
MSc Biomedical Engineering

Human Mesenchymal Stem Cell
Behaviour on Meso-Scale Sub-
strate Curvature:
A Finite Element Analysis of the Effects of Sub-
strate Curvature on Cellular Traction Forces and
Morphology

A.S. Tjernshaugen

M
as

te
ro

fS
cie

nc
e

Th
es

is





Human Mesenchymal Stem Cell
Behaviour on Meso-Scale Substrate

Curvature:
A Finite Element Analysis of the Effects of Substrate
Curvature on Cellular Traction Forces and Morphology

Master of Science Thesis

For the degree of Master of Science in Biomedical Engineering at
Delft University of Technology

A.S. Tjernshaugen

Graduation Date: August 29, 2022

Student number: 5218527
Thesis committee: Dr.ir. N.Tumer

Prof.dr. A.A. Zadpoor
Dr.ir. M.P. Peirlinck
Dr. A. Accardo

Supervisor Team: Dr.ir E.L Fratila-Apachitei
Dr.ir. N.Tumer

Faculty of Mechanical, Maritime, and Materials Engineering
Delft University of Technology



Copyright © Department of Biomechanical Engineering (IEPG)
All rights reserved.



Abstract

That mechanical properties of the extracellular environment can influence cell behaviour has
already been established. Recent studies indicate that human mesenchymal stem cells are
affected by the surface curvature of the underlying substrate. However, how meso-scale
substrate curvature affects cell behaviour is still not clear. This study utilised the finite element
method to simulate a prestressed human mesenchymal stem cell conforming and attaching to a
flat control substrate, concave hemispherical and concave cylindrical substrates with curvature
radii from 300 µm to 75 µm. The cell model comprises the actin cortex, cytoskeleton, and
nucleus modelled with a hyperelastic material definition and 30 linear elastic stress fibres
prestressed with a force of 10 nN. The effects of surface curvature on cellular traction forces,
cell height, nuclear aspect ratio and actin cortex was studied. The vertical traction forces
were observed to be 70% and 40% lower for the hemispherical and cylindrical substrates of
the highest curvatures compared to the flat control substrate, respectively. Cellular traction
forces towards the cell periphery were roughly 10-20% higher than the more central cellular
traction forces independent of substrate curvature. Stresses in the actin cortex were observed to
increase by 290% and 220% from the flat control substrate to the hemispherical and cylindrical
substrates of the highest curvatures, respectively. These results indicate that the cell is more
sensitive to hemispherical substrates than cylindrical substrates. The results also support in
vitro observations where hMSCs are seen to span hemispherical substrates and avoid continuous
contact.
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Chapter 1

Introduction

Cells are constantly influenced by their surrounding environment; the extracellular matrix (ECM)
plays a crucial role both in the preservation of the structural integrity of tissues and in generating
new tissue [1–3]. Human mesenchymal stem cells (hMSCs) have been widely researched due to
their ability to proliferate, and their multipotency [4]. By altering ECM properties, hMSCs may
differentiate into osteoblasts, adipocytes or chondrocytes accordingly [5]. hMSCs have been
observed to be particularly mechanosensitive, modulating their phenotype based on feedback
from probing their external environment [6]. Cells probe their environment by forming temporary
and longer-lasting adhesions to the surrounding ECM [7]. Cell-substrate adhesion represents a
series of vital and complex interactions between a cell, and a substrate surface [8]. The process
involves membrane proteins, cytoskeletal remodelling and cell contraction. Transmembrane
proteins (integrins) cluster and recruit adhesome proteins on the inner side of the cell membrane,
forming focal adhesions (FAs). Intracellularly, FAs form bonds with actin stress fibres (SF) [9].
SFs comprise long thin chains of polymerised actin molecules and myosin motor proteins and
form the cytoskeletal network’s tensile units [10]. The myosin motor proteins enable the SFs to
contract, and in their resting state, SFs have been observed to exhibit a pre-existing prestress.
These contractile forces result in tractional forces applied by the FAs to the ECM [11]. FAs
are highly dynamic and grow and disassemble in response to an increase or decrease in these
traction forces, respectively [12]. It has been observed that FAs can grow to sizes with diameters
larger than 5 µm and often experience traction forces in the nanonewton range [13].

Some SFs also form a mechanical link to the nucleus via LINC complexes on the nuclear envelope
[14]. Physical characteristics of the external environment can be directly transmitted to the
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2 Introduction

nucleus as mechanical forces via the SFs [15]. These forces have been observed to alter the
nuclear shape and size [6]. Dorsal and transverse stress fibres and more localised actin structures
like lamellipodia and filopodia are known to modulate cell shape in response to environmental
cues. The two latter structures also play an essential role in cell migration [16]. Consequently,
external biophysical cues can influence the genomic structure, gene expression and cell fate by
altering nuclear and cell shape [17].

