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Impact of  Fluid Flow on Mechanical 
Stress and Deformation in Healthy and 
Senescent Endothelial Cells 

Keyanna-Milenia Pinzon, Department of  Bioengineering 
Ethan Liu, Department of Bioengineering 
Kai Lin, Department of  Bioengineering 
Adarsh Mattappally, Department of  Bioengineering 
Victor G Rodgers, Ph.D.; Department of  Bioengineering 

Endothelial cells are continuously exposed to shear stress from blood flow, which 
plays a critical role in mechanotransduction and the regulation of  cellular behavior. 
These forces induce cellular deformation and transmit stress to intracellular structures, 
including the nucleus. Cellular senescence is associated with increased stiffness, which 
alters how mechanical forces are distributed within the cell. However, there is a lack 
of  computational models that directly compare healthy and senescent endothelial cells 
under identical flow conditions. 

In this study, a computational model was developed using COMSOL Multiphysics® 
to evaluate the mechanical responses of  healthy and senescent endothelial cells under 
steady-state, incompressible laminar flow. Material properties were defined using atomic 
force microscopy measurements, and both the cell body and nucleus were modeled as 
isotropic, linearly elastic materials. 

Results showed that healthy cells exhibit approximately 20-40 times greater deformation 
than senescent cells across all regions. Additionally, Von Mises stress analysis revealed 
a reduction of  approximately 29.5% in stress transmission to the nucleus in senescent 
cells. These findings indicate that increased cellular stiffness significantly reduces both 
deformation and internal force propagation. 

Overall, this study demonstrates that senescence impairs the mechanical responsiveness 
of  endothelial cells, which may contribute to altered mechanotransduction and 
dysfunction in vascular systems. 

FACULTY MENTOR - Dr. Victor G. Rodgers, Department of Bioengineering 

Dr. Rodgers applies transport phenomena, mathematical 
modeling, thermodynamics, and kinetics to biomedical 
engineering problems. The Rodgers Lab develops medical devices 
to reduce edema and deliver drugs for severe stroke, spinal cord 
injury, and TBI patients, and studies the thermodynamics of 
crowded protein systems. 
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be quantified. The parameters were chosen to evaluate how 
differences in cellular stiffness influence the mechanical 
response of  endothelial cells to shear flow. 

THEORY 

To model healthy and senescent endothelial cells under 
identical shear flow conditions, simulations were conducted 
under the Navier-Stokes equation implemented in 
COMSOL. The Navier-Stokes equation governs fluid 
motion and incorporates parameters that determine shear 
stress, including fluid density, dynamic viscosity, and the 
velocity field. The model will show how fluid flow generates 
shear forces at the cell surface, enabling direct comparison 
of  mechanical responses between healthy and senescent cells. 

INTRODUCTION 

Endothelial cells form a monolayer lining on the interior 
surface of blood vessels and play a critical role in maintaining 
vascular homeostasis via signaling pathways (Figure 1). 
These cells regulate processes such as vascular permeability, 
inflammation, blood clotting, and vascular flow (Bloom et al., 
2024). As blood moves through vessels, it exerts fluid shear 
stress on the endothelial cell membrane, creating mechanical 
forces that influence cell behavior and function. 

An important property of  cells is their ability to transform 
mechanical stimuli into biochemical or electrical signals, a 
process known as mechanotransduction. Shear stress applied 
at the membrane is transmitted through the cytoskeleton and 
reaches the nucleus. Previous studies have shown that the 
nuclear-to-cytoplasmic (cell body) stiffness ratio determines 
how mechanical stress is distributed throughout the cell 
(Angom et al., 2022). 

