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a b s t r a c t

The surface shape is an important aspect to take into account to ensure the success of an implant. At the
cellular scale level, the cell behaviour, especially its migration, is affected by the specificities of the sur-
face of the substrate, such as the stiffness of the surface and its roughness topography. The latter has been
shown to have a great impact on various cell mechanisms, such as the cell adhesion, migration, or pro-
liferation. In fact, the mere presence of micro roughness leads to an improvement of those mechanisms,
with a better integration of the implants. However, the phenomena behind those improvements are still
not clear.
In this paper, we propose a three-dimensional (3D) model of a single cell migration using a Cellular

Potts (CP) model to study the influence of the surface topography on cell motility. To do so, various con-
figurations were tested, such as: (i) a substrate with a random roughness, (ii) a substrate with a rectan-
gular groove pattern (parallel and perpendicular to the direction of motion), (ii) a substrate with a
sinusoidal groove pattern. To evaluate the influence of the surface topography on cell motility, for each
configuration, the cell speed and shape as well as the contact surface between the cell and the substrate
have been quantified.
Our numerical results demonstrate that, in agreement with the experimental observations of the liter-

ature, the substrate topography has an influence on the cell efficiency (i.e. cell speed), orientation and
shape. Besides, we also show that the increase of the contact surface alone in presence of roughness is
not enough to explain the improvement of cell migration on the various rough surfaces. Finally, we high-
light the importance of the roughness dimension on cell motility. This could be a critical aspect to con-
sider for further analyses and applications, such as surface treatments for medical applications.

1. Introduction

Implant placement have skyrocketed in the world for a few dec-
ades (for instance, >450,000 dental implants that are being placed
every year in the US (Gaviria et al., 2014). The proper functioning of
each implant is given by a good integration in the patient body as
well as a good stability. This stability is firstly set by a primary con-
nexion to anchor the implant to the bone, and secondly, by a sec-
ondary connexion with the creation of new bone tissues around
the implant. The latter connexion is then defined as the osseointe-
gration (Albrektsson et al., 1978) and a good comprehension of this
process assures the implantation success. The osseointegration
depends on various parameters, such as the properties of the

implant (mechanical, topological. . .), the condition of the bone in
the implantation site, or the chirurgical technique. Among those
factors, surface conditions have a significant impact on the
osseointegration. Indeed, it plays a role in the bone response on
the surface of the implant during the initial phase of bone remod-
elling, by improving or inhibiting it. Thus, a good osteointegration
requires a control of the surface conditions.

The literature proposes a significant number of studies that
described the influence of the surface conditions on bone remod-
elling. The work of Albrektsson et al. (1981) showed that the pres-
ence of micro roughness (i.e. geometry defects at the microscale)
led to a speeding of the healing time, compared to a smooth sur-
face. The study of Liddell et al. (2017) pointed out an improved
clamping of the bone to the implant on surfaces with nano and
micro roughness. Besides, Wennerberg et al. (2009) went further
by showing that a moderate roughness, between 1 and 2 lm, gave
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parameters on the cell motility in terms of cell speed, shape and
contact surface. In the next section (Section 2), we will define the
main equations of the model and various surface topologies, such
as: (i) a random rough surface, (ii) surfaces with a rectangular
groove pattern with variable width and depth, and (iii) surfaces
with a sinusoidal groove pattern with variable wavelength and
amplitude. These surfaces are tested in Section 3 and we analyse
both the cell shape and the cell speed in order to assess the influ-
ence of the surface topography on the overall cell behaviour. Then,
such results will be discussed and compared to specific experimen-
tal data taken from the literature to qualitatively validate the
numerical approach.