Biophysical cues, such as stiffness, porosity and topography of substrates have been observed
to modulate hMSC behaviour [18–20]. Engler et al. famously showed that MSCs seeded on
substrates of different stiffness induced a preference for neuronal (0.1-1 kPa), myoblastic (8-
17 kPa) and osteoblastic (25-40 kPa) differentiation [21]. More recently, studies show that
the geometrical features of the ECM also play a crucial role in regulating cellular behaviour
[22–34]. Cell behaviour influenced by 2D geometry have been widely studied. Micropatterned
and nanopatterned substrates are used to investigate how various geometries affect cell shape
and organisation of SF and FAs [24]. Lee et al. observed that single cells constrained to
circular patterns induced less intracellular tension than single cells constrained to star and oval-
shaped patterns [25]. The reduced intracellular tension resulted in the hMSC maintaining its
multipotency. Another study found that elevated tensional stresses towards the corner regions of
square adhesive patterns encouraged lamellipodia extensions [26]. Generally, 2D surfaces fail to
capture essential aspects of the extracellular environment [17]. In vivo, hMSCs are surrounded by
three-dimensional (3D) topographical cues like meso-scale curvature and microscale curvature
in the form of grooves, ridges, and pores [35]. 3D substrates, therefore, more accurately
mimic the in vivo hMSC environment. Studies investigating how 3D environments affect cell
morphology and cellular behaviour such as migration, proliferation, and differentiation are still
limited in numbers. Park showed that fibroblasts and MSCs actively migrated out of concave
pits (diameter: 200 µm), preferring to attach and proliferate on convex structures (diameter:
300 µm) [27]. Macrophages have been found to avoid convex substrates altogether, emphasising
that different cell phenotypes may respond differently to similar substrate geometries [34]. It
has also been observed that the degree of curvature of 3D spherical pores influenced MSC
morphology and osteogenic differentiation [31]. More recently, Werner et al. found that human
bone marrow stromal cells (hbMSCs) minimised their substrate contact points in concave pits
(diameter: 250 µm-750 µm) by spanning parts of the substrate [36]. The same cells were
found to remain in complete contact with convex substrates and express a flattened nucleus.
The type of curvature also affected the distribution of focal adhesions, with fewer FAs present
in the central regions below the nucleus for the hbMSCs in the concave pits. These studies
provided qualitative data to show that cell behaviour and fate are modulated by meso-scale
curvature. No studies were found that obtained quantitative information of the effect of meso-
scale surface curvature on hMSC behaviour and morphology. Methods such as traction force
microscopy (TFM), atomic force microscopy (AFM), optical tweezers, and magnetic beads,
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makes it possible to measure the traction forces exerted by the cell as it adheres and migrates
on substrates [37]. However, TFM is usually conducted on micropatterned surfaces, where
traction forces are determined based on the magnitude of deformation that cells apply to
soft micropillars [38]. TFM is not yet suited to quantify traction forces on substrates with
meso-scale curvature. Moreover, producing the sufficient number of samples with the desired
surface geometry, and screening the response of a sufficient number of cells to enable statistical
analyses are cumbersome and costly [39]. Consequently, computational models (CM) offer a
powerful complementary tool. Comprising a variety of approaches, CMs employ mathematical
models to predict cell morphology and cellular behaviours like cytoskeletal arrangement, and
migration [40]. However, the number of computational models investigating cellular behaviour
on meso-scale substrate curvature is limited. The only model found employing the finite element
method (FEM) was developed by Sanz-Herrera et al. [41]. A fibroblast was modelled as a
spherical disc attached to convex cylindrical, hemispherical, and hyperbolic substrates with a
curvature ranging from one to six times the diameter of the cell. Qualitatively studying the
differences in stress distributions of the cell, they found that the stresses increased towards
the cell periphery and away from the nucleus. Two other apply the discrete particle method
(DPM) to investigate cellular behaviour on meso-scale substrate curvature [42, 43]. Employing
the network approach, where membrane particles mechanically link to nucleus particles, He et
al. observed that adherent cells were more sensitive to convex cylinders than concave cylinders,
altering their shape at a fourfold faster speed when the radius of curvature was within the
range of 20 µm - 100 µm [42]. Vassaux et al. found that the intracellular tension of hMSCs
increased with the degree of convexity of hemispherical substrates (radius: 75 µm - 500 µm)
using a discrete particle model (DPM) where different types of subcellular particles interact with
each other according to specified interaction laws [43]. A correlation was established between
increased concave curvature and increased compressive forces. Further, they observed that the
nucleus experienced more significant deformations on convex substrates than on concave ones.
The model was later utilised to investigate the migration pattern of hMSCs on curved substrates
[44].

Nevertheless, there is a distinct lack of research on how meso-scale surface curvature affects
cellular traction forces. Therefore, this thesis aims to utilise FEM to perform an exploratory
study investigating how concave surfaces with different meso-scale curvatures affect traction
forces and morphology of hMSCs.
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Chapter 2

Methods

The computational model created in this study investigated changes in cell morphology and
cellular behaviour of an hMSC conformed to concave substrates and a flat control substrates.
The concave substrates included hemispherical and cylindrical surfaces with radii of curvatures,
rc, ranging from 75 µm to 300 µm. The model was developed using the finite element software
Abaqus/Standard 2019 and the geometry and material properties are primarily based on the
model developed by Migliorini and colleagues in 2021 [45]. Their work performed an in silico
AFM indentation test to derive the material properties of the hMSC. In vitro AFM is commonly
used to characterise cell mechanical properties [46]. AFM can also detach and place cells on
substrates [46]. The present study simulated a situation where AFM is used to place an hMSC
onto underlying substrates of different meso-scale surface curvatures. The model was validated
using a flat substrate against experimental results reported by Migliorini et al. (see appendix
A-0-2) [45]. Once the model was validated, several analyses with hemispherical and cylindrical
surfaces of different curvatures were performed. Resultant cell traction forces and morphology
were then analysed and statistically compared between the different surfaces.

2-1 Cell Geometry and Material Properties

Cells are found embodying many morphologies, and it is rare to find two cells with completely
alike geometries [47]. The overall cell geometry used by Migliorini and this study attempt to
capture the general hMSC morphology and dimensions [45]. Modelled as a spherically spread
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2-1 Cell Geometry and Material Properties 5

cell shown in Figure 2-1, the maximum height of the hMSC is 13 µm at the centre [45].
The maximum diameter at the base is 50 µm. The nucleus is represented by a solid sphere
with a diameter of 10 µm and is located in the centre of the cell [45]. The actin cortex,
a structure comprising a thin meshwork of F-actin fibres that underlies the cell membrane
[48], was simplified to a continuous membrane of a uniform thickness of 0.2 nm surrounding
the cytoskeleton (CSK) [45]. Multiple research studies have found cells to exhibit viscoelastic

Figure 2-1: Schematic showing the overall geometry of the hMSc Cell, based on [45].

properties in vitro [49–52]. In silico, material properties such as viscoelasticity, poro-hyperelasticity,
and hyperelasticity have been used to describe the behaviour of the cell [53–55]. Migliorini et
al. utilised the hyperelastic Aruda-Boyce model [45]. Accordingly, the present work employs
the same model for the cell actin cortex, CSK and nucleus.

Abaqus requires three input parameters for the Arruda-Boyce model; the shear modulus (µeight-chain),
the distensibility (λL), and D. The shear modulus describes the shear stiffness of a material,
while the distensibility captures the degree of stretch of the material [56]. D is a material
constant related to the bulk modulus, κ, as described in Equation 2-1 [56].

D = κ

2 (2-1)
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6 Methods

The bulk modulus can be derived using Equation 2-2 and Equation 2-3.

κ = Eeight-chain

3(1 − 2v) (2-2)

Eeight-chain = 2(1 + v)µeight-chain (2-3)
Where Eeight-chain is the Young’s modulus of the material, and v is the Poisson’s ratio.

In this work, the average material properties calculated by Migliorini are used with values listed
in Table 2-1. Densities of the nucleus and CSK are set to 1.8 × 10−9 tonnes/mm3 and
1.5 × 10−9 tonnes/mm3, in line with Milner et al. [57]. The density of the actin cortex was
set to 8.45 × 10−8 tonnes/mm3 [58].

Table 2-1: hMSC material properties for the Arruda-Boyce hyperelastic model used for the
cytoskeleton, actin cortex and nucleus. [45].

Cell Properties µ8chain (Pa) λL EAB (Pa)
Cytoskeleton 1198.796 3.065 3596.387
Actin Cortex 3225.798 3.083 9677.394
Nucleus 12000 3.07 35997.6

Research shows that some stress fibres are mechanically linked to the nucleus via the linker of
nucleoskeleton and cytoskeleton (LINC) complexes on the nuclear lamina [15]. These features
have a larger cross-sectional area and distribute the contractile forces over larger areas. Figure
2-2A shows how the stress fibres span from one end of the cell to the other and form an
mechanically link to the nucleus [15]. In the study conducted by Migliorini, stress fibres trail
the cell periphery and do not directly interact with the nucleus. The present study investigates
how stress fibres linked to the nucleus affect nuclear morphology. As such, an approach similar
to the one utilised by Milner et al. was chosen [57]. Figure 2-2C shows the employed approach,
where stress fibres tether the nucleus to the actin cortex.