Cellular senescence occurs when the DNA of  a cell is 
damaged, causing cell cycle arrest, but the cell continues 
to be metabolically active. Senescence naturally occurs in 
our bodies as we age and is an entry path to apoptosis, or 
cell death. It is believed to be a cause of  many age-related 
diseases, including cardiovascular disease. Senescent cells 
exhibit higher stiffness, reflected by a higher Young’s 
Modulus (Angom et al., 2022). These mechanical changes 
affect how cells respond to forces and the permeability of 
the membrane. Unfortunately, there is a lack of  models that 
simulate senescent conditions in endothelial cells. Having a 
model to understand the behavior in relation to fluid flow 
can offer a useful tool to researchers. 

In order to investigate these mechanical effects, a 
computational model was developed to simulate healthy and 
senescent endothelial cells under fluid flow and to quantify 
the forces acting on the cells. In this study, COMSOL 
Multiphysics® (Version 6.2, Burlington, MA, USA; referred 
to as COMSOL) is used due to the program’s ability to 
couple fluid dynamics and solid mechanics, enabling analysis 
of  shear stress, cell deformation, and stress gradients that 
are transmitted to the nucleus. Governing equations from 
fluid mechanics and linear elasticity were used to capture 
the interaction between fluid flow and cellular response, 
allowing deformation magnitude and stress distributions to 
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Figure 1. Morphological differences in senescent and 
healthy endothelial cells. Senescent cells (blue) become 
enlarged and misaligned to the blood flow. They exhibit 
higher stiffness and less deformation. 
Bloom et al., Mechanisms and consequences of 
endothelial cell senescence, 2022. 
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In addition to the conservation of  momentum described by
the Navier-Stokes equation, the conservation of  mass within 
the fluid domain is enforced by the continuity equation: 

Both governing equations describe an incompressible fluid 
flow within the system. To solve the equations, the flow was 
assumed to be a fully developed laminar flow; the velocity 
profile remains constant along the direction of  flow with 
no acceleration. This assumption simplifies the governing 
equations by making the spatial derivative of  velocity equal 
to zero. Incompressible flow was assumed, and the density 
remained constant throughout the model. The cell body and 
the nucleus were linearly elastic, allowing deformation to 
occur using the constant material properties. 

In the model, the fixed constraint was where the cell adheres 
to the endothelial wall at z = 0. The fluid was given the 
same properties as water. The model was unable to support 
the dynamic viscosity of  blood, but rather than modeling 
blood rheology, our aim was to compare the difference in 
shear stress while keeping fluid type constant. The cells 
were simplified into a hemisphere. The cell was split in the 
y-direction, assuming symmetry. 

METHODS 

Assumptions - To enable tractable computation and isolate the 
effect of  cellular stiffness, multiple assumptions were made 
to ensure efficiency of COMSOL simulations and the model 
within the scope of  this analysis. The model was a stationary 
model; the fluid flow was fully developed and could be 
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characterized by laminar flow, allowing for a constant profile 
along the direction of  flow. Additionally, the material of  the 
cell body and nucleus was modeled as an isotropic linearly 
elastic material, enabling deformation to be calculated using 
constant material properties. 

Additionally, the fluid was treated as incompressible with 
constant density, which is appropriate for biological fluids 
under low-speed conditions where density variations are 
negligible. 

Geometry - A three-dimensional model was constructed to 
represent a single endothelial cell within a surrounding 
fluid domain. The fluid domain was defined as a cube with 
side lengths of 5.4 µm. The cell was modeled as a quarter 
sphere positioned on the bottom surface of  the domain, 
representing adhesion to the vessel wall. For the healthy 
cell, the radius of  the sphere was set to 1.35 µm to reflect 
the measured cell height from the literature (Bloom et al., 
2024). The nucleus was modeled as a hemisphere with a 
radius of  0.25 µm, positioned concentrically within the cell 
body and elevated 0.5 µm above the base surface. The final 
geometry for the healthy cell is shown in Figure 2. For the 
senescent cell model shown in Figure 3, only the radius 
of  the cell body was modified to 0.89 µm while all other 
geometric parameters were held constant to allow for direct 
comparison. 