2. Materials and methods

2.1. CP model

In the present work, we employ a CP model, a grid-based and
energetic stochastic approach, developed by Graner et al. (1992).
A 3D regular latticeX 2 R3, formed by m identical grid sites defined
as voxels, is defined as the simulation domain. Each site is identi-
fied by its centroidxi 2 R3 and it is labelled by an integer number,
r xið Þ 2 N, which can be interpreted as a degenerate spin originally
coming from statistical physics. The neighbours of a lattice site xi
are identified by xi 0. Subdomains with identical label r form dis-
crete objects, with an associated types: s ¼ M stands for medium,
s ¼ S for the substrate, and s ¼ C stands for cells. Cell dynamics is
obtained through an iterative and stochastic reduction of the over-
all energy, given by a Hamiltonian function H. The employed algo-
rithm is a modification of the Metropolis method (Metropolis et al.,
1953) for Monte Carlo-Boltzmann dynamics (Deshpande et al.,
1988). At each Monte Carlo Step (MCS), the model considers the
motion of a source site x to another neighbour lattice site x0. Thus,
we obtained two states: (1) the state before the spin copy where
the site x (that we will call x) has not changed yet with an overall
energy Hbefore spin copy and (2) the state after the spin copy where
the site x (that we will call x0) has changed to the value of x0 with
an overall energy Hafter spin copy. The net energy generated by this
motion is calculated as:

DHjrðxÞ!rðx0 Þ ¼ Hafterspincopy � Hbeforespincopy ð1Þ
The trial spin update is validated by a Boltzmann-like probabil-

ity function Pdefined as:

PjrðxsourceÞ!rðxtargetÞ ¼ min 1; e�
DH
T

n o
ð2Þ

where T is the Boltzmann temperature that has been interpreted as
the fluctuation allowance of the environment. The Hamiltonian
function H is calculated as the sum of three intermediate Hamilto-
nian functions:

H ¼ Hadhesion þ Hshape þ Hexternalpotential ð3Þ
Hadhesion describes the adhesion between the cell and the extra-

cellular components (i.e. the medium or a given type of substrate),
and it takes the following form:

Hadhesion ¼
X
ðx;x0 Þ

Js r xð Þð Þ;sðr x0ð ÞÞ: 1� ds r xð Þð Þ;sðr x0ð ÞÞ
� � ð4Þ

With ds r xð Þð Þ;sðr x0ð ÞÞ the Kronocher function equal to 1 if the sites x and
x’ belong to the same type of subdomain, and equal to 0 otherwise.
Js r xð Þð Þ;sðr x0ð ÞÞ defines constant and homogenous binding forces per
unit area between the cell and its environment. Then, it can assume
different values according to the component the cell interacts with:

an enhanced bone response. However, this influence is not limited 
to the bone tissue only; it also affects the bone cell behavior itself. 
Indeed, the surface characteristics of the implant play an important 
role in the promotion or inhibition of the cell adhesion, motility, 
and shape, which are essential for an efficient early osseointegra-
tion. Huang et al. (2004) registered an increase in cell adhesion 
with an increasing roughness on ground titanium, highlighting 
the role played by the roughness in cell-substrate interaction. 
The same observation was made in for other cellular mechanisms 
such as the cell migration and proliferation (Anselme et al., 2000, 
2014; Andrukhov, 2016; Wu et al., 2015). Other studies displayed 
the effects of the surface rigidity on the self-organization of the cell 
(Lo et al., 2000; Chang et al., 2017; Discher et al., 2005; Raab et al., 
2012). Surface topography also significantly affects the cell 
response. Many studies showed that roughness with a periodic 
topography (groove, porosity. . .) affected both the cell adhesion 
and motility, by affecting the spreading, the polarization, and the 
focal adhesion (FA) formation (Novaes et al., 2010; Lamers, 2010; 
Kaiser et al., 2006).

Such results confirm that cell sense and respond to the surface 
topography by modifying their morphology and behaviour (i.e. 
shape and speed), but the reasons behind such a process are still 
unknown. On the one hand, one can assume that the increase of 
the roughness (i.e. the increase of the substrate area) may improve 
the cell contact surface with the substrate (Gallant et al., 2005), 
making it easier for the cell to move on the surface. On the other 
hand, the cell may be more likely to migrate thanks to a local 
increase of the adhesion strength with the substrate due to the 
roughness (Ponsonnet, et al., 2003). Additionally, the orientation 
of the surface shape, compared to the direction of motion of the 
cell, has also to be taken into account. Evaluating the influence of 
all these parameters with a full control of the environment can 
be too costly and, in some cases, some parameters can be interde-
pendent. Thus, the numerical models could help and be an alterna-
tive approach.