Figure 2-2: A: Schematic of how ventral and apical actin stress fibres surround and tether to
the nuclear envelope via LINC complexes [15]. B: Schematic showing ventral (green), dorsal
(red) and transverse (blue) stress fibres modelled by Migliorini et al. [45]. C: Schematic
showing the simplified actin stress fibre placement used in the present model.
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2-1 Cell Geometry and Material Properties 7

In line with previous work [45, 57], the SFs mod waselled as only tension-bearing trusses with a
constant cross-sectional area. Geometrical and material properties are listed in Table 2-2 [45,
58]. SF prestress was achieved by applying a thermal expansion coefficient (see Table 2-2) to
the stress fibre material definition. An embedded definition was used instead of tie constraints
to constrain the SFs to the nucleus and actin cortex, to avoid stress fibres connecting to single
nodes.

Table 2-2: Material and geometrical properties of the stress fibres (SFs) in the present
model.

Properties of SF Value Reference
E (kPa) 330 [45]
Poisson’s Ratio 0.3 [45]
Thermal Expansion Coefficient 0.005
Density (tonnes/mm3) 8.45E-08 [58]
Cross-Sectional Area (µm2) 0.05 [45]

Like Milner et al., 30 stress fibres were generated, tethering the nucleus to the actin cortex [57].
A Matlab script was used to generate random coordinates, representing the locations where the
stress fibres tether to the focal adhesions. The FA areas were randomly generated and embodied
imperfect spherical shapes. The average surface area per focal adhesion was calculated to be
3.66 µm2. This area corresponds well with literature where focal adhesions have been observed
to have areas varying from 0.2 µm2 to 5 µm2 [59]. The FAs and corresponding SFs were divided
into three groups based on the distance between the FA and the tethering location on the
nucleus; distal, medial and central. The distal, medial and central groups comprised the FAs
furthest away, second furthest away, and closest to the cell centre, respectively, as shown in
Figure 2-3. The stress fibres’ direction and length were calculated based on two criteria. Firstly,
each stress fibre was angled radially towards the vertical centreline of the cell. Secondly, the
distal group of SF tethered to the apical surfaces of the nucleus, while the central and medial
SFs tethered to the inferior surface and medial transverse circumference, respectively. Figure
2-3 shows the resultant distribution of stress fibres and focal adhesions. The distribution is
non-uniform, with a majority of SF aligning along X-axis. The average length and standard
deviation of each SF group are listed in Table 2-3.

Table 2-3: Average stress fibre length and standard deviation for each SF group.

SF Group Average Length (µm) Standard Deviation
Distal 22.15 0.48
Medial 16.79 1.36
Central 9.20 3.82
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8 Methods

Figure 2-3: A & B: Orthogonal and top views of focal adhesion and stress fibre distribution
within the hMSC model. Blue: distal group, Red: medial group, Green: central group.

2-2 Substrate Geometry and Material Properties

The type and degree of the surface curvature of the substrates were the main parameters that
were varied in the present work. Surface curvature is an essential property that describes the
local geometry of an object [60]. The property’s locality indicates that the measured curvature
varies at different surface points [61]. The terms "concavity" and "convexity" are often used for
a sphere’s internal and external faces, respectively. However, they cannot differentiate between
different types of curvatures like cylindrical and spherical surfaces [60]. Therefore, the curvature
of a substrate is often described using the Gaussian (K) and the mean (H) curvatures defined
in Equation 2-4 and Equation 2-5 [62].

K = κ1 × κ2 (2-4)

H = 1
2(κ1 + κ2) (2-5)

Where κ1 and κ2, the principal curvatures, are the minimum and maximum values of curvatures
at a given point on the surface [62]. The curvature, κ, is defined as the inverse of the radius
of curvature (rc) [60]. The radius of curvature of a point on a surface is measured as the
reciprocal of the osculating circle at that point [62]. It should be noted that the radius of
curvature decreases as curvature increases. Gaussian curvature is an intrinsic property of the
surface [63]. As shown in Figure 2-4, a spherical shape always has a positive Gaussian curvature
(K > 0), regardless of whether the surface is considered convex or concave [64]. Similarly, a
flat plane and a cylinder always yield zero Gaussian curvature (K = 0) as at least one of the
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2-2 Substrate Geometry and Material Properties 9

principal curvatures remains zero. A hyperbolic surface always has negative Gaussian curvature
(K < 0) as the principal curvatures have opposite sign conventions. Consequently, the sign
convention of Gaussian curvature conveys essential information regarding the local shape [63].
The mean curvature is an extrinsic property whose sign convention depends on the defined
direction of the surface normal. However, flat planes always have a zero mean curvature, while
non-flat planes always have a non-zero mean curvature.

Figure 2-4: Schematic showing principal curvatures (C1, C2), Gaussian curvature (K) and
mean curvature (H) for A) Saddle Shape B) Cylinder C) Sphere [64]

.

In this study, the types of surface curvatures investigated were concave hemispheres (K > 0,
H > 0) and concave cylinders (K = 0, H > 0), as shown in Figure 2-5. The degree of
curvature varied for each surface, with the corresponding values listed in Table 2-4. Substrates
with surface curvatures larger than 1/75 /mum (κ > 1/75 µm−1) were not considered as they
caused convergence issues.

Figure 2-5: Schematic showing the types of curvatures used in simulation. The curvature
varies from κ= 1/300 µm to 1/75 µm from the darkest to the lightest shade. The yellow
surfaces represent the flat control surfaces. A: hemisphere (K > 0, H > 0), B: cylinder
(K = 0, H > 0).

The substrates were modelled as rigid, analytical surfaces as they are stiffer than the cell by
multiple orders of magnitude. Using a rigid material definition also reduces convergence issues
and is less computationally demanding.
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Table 2-4: The range of curvatures investigated for the hemispherical (K > 0, H > 0) and
cylindrical substrates (K = 0, H > 0).

rc (µm) κ(µm−1)
75 1/75
100 1/100
150 1/150
200 1/200
250 1/250
300 1/300
∞ (flat) 0

2-3 Contact Definitions and Model Constraints

Contact definitions were defined between the actin cortex and the surface of the substrate.
Tangential contact was defined with a penalty coefficient of 0.2 to account for friction [65].
Hard, normal contact with no separation between the surfaces after contact was further specified.
No separation was chosen in an attempt to keep the cell periphery from lifting off of the
substrate. As such, the observed behaviour where cells span concave surfaces (K > 0, H > 0)
cannot be simulated in this work [36]. Tie constraints were used to constrain the nucleus to
the CSK, and the CSK to the actin cortex. However, as previously mentioned, this constraint
was avoided for the stress fibres, and the embedded constraint was utilised instead.

