mechanical environment of bone cells in an animal model of
short-and long-term osteoporosis. Biophysical J. 108 (7), 1587-1598. doi:10.1016/j.bpj.
2015.02.031

Verbruggen, S. W., Vaughan, T. J., and McNamara, L. M. (2016). Mechanisms of
osteocyte stimulation in osteoporosis. J. Mech. Behav. Biomed. Mater 62, 158-168.
doi:10.1016/j.jmbbm.2016.05.004

Wang, L. Y., Fritton, S. P., Cowin, S. C., and Weinbaum, S. (1999). Fluid pressure
relaxation depends upon osteonal microstructure: modeling an oscillatory bending
experiment. J. Biomechanics 32 (7), 663-672. doi:10.1016/s0021-9290(99)00059-7

Wang, L. Y., Fritton, S. P., Weinbaum, S., and Cowin, S. C. (2003). On bone
adaptation due to venous stasis. J. Biomechanics 36 (10), 1439-1451. doi:10.1016/
$0021-9290(03)00241-0

Wang, H. R, Du, T.M,, Li, R,, Main, R. P.,and Yang, H. S. (2022). Interactive effects of
various loading parameters on the fluid dynamics within the lacunar-canalicular system
for a single osteocyte. Bone 158, 116367. doi:10.1016/j.bone.2022.116367

Weinbaum, S., Cowin, S. C., and Zeng, Y. (1994). A model for the excitation of
osteocytes by mechanical loading-induced bone fluid shear stresses. J. Biomech. 27 (3),
339-360. doi:10.1016/0021-9290(94)90010-8

Wolff, J. (2012). The law of bone remodelling. Springer Science and Business Media.

Wu, X. G, and Chen, W. Y. (2013). A hollow osteon model for examining its
poroelastic behaviors: mathematically modeling an osteon with different boundary
cases. Eur. J. Mech. a-Solids 40, 34-49. doi:10.1016/j.euromechsol.2012.12.005

Wu, X. G, Li, C. X, Chen, K. J,, Sun, Y. Q., Yu, W. L,, Zhang, M. Z, et al. (2020).
Multi-scale mechanotransduction of the poroelastic signals from osteon to osteocyte in
bone tissue. Acta Mech. Sin. 36 (4), 964-980. doi:10.1007/s10409-020-00975-y

You, L. D., Cowin, S. C,, Schaffler, M. B., and Weinbaum, S. (2001). A model for strain
amplification in the actin cytoskeleton of osteocytes due to fluid drag on pericellular
matrix. J. Biomechanics 34 (11), 1375-1386. doi:10.1016/s0021-9290(01)00107-5

Yu, W, Wu, X, Cen, H,, Guo, Y., Li, C, Wang, Y., et al. (2019). Study on the
biomechanical responses of the loaded bone in macroscale and mesoscale by multiscale
poroelastic FE analysis. Biomed. Eng. Online 18 (1), 122. doi:10.1186/s12938-019-
0741-3

Yu, W. L, Liu, H. T,, Huo, X. Y., Yang, F. J,, Yang, X. H, Chu, Z. Y, et al. (2023).
Effects of osteocyte orientation on loading-induced interstitial fluid flow and nutrient
transport in bone. Acta Mech. Sin. 39 (6), 622332. doi:10.1007/s10409-022-22332-x

Yu, W, Ou, R, Hou, Q, Li, C, Yang, X,, Ma, Y., et al. (2025). Multiscale interstitial
fluid computation modeling of cortical bone to characterize the hydromechanical
stimulation of lacunar-canalicular network. Bone 193, 117386. doi:10.1016/j.bone.
2024.117386

Zaman, G., DR, Pitsillides, A., Rawlinson, S., Suswillo, R., Mosley, J., Cheng, M., et al.
(1999). Mechanical strain stimulates nitric oxide production by rapid activation of
endothelial nitric oxide synthase in osteocytes. J. Bone Mineral Res. 14 (7), 1123-1131.
doi:10.1359/jbmr.1999.14.7.1123

Zhang, D.]., Weinbaum, S., and Cowin, S. C. (1998a). On the calculation of bone pore
water pressure due to mechanical loading. Int. J. Solids Struct. 35 (34-35), 4981-4997.
doi:10.1016/s0020-7683(98)00105-x

Zhang, D., Weinbaum, S., and Cowin, S. C. (1998b). Estimates of the peak pressures in
bone pore water. J. Biomech. Eng. 120 (6), 697-703. doi:10.1115/1.2834881