Some numerical studies analysed the cell behaviour on fibro-
nectin pattern. Kim et al. (2013) proposed a three dimensional 
(3D) integrative cell migration model incorporating FA, cytoskele-
ton, and nucleus remodelling, in order to study cell spreading and 
migration on various patterns. Their results showed that cell 
migration and spreading depend on fibronectin concentration, as 
well as higher stress concentration of the membrane on sharp sur-
face. Similarly, Albert et al. (2014) did the same analysis, but using 
a two dimensional (2D) Cellular Potts (CP) model a lattice-based 
stochastic method employing energy minimization (Graner et al., 
1992; Swat et al., 2012). They were able to obtain similar results 
to Kim et al with a reduced computation time. The model of 
Scianna et al. (2013), based on a CP approach, analysed the influ-
ence of the extra cellular matrix (ECM) orientation and it showed 
that the cell adapts its shape to the ECM orientation. Knowing that 
ECM orientation is guided by the surface orientation, the geomet-
rical influence of the roughness can be assumed. If we focus at a 
subcellular scale, Chong et al. (2016) and Decuzzi et al. (2010) pro-
posed each a model of the contact adhesion between the cell mem-
brane and the surface topography using an analytical approach. 
The results pointed out an increase or decrease of the contact adhe-
sion depending on the topography of the surface. All these numer-
ical and analytical studies are very interesting and provide 
consistent results with respect to the existing experimental data. 
Nonetheless, none of them considered the underneath roughness 
and its effects on the cell motility.

Here, we present a 3D CP model to simulate the migration of a 
single cell on surfaces with different topographical properties. To 
our knowledge, this is the first time the CP method is employed 
to study the impact of surface roughness on cell motility. Our main 
objective is to quantitively analyse the influence of the topography



� Jcm characterizes the adhesion strength between the cell and the
collagenous medium, composed by a mixture of soluble adhe-
sion ligand and water solvent;

� Jcs characterizes the adhesive strength between the cell and the
substrate.

Hshape represents the morphological characteristics of each cell
and it is constituted by a volume and a surface term, both defined
as elastic potential as follows:

Hshape ¼ ksurface: S� Scð Þ2 þ kvolume: V � Vcð Þ2 ð5Þ
With S and V the actual surface and volume of the cell, respectively
and SC and Vc the target surface and volume of the cell in the initial
resting condition, respectively. ksurface and kvolume are two mechanical
moduli. The former represents the deformability of the cell and it
depends on the underneath substrate. The latter is set �1 in order
to keep a constant volume during the migration.

An energy term of migration Hexternal potential is added in order to
trigger the cell motility on the surface. Hexternal potential reads

Hexternalpotential ¼ � m!:dr
! ð6Þ

where m! is the external potential which defines the direction of

migration (here it coincides with the direction X) and dr
!

is the dis-
placement vector of the centre of mass (COM) of the cell generated
by the spin copy.