2-4 Simulation Steps

A static analysis was utilised to perform the simulation. The initial configuration comprises
the undeformed spread cell placed above the substrate as shown in Figure 2-6. The complete
simulation contained three steps, based on the work conducted by Vassaux et al. [43]. In step
one, three external forces were applied to the cell: gravity, the force from the weight of the
medium and the force from the AFM tip pressing the cell down. These loads pushed the hMSC
onto the substrate, forcing the cell to conform to the surface curvature of the substrate. Step
two removed the force from the AFM tip, allowing the hMSC to reach an equilibrium state.
The FAs were also constrained in all degrees of freedom (DOF), representing the mechanical
link between the FA and the substrate. Finally, in step three, a prestress was applied to the
stress fibres of the cell, causing them to contract and apply forces to the FAs and nucleus.
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2-5 Boundary Conditions and Loads 11

Figure 2-6: Undeformed hMSC on the three different types of substrates. A: Flat. B:
Hemispherical (κ = 1/75 µm−1). C: Cylindrical (κ = 1/75 µm−1).

2-5 Boundary Conditions and Loads

In every simulation, the substrate was constrained in all degrees of freedom DOF, while the cell
was left unconstrained. Once the cell conforms to the surface curvature of the substrate, the
focal adhesions were constrained in all DOF. These constraints represent the mechanical link
between the FA and the substrate.

Three external forces, a gravitational force, a pressure due to the weight of the culture medium
and a force representing the pressure of the AFM tip, were applied to the cell. The two former
forces remained active for all simulation steps, while the latter force was only applied in the
first step. The gravitational force is defined using the gravitational load option in Abaqus and
a vertical downwards acceleration of −9.81 m/s2. The load from the weight of the culture
medium was included in the simulation as cells cultured in different media facilitating their
growth, experience a force pressing the cell down by the parts of the medium directly above
the cell [66, 67]. The total pressure was calculated as 1Pa using Equation 2-6.

pressure = mass ∗ gravity

area
(2-6)

Where the mass was calculated as mass = density ∗ volume. The density is the same as for
water (ρ = 1000 kg/m3), and the volume was calculated based on an area of 1965 µm2 and
medium height of 10 µm [68]. The pressure ws applied to the superior area of the cell as shown
in Figure 2-7A.

In line with previous research, [46], the force representing the AFM tip had a magnitude of
roughly 50 nN and was applied to the cell using the surface traction option in Abaqus. The
force was applied to a spherical area with a diameter of 8 µm at the central apex of the actin
cortex, as shown in Figure 2-7A. This force pushed the cell down onto the substrate and ensured
continuous contact. When the surface curvature increased to values κ > 1/150 µm−1, this
force was not sufficient. Consequently, the force was increased to 150 nN, and the area over
which it was applied was increased to a diameter of 16 µm. Two analyses were run for the
cell on the flat substrate to allow both scenarios to be compared with the flat surface. In the
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first analysis, the AFM force equated to 50 nN; in the second, the same force had a magnitude
of 150 nN. However, the analyses with the larger AFM tip force are expected to produce less
reliable results.

Figure 2-7: Schematic of cell, the green area represents the area where load was applied.
A: A traction pressure of 1 Pa, representing the weight of the growth medium, was applied
to the superior surface of the cell. B & C: the AFM force, representing the force from the
AFM tip pushing the cell onto the substrate, was applied as a traction pressure of 50 nN (B)
and 150 nN (C). The diameter of the green area is 8 µm (B) and 16 µm (C).

Finally, a prestress was applied to the stress fibres in the last step. In literature, it has been
reported that stress fibres may experience prestress forces of up to 10 nN [69]. Using Equation
2-7, it was calculated that a temperature of -121 K corresponds to 10 nN contraction [70].

C = F

c × E × A
(2-7)

Where C represents the temperature, F constitutes the prestress applied to the SF, c is the
coefficient of linear expansion of the SF, E is the modulus of elasticity of the SF, and A is the
cross-sectional area of the SF.

2-6 Mesh

The nucleus and CSK were modelled using 11,040 and 188,332 linear hexahedral elements
(C3D8H), respectively. The hybrid formulation was included to account for incompressibility.
The actin cortex was represented by 57,086 triangular shell elements (S3), while 1,202 truss
elements (T3D2) were used for the stress fibres. A mesh convergence and validation study
were subsequently conducted (see appendix A-0-1). In total, 257,660 elements were used in
the simulations with an average length of 0.4µm.
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2-7 Readouts and Data Processing 13

2-7 Readouts and Data Processing

Raw data relating to cellular traction forces, cell height, the stress of the actin cortex, and
nuclear dimensions were extracted from the model and processed using Matlab 2020b (Figure
2-8). A full overview of the model workflow, highlighting model inputs and outputs, is given in
Figure 2-8. A distinction was made between total traction forces and resultant traction forces.
Total traction forces were defined as the sum of the absolute magnitude of all traction forces
such that |T⃗X | + (| ⃗−TX |) = 2T⃗X . Where T⃗X is a traction force of magnitude T acting parallel
to the x-axis. The resultant traction forces were defined as the sum of all traction forces so
T⃗X + (−T⃗X) = 0. The total traction forces show the overall magnitude of forces acting on the
cell, and can via the tensegrity theorem be related to the cell stiffness and stability [71]. The
resultant traction forces provides an overview of the balance of the traction forces acting on
the cell can be associated with cell migration [43]. Further, a statistical analysis in the form
of ANOVA (Analysis of significant variance) was performed to investigate whether the surface
curvature had an effect of statistical significance on the traction forces experienced by each FA
[72]. The significance level was set to p = 0.05. Most results are presented with the outcomes
for the hemispherical and cylindrical substrates normalised w.r.t the flat substrates.

Figure 2-8: Schematic showing input parameters and input variables used in the FEA and
specifies the different output types studied.
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Chapter 3

Results

3-1 Traction Forces

3-1-1 FA Traction Forces are Similar for All Surfaces

The median traction forces remain similar for all surface types and surface curvatures as evident
from Figure 3-1A and Figure 3-1B. The maximum traction forces have similar values with a
maximum difference of 0.45nN between the cylindrical surface of κ = 1/150 µm−1 and the
hemispherical surface of κ = 1/150 µm−1, and a maximum difference of 1.02 nN between the
flat and hemispherical surface of κ = 75 µm−1. A more considerable variation is observed
between the minimum traction forces, with a difference of 1.52 nN between the hemispherical
surface of κ = 1/250 µm−1 and the hemispherical surface of κ = 200 µm−1, and a maximum
difference of 2.14 nN between the flat and hemispherical surface of κ = 1/75 µm−1. Overall,
the cell experience higher traction forces in the analyses where the force representing the AFM
tip had a value of 150 nN. Neither the type nor the degree of curvature had an effect on the
traction forces experienced by the FAs of statistical significance (p < 0.05).
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3-1 Traction Forces 15

Figure 3-1: Boxplots of the traction forces experienced per focal adhesion for the different
substrate types and degrees of curvature. The top and bottom edges of the boxes indicate
the 25th and 75th percentage, while the central mark indicates the median. The red dots
mark the outlier values. A: curvatures from κ = 0 µm−1 to 1/150 µm−1. B: curvatures
from κ = 0 µm−1 to 1/75 µm−1

3-1-2 Total Cellular Traction Forces Decrease as Surface Curvature
Increases

The total traction force the cell exerts on the substrate shows a slight reduction as the surface
curvature increase (Figure 3-2). The total traction force reduces by approximately 2% as the
surface curvature for the hemispherical substrate increase from κ = 0µm−1 to κ = 1/150µm−1

as shown in Figure 3-2A. The traction forces exerted on the cylindrical substrate decrease at

Figure 3-2: Cellular traction forces normalised w.r.t the flat surfaces plotted as a function of
curvature. A: curvatures from κ = 0µm−1 to 1/150µm−1. B: curvatures from κ = 0µm−1

to 1/75µm−1.
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half the rate and reduce by approximately 1% for the same increase in surface curvature.
Similarly, the total traction forces decrease by approximately 4% and 2.5% for the hemispherical
and cylindrical substrate, respectively, as the surface curvature increase from κ = 0µm−1 to
κ = 1/75µm−1 as shown in Figure 3-2B. This reduction in traction forces indicates that the
SFs become less tense as the curvature increases.