Subdomain - Because the primary focus of  this study was the 
relative difference in mechanical responses between healthy 
and senescent endothelial cells, rather than precise replication 
of  blood rheology, the fluid was modeled using properties 
equivalent to water. This simplification was necessary due to 
limitations in representing the dynamic viscosity of  blood 
within the model. While this assumption did not capture the 
full complexity of  physiological flow, it enabled consistent 
comparison of  shear stress and deformation between the 
two cell conditions under identical fluid properties. The fluid 
was modeled using properties equivalent to water, with a 
density of  1000 kg/m3 , along with the dynamic viscosity of 
0.001 Pa-s. 

The mechanical properties of  the cell body were assigned 
based on literature values, with Young’s modulus set to 0.81 
kPa for the healthy cell and 4.52 kPa for the senescent cell. 
The nucleus was assigned a constant Young’s modulus of 

In addition  to the  conservation of  momentum de scribed by
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5 kPa for both cases. The Young’s modulus stiffness values 
were taken from atomic force microscopy techniques on 
endothelial cells (Angom et al., 2022). A Poisson’s ratio of 
0.3 was assumed for both the cell body and the nucleus, 
consistent with literature values (Angom et al., 2022). 

Boundary - A symmetry boundary condition was applied 
along one face of  the fluid domain. The inlet and outlet 
were defined along the y-direction, with the inlet assigned 
a uniform velocity of  0.015 m/s and the outlet set to a 
reference pressure of  0 Pa. A fixed constraint was applied at 
the base of  the cell. An attachment was set to the surfaces 
between the nucleus and the cell body. The remaining 
boundaries were set to no-slip. The shear stress transmitted 
from the cell body to the cell nucleus was analyzed. The cell 
was divided into three regions to quantify deformation. 

The three regions characterized the spatial distribution 
of  deformation throughout the cell. Shear stress was 
evaluated at the cell surface and around the nucleus, enabling 
comparison between membrane stress and internally 
propagated stress toward the nucleus. 

RESULTS & DISCUSSION 

The stress and deformation values were averaged across 25 
sample points within each region. To quantify the mechanical 
response of  healthy and senescent cells, we analyzed 
deformation and Von Mises stress distributions resulting 
from fluid flow. Cell deformation represented how the cell 
changes shape under shear stress, providing insight into 
how forces propagate through the structure. Displacement 
magnitudes were evaluated across three regions: the upper 
region exposed to flow, the middle region near the nucleus, 
and the adhesion site where the cell was fixed to the vessel 
wall. 

The healthy cell exhibited much greater deformation across 
all regions compared to the senescent model (Figure 4). In 
the upper region, the healthy cell deformed by 1.12 ± 0.06 
μm, compared to 0.03 ± 0.01 μm by the senescent cell. In 
the middle region around the nucleus, deformation dropped 
from 0.53 ± 0.06 μm in the healthy cell to 0.02 ± 0.01 μm in 
the senescent, and from 0.13 ± 0.02 μm to 0.01 ± 0.01 μm at 
the adhesion site. 

Figure 2:  Fluid with velocity over a healthy 
endothelial cell. Fluid is represented by the cube. 
The cell membrane is shown as a hemisphere and 
the nucleus is represented as a sphere. Both are split 
in the y-direction assuming symmetry. 

Figure 3:  Fluid with velocity over a senescent 
endothelial cell. Compared to Fig. 2, the distance 
between the highest y-value of the cell and the 
nucleus is smaller due to senescence. 
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Figure 4. Magnitude of the volume of 
displacement of a healthy cell (A) 
and a senescent cell (B). 

The upper region is classified the 
distance between the nucleus and the 
surface of the cell. The middle region 
is the diameter of the nucleus. The 
adhesion site is located below the 
nucleus. The healthy cell model faces 
a noticeably increased deformation 
compared to the senescent cell model. 

Figure 5. Distribution of stress in the 
membrane of a healthy cell (A) and a 
senescent cell (B). 