2.2. Configuration of the CP model

The lattice domain is a 400 mm � 240 mm � 80 mm regular rect-
angular parallelepiped with no-flux boundary conditions along the
four sides. Each lattice site xi is a 1 mm � 1 mm � 1 lm voxel cube
and a cell is initially represented by a hemisphere of radius
20 mm. The initial volume and surface of the cell are set to
8000 mm3 and 5000 mm2 respectively in order to respect the scale
of 1 mm2 per pixel. The temperature T is set to 15 � 10�27 kg/
m2s2. The coefficients Jcm and Jcs have been set to 15 � 10�15 kg/
s2 and 1 � 10�15 kg/s2 respectively, in order to have the cell adapt
to the morphology of the surface (Scianna et al., 2013). In order to
have a cell that keeps a constant volume and surface and maintains
enough elasticity to be able to move, ksurface and kvolume are fixed to
15 � 10�3 kg/s2m2 and 50 � 10�9 kg/s2m3 respectively. A MCS is
set to 10 s and the simulations cover 8500 MCS, which corresponds
to 24 h. The substrate is divided in 3 different rectangular domains
of 400 mm � 80 mm, each one describing a specific surface topogra-
phy. For each configuration, the cell is initially seeded on the sur-
face in resting position for 150 MCS, then it starts moving in the
direction m (imposed by Hexternalpotential). To be able to visualize the
migratory behaviour of the cell, we had to add a term of external
potential, as it was described by the equation (6). It is an artificial
term included in the Hamiltonian that we apply to the cell to sus-
tain its motion across the substrate. If we look at the experimental
studies, cell motions were usually created by microchannel (Ilina
et al., 2011) or gradient of chemical substances (chemotaxis), with
the motion sustained by the internal dynamics of the cell. How-
ever, our model is unable to reproduce such internal dynamics.
Thus, the external dynamics was created and evaluated to obtain
the minimum magnitude necessary to move the cell. Contrary to
the model used by Allena et al. (2016) where the external potential
is applied directly to the site, here the external potential is applied
to the COM of the cell. However, at each step, the COM displace-
ment is infinitesimal. So, we set a high value of jjmjj at 10 � 10�18

kg/s2m2. All the simulations are run 10 times in order to obtain
consistent and reproducible data, and the average and deviation
of the results are evaluated. Statistics were realized by a Kruskal-
Wallis test followed by a Pearson correlation test, with a level of

significance set at a correlation c = 0.9 and p = 0.05. All the CP
model parameters are listed in Table 1.

The simulations were performed on the open source package
CompuCell3D (Swat et al., 2012). In particular, a Python script
was developed to specify cell characteristics and import surface
setting into the model.

2.3. Description of the substrate roughness

In order to analyse the influence of the surface roughness on cell
motility, four different set of surfaces were numerically created:

1. The first set (Fig. 1a) is constituted by a surface whose rough-
ness randomly varies in space. Then, the altitude Z x; yð Þ, with x and
y the coordinates of each point on the surface, is defined as:

Z x; yð Þ ¼ Z0 þ randi Rð Þ � R ð7Þ

where Z0 is the reference altitude, and randiðRÞ is a function which
generates an integer between 0 and R, which is the maximum value
assumed for the roughness.

2. The second and third sets (Fig. 1b and c) are constituted by a
surface whose roughness is represented by rectangular grooves of
different width w, depth d, and orientation parallel (Fig. 1b and
equation (8)) or perpendicular (Fig. 1c and equation (9)) with
respect to the direction of motility v. The altitude Z x; yð Þ of each
point on the surface is defined as follows:

Z x; yð Þ ¼ Z0 if modðy;wÞ � w
2

Z0 � d else

�
ð8Þ

Z x; yð Þ ¼ Z0 if modðx;wÞ � w
2

Z0 � d else

�
ð9Þ

where mod(.) is the modulo operator.
3. The fourth set (Fig. 1d) is constituted by a surface whose

roughness is represented by sinusoidal grooves with different
wavelength k and amplitude A in the direction of motility v. The
altitude Z x; yð Þ reads:

Z x; yð Þ ¼ Z0 þ A
2
:cos

2:p:y
k

� �
ð10Þ

Some of the parameters previously introduced have been nor-
malised with respect to the cell diameter D, as followed: R� ¼ R

D,
w� ¼ w

D, d
� ¼ d

D, k
� ¼ k

D, and A� ¼ A
D. All the parameters are listed in

Table 2.
For each surface, we compute the roughness ratio parameter rc,

which is expressed as the ratio between the area of the surface
with roughness and the area of the surface without roughness.
For a smooth surface, rc = 1. The values of rc for each surface are
listed in the Table 3–5 from Appendix A.1.

Table 1
CP model parameters.