3-1-3 Central FAs Experience the Lowest Magnitude of Traction Forces

The mean magnitude of traction forces experienced by the FAs largely depends on the location of
the focal adhesions as evident in Figure 3-3. For the substrates with curvatures κ = 0 µm−1 to
1/150 µm−1 (Figure 3-3 A&B), the central FAs experience traction forces 85% the magnitude
of the distal FAs. The medial FAs experience the most significant traction forces, 5% larger
than the distal FAs. Independent of curvature, the cell appears to experience more significant
traction forces towards the periphery of the cell. As the curvature increases, the average traction
forces decrease slightly for all FA groups. The traction forces for the hemispherical substrate
decrease at twice the rate compared to the cylindrical substrate. Similar observations are made
for the cell resting on substrates with curvatures of κ = 0 µm−1 to 1/75 µm−1 (Figure 3-3 C &
D); the central FAs experience traction forces 92% the magnitude of the distal FAs. The medial
FAs experience the most significant traction forces, 8% larger than the distal FAs. However,
the traction forces experienced by the central FAs do not change significantly as the curvature
increases from κ = 1/100 µm−1 to 1/75 µm−1, indicating that there exists a threshold where
they stop being sensitive to curvature.

A.S. Tjernshaugen Master of Science Thesis



3-1 Traction Forces 17

Figure 3-3: Plots showing traction forces normalised w.r.t the flat surfaces for the cell on
hemispherical and cylindrical substrate of increasing curvature. A&B: curvatures from κ = 0
µm−1 to 1/150 µm−1. C&D: curvatures from κ = 0 µm−1 to 1/75 µm−1.

3-1-4 Resultant Vertical Traction Forces are Dependent on Surface
Curvature

The resultant traction forces are non-zero for all substrates shown in Figure 3-4A and 3-4D,
indicating that the traction forces exerted by the cell are not balanced. The resultant traction
forces reduce significantly as the curvature increase. This decrease is most prominent for
the hemispherical substrates, decreasing at almost twice the rate of the cylindrical substrates.
Separating the resultant traction forces into their axial components, it is evident that the overall
reduction is caused by the decrease in vertical traction forces (forces acting parallel to the Y-
axis). The vertical traction forces exerted by the cell onto the substrate also push the cell onto
the substrate, shown in Figure 3-5. These results indicate that as surface curvature increases,
the cell encounters lower traction forces pushing it down onto the substrate. For both the
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Figure 3-4: Plots resultant traction forces normalised w.r.t the flat surfaces plotted as
a function of curvature. A: curvatures from κ = 0 µm−1 to 1/150 µm−1. B&C: The
resultant force split into its axial components for hemispherical and cylindrical substrates of
curvatures from κ = 0 µm−1 to 1/150 µm−1, respectively. D: curvatures from κ = 0 µm−1

to 1/75 µm−1. E&F: The resultant force split into its axial components for hemispherical
and cylindrical substrates of curvatures from κ = 0 µm−1 to 1/75 µm−1, respectively.

hemispherical and cylindrical substrates, the horizontal traction forces (acting along the X-axis
and Z-axis) appear unaffected by substrate curvature. Moreover the traction forces acting along
the X-axis and Z-axis are not identical, with the magnitude of traction forces along the Z-axis
being 42% to 69% less than the traction forces acting along the X-axis.

Figure 3-5: Schematic showing how resultant forces affect cells on flat and concave
substrates. The green outline represents the overall morphology of the cell; the nuclei are
shown in blue, while the actin stress fibres are depicted in red. The schematic is an ideal 2D
representation where the horizontal forces are of equal magnitude and opposite direction and
balance each other. The vertical force pushing the cell onto the substrate is lower for the
concave surface than for the flat surface. The schematic is adapted from Werner et al. [36]
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3-2 Stress of the Actin Cortex

The von Mises stress of the surface of the actin cortex in contact with the substrates appear
dependent on curvature as shown in Figures 3-6 and 3-7. It is exceptionally high for the
substrates with a surface curvature of κ = 1/100 µm−1 and κ = 1/75 µm−1. The most
significant stress values are concentrated in the cortex’s central area and diminish towards the
periphery.

Figure 3-6: Von Mises stress distribution of the surface of the actin cortex in contact with
the substrate. Cells on flat, hemispherical and cylindrical surfaces are shown, curvatures are
limited to κ = 1/300 µm−1 and κ = 1/150 µm−1.

Figure 3-7: Von Mises stress distribution of the surface of the actin cortex in contact with
the substrate. Cells on flat, hemispherical and cylindrical surfaces are shown, curvatures are
limited to κ = 1/100 µm−1 and κ = 1/75 µm−1.
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A lower von Mises stress is observed in the FA areas of the actin cortex, as these areas are
constrained in all directions and unable to move relative to each other. However, Section 3-1
shows that the FA experience significant reaction forces. The normalised mean von Mises stress
of the FAs are plotted in Figure 3-8. The stress experienced by the FAs increases considerably
with curvature; the mean von Mises stress for the hemispherical substrate increases by almost
260% as the curvature increases from κ = 0µm−1 to κ = 1/150µm−1. The mean von
Mises stress increases by nearly 190% for the cylindrical substrates for the same degree of
curvature. Similarly, the average von Mises stress increase by 290% as the curvature increase
from κ = 0µm−1 to κ = 1/75µm−1, while it increases by nearly 220% for the cylindrical
substrates for the same degree of curvature.

Figure 3-8: Average Von Mises stress for the FA areas of the actin cortex normalised w.r.t
the flat surfaces plotted as a function of curvature. A: curvatures from κ = 0 µm−1 to 1/150
µm−1. B: curvatures from κ = 0 µm−1 to 1/75 µm−1.
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3-3 Cell Morphology

The overall morphology of the hMSC was not heavily influenced by the contracted SFs (See
appendix B). The overall morphologies of the cell conformed onto the flat, cylindrical, and
hemispherical substrates after the prestress were applied to the SF are shown in Figure 3-9.

Figure 3-9: Orthogonal and lateral views of the hMSC spread on the three different types of
substrates. A: Flat. B: Hemispherical (κ = 1/75 µm−1). C: Cylindrical (κ = 1/75 µm−1).