Zhou, X., Novotny, J. E., and Wang, L. (2008). Modeling fluorescence recovery after
photobleaching in loaded bone: potential applications in measuring fluid and solute
transport in the osteocytic lacunar-canalicular system. Ann. Biomed. Eng. 36 (12),
1961-1977. doi:10.1007/5s10439-008-9566-0

Zimmermann, E. A, Veilleux, L. N., Gagnon, M., Audet, D., Yap, R, Julien, C,, et al.
(2025). Ambulatory children with spastic cerebral palsy have smaller bone area and
deficits in trabecular microarchitecture. J. Bone Mineral Res. 40 (4), 511-521. doi:10.
1093/jbmr/zjaf026

frontiersin.org


https://doi.org/10.1007/s10237-023-01763-w
https://doi.org/10.1017/s1431927601020037
https://doi.org/10.3389/fendo.2020.00405
https://doi.org/10.1098/rsif.2015.0590
https://doi.org/10.1038/269080a0
https://doi.org/10.1038/269080a0
https://doi.org/10.1016/j.jsb.2017.07.004
https://doi.org/10.1007/s00223-021-00836-1
https://doi.org/10.1371/journal.pone.0062172
https://doi.org/10.1073/pnas.2023999118
https://doi.org/10.1073/pnas.2023999118
https://doi.org/10.1016/j.abb.2010.07.008
https://doi.org/10.1016/s1350-4533(00)00017-5
https://doi.org/10.1006/jtbi.2003.3163
https://doi.org/10.1016/j.bone.2008.02.020
https://doi.org/10.1016/j.bone.2009.08.054
https://doi.org/10.1038/s41598-018-21776-1
https://doi.org/10.1016/s0021-9290(03)00123-4
https://doi.org/10.1016/S1357-2725(03)00241-3
https://doi.org/10.18632/aging.101308
https://doi.org/10.1016/8756-3282(92)90082-8
https://doi.org/10.1302/0301-620x.60b3.681422
https://doi.org/10.1016/j.bone.2009.04.238
https://doi.org/10.1007/s10237-019-01250-1
https://doi.org/10.1016/j.bbrc.2007.12.174
https://doi.org/10.1007/s10237-014-0631-3
https://doi.org/10.1007/s10237-013-0487-y
https://doi.org/10.1016/j.bpj.2015.02.031
https://doi.org/10.1016/j.bpj.2015.02.031
https://doi.org/10.1016/j.jmbbm.2016.05.004
https://doi.org/10.1016/s0021-9290(99)00059-7
https://doi.org/10.1016/s0021-9290(03)00241-0
https://doi.org/10.1016/s0021-9290(03)00241-0
https://doi.org/10.1016/j.bone.2022.116367
https://doi.org/10.1016/0021-9290(94)90010-8
https://doi.org/10.1016/j.euromechsol.2012.12.005
https://doi.org/10.1007/s10409-020-00975-y
https://doi.org/10.1016/s0021-9290(01)00107-5
https://doi.org/10.1186/s12938-019-0741-3
https://doi.org/10.1186/s12938-019-0741-3
https://doi.org/10.1007/s10409-022-22332-x
https://doi.org/10.1016/j.bone.2024.117386
https://doi.org/10.1016/j.bone.2024.117386
https://doi.org/10.1359/jbmr.1999.14.7.1123
https://doi.org/10.1016/s0020-7683(98)00105-x
https://doi.org/10.1115/1.2834881
https://doi.org/10.1007/s10439-008-9566-0
https://doi.org/10.1093/jbmr/zjaf026
https://doi.org/10.1093/jbmr/zjaf026
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1639788

	Mechanical deformations of bone generate interstitial fluid flow at nanoscale velocities around osteocytes
	1 Introduction
	2 Methods
	2.1 Parametric models of bone-fluid-osteocyte
	2.2 Material properties
	2.3 Loading and boundary conditions
	2.4 FSI coupling
	2.5 Analysis and post-processing
	2.5.1 Influence of bone strain and imposed pressure gradient on interstitial fluid flow dynamics
	2.5.2 Pressure along the inlet canaliculus under varying pore pressure conditions
	2.5.3 Temporal evolution of fluid velocity in convection and imposed pressure-driven flow
	2.5.4 Temporal evolution of fluid flow in response to cyclic loading


	3 Results
	3.1 Influence of bone strain and imposed pressure gradient on interstitial fluid flow dynamics
	3.2 Pressure gradient along the inlet canaliculus under varying boundary conditions
	3.3 Temporal evolution of fluid velocity in convection and imposed pressure-driven flow
	3.4 Temporal evolution of fluid flow in response to cyclic loading

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