Description Variable name Value Unit

Step t 8500 MCS
Temperature T 15 � 10�27 kg m2/s2

Lattice Domain X 400 � 240 � 80 mm
Target cell volume Vc 8 � 103 mm3

Target cell surface Sc 5 � 103 mm2

Lambda volume kvolume 50 � 10�9 kg/s2m3

Lambda surface ksurface 15 � 10�3 kg/s2m2

Adhesion cell/medium Jcm 15 � 10�15 kg/s2

Adhesion cell/substrate Jcs 1 � 10�15 kg/s2

External potential v m �10� 10�18

0
0

2
4

3
5 kg/s2m3



In the next section we will present the results of our simula-
tions. More particularly we have evaluated the output parameters
of the model, i.e. the cell speed, the contact surface and the cell
shape, as function of specific input parameters (JCS, R*, w*, d*, k*
and A*) according to the set of simulations.

3. Results and discussion

3.1. Cell migration on substrate with random roughness

3.1.1. Smooth VS rough surface
In the first set of simulations, we analyse the influence of the

roughness, which randomly varies over the substrate, on cell
motility. Fig. 2 shows the cell at the resting position on smooth

Table 2
Input surface parameters.

Description Variable
name

Values Units

Reference altitude Z0 20 mm
Cell diameter D 20 mm
Random roughness range R [0–10] mm
Groove width w 5, 10, 20 mm
Groove depth d 1, 3, 5 mm
Sinusoidal pattern

wavelength
k 5, 10, 20 mm

Sinusoidal pattern
amplitude

A 2, 3, 4, 5, 6, 8, 10, 15, 20 mm

Normalised random
roughness range

R* [0–0.5] –

Normalised width w* 0.25, 0.5, 1 –
Normalised depth d* 0.05, 0.15, 0.25 –
Normalised wavelength k* 0.25, 0.5, 1 –
Normalised amplitude A* 0.1, 0.15, 0.2, 0.25, 0.3, 0.4,

0.5, 0.75, 1
–

Fig. 1. 3D surface topography for each set of surfaces. The colorbar indicates the range of the z position of the surface.

Table 3
Value of rc for random rough surfaces.

R* rc

0 1
0,05 1,4
0,1 1.8
0,15 2.3
0,2 2.8
0,25 3.3
0,3 3.8
0,35 4.3
0,4 4.8
0,45 5.3
0,5 5.8



(R*=0) (Fig. 2a and b) and random roughness (R*>0) (Fig. 2c and d)
surfaces.

Fig. 2a and b show that the cell acquires naturally a hemispher-
ical shape with a circular contact surface, which is maintained dur-
ing the migration (see Movie S1). Such a shape, which has been
experimentally observed (Lo et al., 2000; Rosales-Leal, 2010), is
due to the cell trying to minimise its energy and results in the equi-
librium between the internal dynamics of the cell and the
environment.

Fig. 3 presents the evolution of the cell migration on smooth
surface (R*=0) in terms of trajectories (Fig. 3a), contact surface
(Fig. 3b) and cell elongation a

c (Fig. 3c). The cell follows a linear tra-
jectory (Fig. 3a) in the direction X of the external potential. A tran-

sitory phase is observed for the contact surface (Fig. 3b), with an
increase up to 940 lm2 (±10) that stabilises around 2000 MCS.
The same phenomenon takes place for the cell elongation parame-
ter (Fig. 3c), with a stabilisation around a

c ¼ 2 at 5000 MCS. This
transitory phase could represent the period during which the cell
adapts itself to its environment. Some small variations are
observed between each simulation, with no significant differences.

On a random rough surface (R*=0.25), there is no significant dif-
ference in terms of shape at the resting position compared to the
smooth surface (Fig. 2c and d). However, differences are found dur-
ing the cell migration. The analysis of the cell trajectory on a ran-
dom rough surface (Fig. 4a) shows that the cell remains aligned
with the direction of the external potential (i.e. the X direction).