The maximum height of the cell was observed to increase with curvature as shown in Figure
3-10A and 3-10B. Moreover, the hemispherical substrates appear to have a greater influence
on cell height compared to the cylindrical substrates. However, the overall effect of curvature
seems negligible as the biggest increase in height is approximately 0.3 µm as the hemispherical
substrate increase in curvature from κ = 0 µm−1 to κ = 1/75 µm−1.

Figure 3-10: Cell height plotted as a function of curvature. A: curvatures from κ = 0 µm−1

to 1/150 µm−1. B: curvatures from κ = 0 µm−1 to 1/75 µm−1.
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3-4 Stress and Deformation of Nucleus

The areas where the SFs tether the nucleus experience large stresses and deformations as shown
in Figure 3-11. The model description utilised the embedded constraint to avoid tying stress
fibres to specific nuclear nodes and causing large, unrealistic stresses. However, unrealistic
stresses are present in the form of sharp, cone-shaped pillars protruding from the nucleus, as
shown in Figure 3-11. Excluding the cone-shaped pillars, it is also evident from Figure 3-11
that the stress concentrations appear in small areas where the actin SFs tether the nuclei.
However, there does not seem to be a noticeable difference in stress distribution or magnitude
as the curvature increases. The nuclear aspect ratio is calculated to investigate how curvature

Figure 3-11: Stress distribution for nucleus on hemispherical and cylindrical substrates of
curvatures κ = 0 µm−1, κ = 1/300 µm−1 and κ = 1/150 µm−1. There is no noticeable
difference of the stress distributions between the different nuclei. Detail A highlights an area
where unrealistic stresses and deformation occur.

affects the nucleus. The aspect ratio is determined as the nuclear height to width ratio. When
the ratio decreases, the nucleus flattens, and the nucleus becomes elongated when the ratio
increases. A ratio of one means that the nucleus has a spherical shape. In the present work,
the width is determined as an average of multiple widths across the transverse midplane of the
nucleus. The nodes experiencing the most extreme stresses were not considered in an attempt
to get a more realistic image of the aspect ratio. The results are plotted in Figures 3-12A and
3-12B. The nuclear aspect ratio appears proportional to curvature, and the nucleus becomes
more spherical for substrates of higher curvature. The aspect ratio is more sensitive to the
hemispherical substrate than the cylindrical substrate. However, similar to the cell height, the
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increase in the aspect ratio is minuscule. The maximum rise is approximately 1.5% as the
curvature increase from κ = 0 µm−1 to κ = 75 µm−1. The present curvatures have a limited
influence on nuclear morphology.

Figure 3-12: The nuclear aspect ratio plotted as a function of curvature. A: curvatures
from κ = 0 µm−1 to 1/150 µm−1. B: curvatures from κ = 0 µm−1 to 1/75 µm−1.
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Chapter 4

Discussion

The present study’s primary objectives were to investigate if different substrate curvatures
induced different reactions to cellular traction forces and cellular morphology. In the quantified
results, the influence of curvature often had little effect on many of the output variables
investigated. The cell height increased with a maximum of 0.3 µm, while the overall traction
forces varied with a maximum of 4%. These observation is in line with results reported in
literature [43, 73]. Xi observed in vitro that the average cell height of epithelial cells increased
by approximately 0.2 µm as the curvature of concave cylindrical substrates increased from 0
to 1/150 µm−1 [73]. However, the cell height increased by more than 2 µm as the degree of
curvature increased to 1/25 µm−1. In silico, Vassaux and Milan reported that within the κ = 0
to κ = 1/150 µm−1 range of concave hemispherical substrates, the difference in total stress
fibre forces was closer to 5%, while the differences in nuclear strain were considered negligible
[43].

The cellular response was more pronounced for the cell on the hemispherical substrates than
the cell on the cylindrical substrates. Hemispherical substrates have a constant curvature along
all axes, while cylindrical substrates exhibit a direction of zero curvature perpendicular to the
direction of maximum curvature. As such, the cylindrical substrates possess similar qualities to
the hemispherical substrates along the direction of maximum curvature and similar qualities to
the flat substrate along the direction of zero curvature. Therefore, the observation that the cell
on the cylindrical substrate yields less elevated responses than on the hemispherical substrates
is in line with expectations.
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An increase in curvature appears to be inversely correlated with cellular traction forces. Lower
traction forces reflect a less tense cytoskeleton. According to the tensegrity theorem, a reduction
in tension of the cytoskeleton results in an overall less stiff cell [71]. A reduction in overall
stiffness reduces the cell’s stability, a factor known to induce apoptosis and inhibit differentiation
[74]. As such, it is tempting to deduce that hMSCs will try to avoid areas of concave surface
curvature. However, the overall reduction in traction forces was minuscule, and though the
curvature had an effect, it was minor and not statistically significant. Moreover, in vitro
hMSCs are observed to actively migrate towards concave pits [36, 75]. Mechanically, concave
topographies act as stable equilibrium configurations, minimising potential energy [43].

The resultant traction forces decrease considerably as the degree of curvature increases. This
is in line with previous in silico observations [43] and is largely due to the decrease in vertical
traction forces. When the curvature increases, the forces pushing the cell down onto the
substrate diminishes. As the curvature continue to increase, a threshold will eventually be
reached where the vertical traction forces begin to pull the cell upwards, providing a lifting
force. Werner et al. noted that for all concave hemispherical curvatures (κ = 1/375 µm−1,
1/250 µm−1, 1/175 µm−1, 1/125 µm−1), hMSCs spanned the surface, minimising its contact
points with the surface [36]. According to the chord model developed by Bidan et al., cells are
defined as tensile elements that will stretch upwards when attached to concave substrates [76].
Results from the present study agree with this theory, and the reduction in vertical traction
force pushing the cell down onto the substrate is likely a significant contributing factor to this
phenomenon. The resultant horizontal traction forces’ sensitivity to curvature is far more limited
than the resultant vertical traction forces, remaining virtually constant. The overall presence of
horizontal traction forces indicates that the cell pulls itself slightly in a specific direction. This is
behaviour that is typically observed in migratory cells [77]. The non-uniform distribution of the
actin SFs throughout the cell is the cause of the non-zero resultant horizontal forces. Indeed,
in the work of Vassaux, where traction forces are averaged over many cells, approximating a
uniform actin SF distribution, the resultant horizontal traction forces are zero [43]. However,
on an individual cell level, non-uniform distributions of SF and focal adhesions are observed in
vitro [77]. In particular, a large density of smaller focal adhesions are observed close to the
cell’s leading edge, an area that generates larger traction forces and is the main driving force in
cell migration [78]. The areas with a higher FA density, and a consequent surplus of horizontal
traction forces, could signify the initiation of a leading edge. This is in line with the present
work, where it is shown that the medial and distal focal adhesions experience larger traction
forces compared to the central FAs. Moreover, the non-uniform distribution of FAs and SFs,
with the majority aligned along the X-axis, results in larger horizontal traction forces acting
along the same axis.