The boxed region indicates the area 
averaged to calculate stress around 
the nucleus. Referencing the scale, the 
healthy cell model has a noticeably 
increased internal stress distribution 
compared to the senescent cell. 

Figure 6. The distribution of stress on 
the surface of a healthy cell (A) and a 
senescent cell (B). 

The boxed region indicates the area 
averaged to calculate shear surface 
force. The healthy cell has a noticeably 
greater surface shear stress compared 
to the senescent cell. 
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This difference in deformation behavior directly influences 
the internal stress distribution, which was evaluated using 
Von Mises stress. Stress was evaluated in two locations, the 
outer cell surface and inner body just around the nucleus. 

Like the deformation models, at the surface of  the cell, 
the healthy cell experienced 763.42 ± 17.91 N/m2 stress 
compared to the senescent model’s 284.23 ± 13.72 N/m2 

(Figure 5). 

Around the nucleus, the Von Mises stress decreased from 
325.59 ± 17.72 N/m2 in the healthy cell model to 229.35 ± 
9.33 N/m2 in the senescent cell model. 

The results presented by the COMSOL simulation indicate 
that senescent endothelial cells experienced significantly 
lower Von Mises stress at both the cell membrane and 
around the nucleus compared to healthy cells. 

This reduction reflected a decreased transmission of 
mechanical stress through the cellular structure. These 
findings are consistent with literature reports, which 
observed an approximate ~56% reduction in shear stress 
transmitted to the nucleus from healthy Human Umbilical 
Vein Endothelial Cells (HUVEC) to aged senescent HUVEC 
cells (Walther et al., 2023). In comparison, the present 
model predicted a reduction of  approximately ~29.5% 
when observing the Von Mises transmitted to the nucleus. 
While the magnitude differs, both computational results 
and experimental findings agree on the trend of  cellular 
senescence reducing nuclear mechanosensing. Reduced 
deformation and stress transmission observed in the 
senescent cell model suggest that increased cellular stiffness 
limits the cell’s ability to mechanically respond to shear 
loading. This diminished mechanical responsiveness may 
impair mechanotransduction, as lower deformation reduces 
the propagation of  forces to intracellular structures such 
as the nucleus, potentially altering shear-sensitive signaling 
pathways. 

The discrepancy between the simulations and the 
experimental results (Walther et al., 2023) can be attributed 
to several simplifying assumptions in the model. First, 
the use of  an idealized hemispherical geometry does not 
capture the complex morphology of  endothelial cells, which 
may influence local stress distributions, force transmission 

pathways, and assumptions within the Navier-Stokes 
equation. Additionally, modeling the cell body and 
nucleus as linearly elastic materials neglects the 
viscoelastic behavior of  biological tissues, potentially 
affecting the magnitude and temporal response of 
deformation. The use of  water properties instead 
of  blood further simplifies the fluid environment, 
omitting non-Newtonian effects that can alter shear 
stress profiles. Among these assumptions, geometric 
simplification was expected to have the most direct 
impact on spatial stress distribution, while the material 
and fluid assumptions primarily influenced the 
magnitude of  the predicted responses. 

To enable tractable computation and to isolate the effect 
of  cellular stiffness, several simplifying assumptions were 
applied to the Navier–Stokes formulation. The flow was 
assumed to be steady-state, eliminating time-dependent 
terms and allowing the velocity field to remain constant 
over time. This assumption was reasonable because the 
study focused on the comparative mechanical response 
of  cells under constant shear conditions, rather than 
transient pulsatile blood flow. 

The flow was also assumed to be fully developed and 
laminar, meaning the velocity profile did not change 
along the direction of  flow, and inertial effects were 
minimal. This is consistent with microscale flow 
conditions typical of small vessels and ensures that 
shear stress remains uniform and comparable across 
simulations. 

Additionally, the fluid was treated as incompressible 
with constant density, which is appropriate for biological 
fluids under low-speed conditions where density 
variations are negligible. Together, these assumptions 
simplified the governing equations while preserving the 
dominant shear-driven forces acting on the cell surface. 