Fig. 2. Shape of the cell at the resting position on smooth (R* = 0) (a–b) and rough (R* = 0.25) (c–d) surfaces in the (X–Y) and (Y–Z) planes.

d* rc w* rc

w*=0,5 w*=1 d*=0,15 d*=0,25

0,05 1,08 1,04 0,2 2,09 3,06
0,1 1,25 1,12 0,3 1,72 2,37
0,15 1,43 1,22 0,4 1,54 2,03
0,2 1,63 1,31 0,5 1,43 1,82
0,25 1,82 1,41 0,6 1,36 1,69
0,3 2,02 1,51 0,7 1,31 1,58
0,35 2,22 1,61 0,8 1,27 1,51
0,4 2,42 1,71 0,9 1,24 1,45
0,45 2,62 1,81 1 1,22 1,41
0,5 2,82 1,91 1,1 1,19 1,36
0,55 3,02 2,01 1,2 1,18 1,34
0,6 3,22 2,11 1,3 1,16 1,31
0,65 3,42 2,21 1,4 1,15 1,29
0,7 3,62 2,31 1,5 1,14 1,27
0,75 3,82 2,41 1,6 1,14 1,26

Table 5
Value of rc for the sinusoidal grooves.

A* rc k* rc

k*=0,5 k*=1 A*=0,15 A*=0,25

0,1 1,08 1,04 0,2 1,82 2,70
0,15 1,17 1,08 0,3 1,55 1,96
0,2 1,25 1,12 0,4 1,31 1,72
0,25 1,41 1,17 0,5 1,25 1,50
0,3 1,50 1,21 0,6 1,21 1,34
0,35 1,58 1,25 0,7 1,18 1,35
0,4 1,83 1,29 0,8 1,15 1,26
0,45 1,91 1,33 0,9 1,14 1,23
0,5 2,20 1,45 1 1,12 1,21
0,55 2,29 1,50 1,1 1,11 1,19
0,6 2,45 1,54 1,2 1,10 1,17
0,65 2,66 1,66 1,3 1,10 1,16
0,7 2,82 1,70 1,4 1,09 1,15
0,75 3,05 1,83 1,5 1,08 1,14
0,8 3,21 1,87 1,6 1,08 1,13

Table 4
Value of rc for the rectangular grooves.



In terms of contact surface, we observe an increase up to 1620 lm2

at 8500 MCS, with a stabilization between 2000 and 3000 MCS
(Fig. 4b). Such a value is almost double compared to that found
on the smooth surface and could be the result of the roughness.
In terms of elongation, Movie S2 and Fig. 4c show a reduction of
the parameter a

c compared to the smooth surface. In fact, one can
notice that, during the migration, the cell exhibits a smaller elliptic
shape compared to the migration on the smooth surface, which
may be due to a higher energy necessary to the cell to move on a
rough surface.

Fig. 5 presents the results of the cell migration on random rough
surfaces for different values of R*. A decrease in cell speed is regis-
tered as the parameter R* increases, from 8.9 lm/h (±0.33) for the
smooth surface (R*=0) up to 1.61 lm/h (±0.16) for R*=0.5 (Fig. 5a).
In terms of shape (Fig. 5c), the simulations confirm that the cell
acquires a smaller elliptic shape compared to the migration on
the smooth surface. Concerning the roughness of the surface
(Table 3 from Appendix A.1), an increase of the roughness ratio
rc from 1 at R*=0 to 5.8 at R*=0.5 is observed, followed by an
increase of the contact surface from 940 lm2 (±10) to 1981 lm2

(±17) (Fig. 5b). According to these results, we can point out a direct
correlation between rc and the contact surface (c = 1, p�0.05), con-
firming the hypothesis that an increase of the roughness leads to
an increase of the contact surface. A statistical analysis presents
a negative correlation between the evolution of the cell speed
and the contact surface (c = �0.91 and p = 0.029). The results of

Fig. 5c support this idea, with a decrease of the cell elongation with
the increase of R*, from 2 at R*=0 to 1.26 at R*=0.5. One can notice
that the cell spend more energy to be able to move on the rough
surface, due to the barrier created by random elevations. These
results can be compared to the study of Han et al (Han et al.,
2015), where they showed a decrease of the cell speed and of the
adhesion strength on smooth surfaces with added nanoroughness,
compared to the smooth surface itself. Nonetheless, they did not
evaluate the correlation between the two aforementioned
quantities.