In literature, it has been reported that the location of the FA is a crucial deciding factor in
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the amount of traction force the FA experiences [77]. Typically, the most significant traction
forces are generated in the FAs close to the cell periphery and leading-edge. In contrast, the
lowest magnitudes are generated in FAs towards the centre of the cell. In the present study,
it is accordingly observed that the central FAs experience the lowest traction forces. However,
contrastingly, the medial FAs appear to generate traction forces 5% larger in magnitude than the
distal FAs. This behaviour is observed independent of curvature. An explanation could lie within
the model design; firstly, the average distances to the centre of the cell are 23.6 ± 0.53 µm,
20.7 ± 1.46 µm and 12 ± 4.06 µm for the distal, medial, and central FA groups, respectively.
The distal and medial FAs are located at a reasonably similar distance to the centre of the
cell and would be expected to experience quite similar traction forces. Secondly, due to the
non-uniform stress fibre distribution, the nucleus is pulled in one direction. This results in
extra tensile forces exerted on the stress fibres that the nucleus is moving away from. The
majority of the FAs experiencing these extra tensional forces are medial FAs, resulting in this
group experiencing larger tensile forces than the distal group.The traction forces experienced
by each FA group are somewhat dependent on curvature, with each group expressing a greater
sensitivity to the hemispherical substrate than the cylindrical substrate. The central FAs seem
the least sensitive to curvature, with traction forces only noticeably reducing for hemispherical
substrates of a higher degree of curvature (κ < 1/250 µm−1). The sensitivity to higher degrees
of curvature and the low magnitude of traction forces experienced by central FAs may explain
in vitro observations showing that hMSCs on concave surfaces express a low density of FA in
the perinuclear area [36]. It is known that an increase or decrease in traction forces may cause
the FA to enlarge or disassemble, respectively [13]. Therefore, the central FAs may disappear
in response to the low magnitude of traction forces experienced. The observation that central
FAs experience lower traction forces further substantiates the phenomenon where hMSCs span
concave surfaces.

A significant observation in the present study is the correlation between stress experienced by
the actin cortex and the curvature. Specifically, the magnitude and distribution of stress of the
actin cortex in contact with the surface appear proportional to an increase in curvature. This
stress increase may be an underlying cause of why hMSCs prefer to span concave; hemispherical
substrates [36]. The cell can reduce its surface area and avoid larger deformations by lifting off
the substrate.

The cell height is observed to be proportional to the degree of curvature. A higher degree of
curvature yields a minor increase in height. The effect is most prevalent on the hemispherical
substrate, with the cell on the cylindrical substrate seemingly less sensitive to curvature. This
is in line with observations made by Xi et al., where epithelial cells seeded on the concave
face of cylinders expressed a similar lack of sensitivity to curvatures of similar degrees [73].
The Prockop group [79–83] have reported that MSCs can be separated into two morphological
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types; rapidly proliferating, small, round cells (RS cells), and slowly proliferating, large flattened
cells (FC) [82]. In general, the RS cells that manifest a higher degree of multipotency exhibit a
larger cell height than the FC cells [84]. Observations from the present work are not significant
enough to suggest that substrate curvature alters the cellular morphology sufficiently to change
the cell phenotype. However, it is likely that hemispherical substrates of higher degrees of
curvature will limit the cell’s opportunity to spread. It should therefore be investigated whether
meso-scale curvature can produce cell cultures where most cells retain their multipotency. On
the contrary, it has also been reported that taller adipose-derived MSCs express a preference
for adipogenic differentiation [85, 86], while flatter, spread hMSC on convex substrates have
shown a preference for osteogenic differentiation [36]. Consequently, more research is necessary
to determine how surface curvature affects cell differentiation.

The present work observed that surface curvature had a minor effect on the nuclear aspect
ratio. As the degree of curvature decreases, the nucleus flattens. This observation is similar,
but less pronounced, to what has been reported in the literature [35]. It has been shown that
changes in nuclear strain can lead to chromatin deformation and alter gene transcription [87].
Nuclei located on concave substrates have been found to contain more condensed chromatin
and cytoplasmic YAP (a central regulator of cell proliferation [88]) compared to nuclei on flatter,
and convex substrates [89]. However, the nuclear envelope is wrinkled and folded and can easily
provide more surface area without a comparable increase in stress [90]. As such, whether the
nuclear strains observed in the present work are sufficient to alter chromatin conformation and,
subsequently, gene transcription and cell fate remain elusive.

The degree and type of curvature appeared to have little effect on the stresses experienced by
the nucleus. In literature, it has been reported that the nuclear stress is inversely correlated with
the degree of curvature for concave hemispherical surfaces [43]. As such, the nucleus appears
more stable on concave surfaces than on flatter surfaces. This may play a part in why hMSCs
chose to migrate into concave pits [36]. The cell may prefer a more stable nucleus over the
stability it derives from an overall increase in stiffness when resting on flat and convex surfaces.
Pieuchot et al. suggest that migrating cells in curved environments follow the path of least
nuclear mechanical stress [75]. The findings in the present work were not sufficient to support
this theory.
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4-1 Shortcomings and improvements of model

4-1-1 Reduce Extreme Nuclear Strains

The greatest observed weakness of the present model was the large, localised nuclear strains
observed in the areas where the stress fibres link to the nucleus. The reason these strains occur
appears to be twofold. Firstly, the nuclear mesh is coarse compared to the SF diameter (0.4 µm
element length vs 0.25 µm SF diameter). The similarity in size results in the SFs transmitting
all their force to one nuclear node. A simulation with a finer nuclear mesh (average element
length 0.2 µm) was executed to investigate the effect of mesh refinement. The strains were
observed to still be present, however, in a more rounded and less extreme manner. A more
extensive mesh refinement should therefore reduce the strains considerably. Secondly, the cross-
sectional area remains constant along the length of the SF, so it links to the nucleus over a
minimal area and consequently distributes the contractile forces over this smaller area. This
becomes more evident for the medial and central stress fibres that are angled in a more normal
direction towards the nuclear surface. In vivo and in vitro SFs are linked to the nucleus and
substrate through LINC complexes and FAs, respectively [91, 92]. These features have a larger
cross-sectional area and distribute the contractile forces over larger areas. It would be preferred
to model the SFs with tapered ends. This would result in a larger cross-sectional area linking
the SF and the nucleus, which would improve the distribution of the contractile SF forces.

4-1-2 Improvements for Stress Fibres and CSK

As an objective of the present study was to investigate how surface curvature affects the nucleus,
only stress fibres that are mechanically linked to the nucleus were modelled, mainly ventral and
apical SF. Including the more peripheral transverse and dorsal SF would be more realistic. The
apical and ventral SFs are also observed mechanically linked to the nucleus in many locations
across a singular SF [15, 91]. Modelling each SF to only link to the nucleus in one location,
the SF end, is a significant simplification. As the SFs are stochastically generated, the results
from one cell do not necessarily represent actual cellular behaviour or the general case. This
became evident regarding the medial FAs experiencing larger traction forces than the distal FAs.
This effect would be reduced by generating multiple cells with stochastically distributed stress
fibres. The averaged results for a large number of cells should yield results that approach zero
resultant horizontal traction forces as observed by Vassaux [43]. SFs resist tensional forces;
however, other cytoskeletal elements like microtubules and intermediate filaments equip the cell
with resistance to compressive forces. It has also been observed that especially microtubules
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have the ability to influence nuclear morphology [15]. As a significant focus in this study was
particularly on how surface curvature affects nuclear morphology, microtubules could favourably
have been included in the model.