Although these simplifications did not capture the full 
complexity of  physiological blood flow, they provided 
a controlled framework for consistently evaluating how 
differences in cellular stiffness influenced deformation 
and stress transmission under identical flow conditions. 
These findings suggest that increased cellular stiffness 
alters how mechanical forces are distributed within 

Impact of  Fluid Flow on Mechanical Stress and 
Deformation in Healthy and Senescent Endothelial Cells 



UNIVERSITY OF CALIFORNIA, RIVERSIDE │79 

Impact of  Fluid Flow on Mechanical Stress and 
Deformation in Healthy and Senescent Endothelial Cells 

the cell, which may influence how external stimuli are 
experienced at a structural level. The presented model 
offers a framework for understanding how changes in 
mechanical properties affect cellular response to fluid flow. 
In vascular systems, disrupted mechanotransduction has 
been associated with endothelial dysfunction, increased 
inflammation, and the progression of  cardiovascular 
diseases such as atherosclerosis. The presented model 
offers a simplified yet informative framework for 
understanding how age-related mechanical changes 
may contribute to vascular pathology under fluid-flow 
conditions. 

Future work should extend this model by incorporating 
viscoelastic material properties to better capture 
time-dependent cellular deformation. Additionally, 
implementing more realistic endothelial cell geometries 
would improve the accuracy of  predictions of  stress 
distribution and force transmission. Incorporating non-
Newtonian fluid properties would further enhance 
physiological relevance by accounting for shear-dependent 
viscosity effects in blood flow. 

CONCLUSION 

This study used computational modeling to investigate 
how differences in cellular stiffness influenced the 
mechanical response of  endothelial cells under fluid shear 
stress. Using coupled fluid dynamics and solid mechanics 
in COMSOL, healthy and senescent cells were analyzed 
under identical laminar flow conditions to quantify 
deformation and stress transmission. 

Results show that cellular stiffness plays a critical role 
in how mechanical forces are distributed within the 
cell. Healthy cells, characterized by a lower Young’s 
modulus, exhibited ~20–40 times greater deformation 
than did senescent cells. In contrast, senescent cells 
showed minimal deformation and a more uniform stress 
distribution. Analysis of  Von Mises stress further revealed 
differences in force transmission to the nucleus, with 
healthy cells exhibiting localized stress concentrations, 
while senescent cells distributed stress more broadly. These 
findings indicate that increased stiffness reduces the cell’s 
ability to mechanically adapt to external flow. 

The computational trends observed in this study are consistent 
with findings reported in the literature (Walther et al., 
2023), which demonstrated a substantial reduction in shear 
stress transmitted to the nucleus in senescent endothelial 
cells compared to healthy cells. While this model predicts 
a ~29.5% reduction compared to ~56% experimentally, 
both demonstrate the same overall trend of  decreased stress 
transmission with increased stiffness. These results highlight 
the role of  cellular stiffness in regulating how forces are 
experienced within the cell. 

Table 1. Average deformation values of the healthy and 
senescent cell models from three distinct regions. 
Values shown were averaged from 20 random points 
along the corresponding region. Standard deviation 
calculated through Google Sheets. 

Table 2. Average Von Mises stress values of the 
healthy and senescent cell models from both the 
outer cell membrane and inner area around the 
nucleus. Values shown were averaged from 25 
random points along the corresponding region. 
Standard deviation calculated through Google Sheets. 
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Table 3. Points used to calculate average Von Mises stress of the healthy endothelial cell in the 
membrane and around the nucleus. 
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Table 4. Points used to calculate average Von Mises stress of the senescent endothelial cell in the 
membrane and around the nucleus. 
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Table 5. Points used to calculate average deformation values of a healthy endothelial cell in three sites. 
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Table 6. Points used to calculate average deformation values of a senescent endothelial cell in three sites. 
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