3.1.2. Analysis of Jcs VS R*
Next, we wanted to quantify the influence of Jcs and R* on the CP

output parameters. To do so, we ran the same simulations as pre-
viously for different values of the adhesion energy Jcs and random
roughness parameter R*. More specifically, Jcs randomly varied
between 1.10�15 and 25.10�15 kg/s2 and R* is equal to 0, 0.15,
and 0.25. It has to be recalled that the higher Jcs, the lower the
adhesion of the cell to the surface.

Fig. 6a presents the evolution of the cell speed as function of Jcs
and R*. For R*=0, the cell speed decreases as Jcs increases, from over
8 lm/h down to 2.5 lm/h for Jcs = 15.10�15kg/s2, where it sta-
bilises. For R*=0.15, an increase of the cell speed is observed as Jcs
increases, up to a maximum value around 4.5 lm/h for
Jcs = 5.10�15kg/s2, followed by a decrease down to around 2.5 lm/h
where it stabilises. Similarly, for R*=0.25, an increase of the cell

Fig. 3. Simulation of cell migration over a smooth surface (R* = 0). Each figure displays the results of ten simulations.

Fig. 4. Simulation of cell migration over a surface with random roughness for R* = 0.25. Each figure displays the results of ten simulations. The black horizontal dot lines
represent the average value of the specific parameter for the simulations on the smooth surface.



speed is registered as Jcs increases, up to a maximum value around
3.3 lm/h at Jcs = 10.10�15kg/s2, followed by a decrease down to
around 2.5 lm/h where it starts to be constant. In terms of contact
surfaces (Fig. 6b), we confirm a decrease as Jcs increases, regardless
the value of R*. Besides, the contact surface decreases with the
increase of R*. Regardless the initial value of the contact surface
for each R*, the minimum value (around 360 lm2) is obtained at
Jcs = 25.10�15 kg/s2. Concerning the cell elongation (Fig. 6c), simi-
larly to the contact surface, a decrease is registered as Jcs increases,
regardless the value of R*. The maximum value of cell elongation is
2 for R*=0 and Jcs = 1. 10�15 kg/s2, whereas the minimum value is
around 1.1 for R*=0.15 and 0.25, and Jcs = 25. 10�15kg/s2. According
to these results, we can conclude that an increase of the adhesion
strength (i.e. a decrease of Jcs) triggers an increase of the cell speed
in all the cases whereas a geometrical increase of the adhesion sur-
face (i.e. an increase of rc) leads to a decrease of the cell speed.
Thus, on smooth surfaces the cell slides with no change of the over-
all energy, whereas on rough surfaces (R*>0), the motility of the
cell is inhibited with an increase of the overall energy. Besides,
the results confirm that the influence of R* depends on Jcs. Indeed,
the increase of the cell speed as Jcs increases (i.e. the adhesion
strength of the surface decreases) observed for R*>0, combined
with the decrease of the contact surface, shows a decrease of the

inhibitor effect of the surface due to the cell decreasing the contact
surface. However, beyond a specific value of Jcs (around 5.10�15kg/
s2 for R*=0.15 and around 10.10�15kg/s2 for R*=0.25), the adhesion
to the surface is too low to promote the migration, thus the cell
speed goes down until Jcs is equal to 15.10�15kg/s2 (equal to Jcm).
Thus, we can assume that the more the cell adheres to the surface,
the more it is affected by its topography. Consequently, this sug-
gests that the adhesion due to the wetting effects is predominant
compared to the adhesion due to the geometrical effects, and it
also shows that the parameter Jcs can be used to modulate the con-
tact surface between the cell and the substrate. Furthermore,
knowing that the roughness affects the surface energy which in
turn affects the cell adhesion by increasing it (Ponsonnet, et al.,
2003; Ranella et al., 2010), we can assume that the main benefit
of the roughness comes from the increase of the adhesion rather
than the increase of the area between the cell and the substrate,
explaining why roughness at nanoscale is prioritised.