4-1-3 Focal Adhesions can be Represented by Cohesive Zone Models

The focal adhesions are modelled by constraining smaller areas of the actin cortex in all degrees
of freedom once contact with the substrate is established. In vivo and in vitro, this is certainly
not the case, and bonds between the integrins and substrate break if the forces get large
enough [93]. An excellent way of modelling such behaviour is by implementing cohesive zone
models (CZM) [94]. These phenomenological models have been developed to describe crack
propagation between two surfaces. Such models describe the evolution of shear and normal
traction forces and have been used in single-cell simulations in the past [54, 95]. However,
as they can increase computational time drastically, they were not implemented in the present
work.

4-1-4 Geometry and Material Models

The present model represents the general hMSC morphology and mechanical properties. Consequently,
the geometrical properties in the cell model are simplified and idealised. Previously, cell geometry
was recreated in great detail using scanned data from individual cells [96, 97] to produce more
accurate results. However, this comes at the cost of computational time, and the results tend
to represent only the scanned cell. Some accuracy is sacrificed by simplifying the cell geometry
to save computational power.

The material descriptions used for this model were either hyperelastic or linear elastic. While
hyperelasticity captures some of the mechanical qualities of cellular behaviour, it fails to include
the time-dependent properties that have been observed [98, 99]. Viscoelastic material models,
therefore, represent cells far better. Even stress fibres have been observed to exhibit viscoelastic
behaviour [100]. For further development of the present model, it is consequently recommended
to use viscoelastic material models.

Computational simulations often balance model complexity, model convergence, and computational
cost. Complex models may produce results that align closer to the in vivo or in vitro state it
aims to recreate. However, such models are often exceptionally computationally costly and
often fail to converge. Consequently, while some of the shortcomings of the present model can
be avoided by adding complexity, it is far from given that all additions will be beneficial.
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Conclusions and Recommendations

To the best of the author’s knowledge, this is the only study that has utilised the finite element
method to investigate how a cell with prestressed actin stress fibres interacts with substrates of
meso-scale surface curvature. An hMSC was simulated on substrates with hemispherical and
cylindrical concave surfaces with curvatures ranging from κ = 0 µm−1 to κ = 1/75 µm−1.
The markers used to quantify cellular response comprised cellular traction forces, the nuclear
aspect ratio and stress distributions, the cell height, and the stress distributions of the actin
cortex. It was observed that the central FAs experienced lower traction forces than the other
groups, indicating that the strength of the adhesive bonds between the cell and the substrate
is lower in central areas. Moreover, the study revealed that the vertical traction forces pulling
the cell onto the substrate reduce considerably as the curvature increases. The cell on the
hemispherical substrates experienced a reduction in vertical traction forces at twice the rate
compared to the cell on the cylindrical substrates. Finally, the stresses of the actin cortex
increase considerably with the degree of curvature. The stresses experienced by the cell were
more significant for the hemispherical substrates than the cylindrical substrates. Spanning the
substrate and reducing the surface area in contact with the hemispherical substrates would
help the cell avoid these stresses. Overall, these results support in vitro observations of hMSCs
spanning concave hemispherical substrates. The present model shows that FEM can successfully
be employed to predict certain aspects of hMSC behaviour on substrates with meso-scale
surface curvature. However, the model did not find the variation of FA traction forces with
curvature statistically significant. The primary cause is likely the narrow range of substrate
surface curvatures investigated. More pronounced results are likely to be obtained for higher
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degrees of curvature. There is a lack of knowledge of cellular behaviour and fate on substrates
with hyperbolic surfaces. Extending the present model to include such curvatures may provide
valuable information.
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Appendix A

Mesh Convergence and Validation

A mesh convergence and validation study were performed to ensure reliable results. The model
was set up as shown in Figure A-1 for both the convergence and the validation studies. The cell
was placed on a flat, analytical rigid surface while a rigid sphere (diameter=10µm), signifying
the AFM tip, was placed on the apex of the cell. Contact behaviour between the AFM tip and
the cell was frictionless, while the contact between the cell and the substrate was the same as
in Section 2-3. During the simulation, the AFM tip vertically indented the cell 0.2µm, and the
resulting reaction force was recorded.

Figure A-1: Model setup for mesh convergence and validation study. Red: flat, analytical
rigid surface. White: Actin cortex. Green: CSK. Blue: Nucleus. Grey: AFM tip. Stress
fibres are not shown. Left image: isometric view. Right image: Cross-sectional view.
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Figure A-2: Mesh convergence study showing the the result converge as the number of
elements approaches 300 000.

A-0-1 Mesh Convergence

During the mesh convergence study, the number of elements was increased for each simulation,
and the relative error was calculated according to Equation A-1.

RelativeError = RFn − RFn−1

RFn−1
× 100 (A-1)

Figure A-2 shows that the model converges as the number of elements approaches 300 000.
The details of the final mesh chosen are listed in Table A-1.

Table A-1: Type and number of mesh elements chosen for simulations.

Cellular Components Element Type Number of Elements
Actin Cortex S3 57086
CSK C3D8H 188 332
Nucleus C3D8H 11 040
Stress Fibres T3D2 1202
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A-0-2 Validation

The model was validated against experimental results obtained by Migliorini et al. [45]. They
used a combination of Matlab/python and FEM to obtain material parameters of the CSK and
the actin cortex, listed in Table A-2 and A-3, and obtained force-indentation plots for both in
vitro and in silico models. The present model is validated against the in vitro results.

Table A-2: Material parameters derived by Migliorini for ten different hMSC cells using an
FEM model excluding adhesive structures.

Table A-3: Material parameters derived by Migliorini for ten different hMSC cells using an
FEM model including adhesive structures.

The model was validated against Sample 3 and Sample 4. For each validation, two simula-
tions were run. First, a simulation without constrained focal adhesions and prestressed actin
stress fibres was tested. The second simulation included both constrained focal adhesions and
prestressed stress fibres. Figure A-3 shows that Sample 3 correlates better with the experimen-
tal results than sample 4. Some differences in behaviour were expected as the present model
utilises a slightly different mesh configuration and stress fibre distribution than the model used
by Mignorlini to derive the material properties. Moreover, in both cases, the simulations that
included the adhesive structures correlated better than the simulations excluding these struc-
tures. Finally, the material properties chosen for the study were the average material properties
of all ten cells. These parameters were chosen to keep the model as general as possible.
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Figure A-3: Simulations including and excluding adhesive structures compared to experi-
mental results. Left: Sample 3, Right: Sample 4.

Master of Science Thesis A.S. Tjernshaugen



Appendix B

Results: SF strain

The contractional force produced an average strain of 0.03 in the SFs, equivalent to an ap-
proximate 0.4 µm reduction in length. This constitutes less than 1% of the length of the
cell diameter. Consequently, the contractional SF forces have little effect on the overall cell
morphology.
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