3.2. Cell migration on rectangular grooved substrate

In this second set of the simulations, we analyse the influence of
the topography of the surface (i.e. structure and orientation) on cell
migration. The literature shows that the mere presence of a specific

Fig. 5. Results of the simulations of cell migration over surfaces with random roughness. The orange bars indicate the average values of the specific parameters for the
simulations on the smooth surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



periodic microstructure on the surface affects various cell mecha-
nisms, such as the adhesion, the orientation, or the speed (Kaiser
et al., 2006). Thus, we consider two surfaces with rectangular
grooves that are i) parallel and ii) perpendicular to the direction
of motion m (i.e. the X direction). Each surface is defined by a nor-
malised depth d� and a normalised width w� along the Y axis. The
adhesion parameter Jcs is fixed and equal to 1. 10�15kg/s2.

3.2.1. Rectangular parallel grooves
Fig. 7 shows the shape acquired by the cell at the resting posi-

tion on the surface with rectangular parallel grooves. Since no
external potential is applied, the cell aligns itself with the grooves
(Fig. 7a). Here again, we can assume that this specific shape is the
result of the energy minimisation.

In terms of COM trajectories (Fig. 8a), the cell follows a straight
line, which corresponds to the direction of the grooves. In terms of
contact surface (Fig. 8b), we have an increase up to approxima-
tively 1800 lm2 around 2000 MCS when the cell starts aligning

with the grooves. In terms of shape (Fig. 8c), a clear elongation of
the cell in the X direction is observed, with the increase of the x
component of a

cup to 2.6 around 2000 MCS. Significant differences
are observed for the cell elongation between each simulation
which can be explained by the random adhesion to the adjacent
grooves during the migration.

In order to analyse the influence of w* and d* on the cell migra-
tion, two separate studies are performed. The first one simulates
the cell migration as a function of d* for two fixed values of w*
(Fig. 9a:c). The second one simulates the cell migration as a func-
tion of w* for two fixed values of d* (Fig. 9d:f).

Fig. 9a shows the values of the cell speed for different values of
the normalised depth d� at fixed width w�, with the black line cor-
responding to the average cell speed on the smooth surface. For
w*=0.5, as d� increases from 0.05 to 0.25, a general increase of
the cell speed is registered from 11.1 lm/h (±0.4) to 16 lm/h
(±0.5). After attaining this maximum value, the cell speed
decreases down to 6.9 lm/h (±0.16) at d*=0.75. In the case of

Fig. 6. Results for the simulations of the cell migration over substrates with random roughness for various values of Jcs and R*.



w*=1, a general increase of the cell speed is observed from
11.4 lm/h (±0.2) at d*=0.05 to 15.7 lm/h (±0.6) at d*=0.25. After-
wards, the cell speed remains stable until d*=0.4, and starts to
decrease again down to 12.9 lm/h (±0.56) at d*=0.75. Therefore,
the results show that the increase of the amplitude of the groove
have for effect either to improve or inhibit the cell. In terms of cell
shapes (see Movie S3), we notice an increase of the external envel-
ope of the cell, with a clear elongation along the direction of the
grooves, regardless their dimension. This is reflected by a general
increase of the contact surface from 1482 lm2 (±27) at d*=0.05
to 3115 lm2 (±11) at d*=0.75 for w*=0.5, and from 1371 lm2

(±19) at d*=0.05 to 1846 lm2 (±45) at d*=0.75 for w*=1 (Fig. 9b).
These values are significantly higher than those found for migra-
tion on the smooth surface (Fig. 3b), regardless the values of d*
and w*. In addition, a direct correlation is found between the evo-
lution of the contact surface and rc (r = 0.9, p� 0.05) (Table 4 in
Appendix A.1). In terms of cell elongations (Fig. 9c), the values
obtained on rectangular parallel grooves are significantly higher
than those obtained on the smooth surface. For w*=0.5, we observe
a small increase from 2.83 (±0.08) at d*=0.05 to 3.12 (±0.07) at
d*=0.15. Then, a decrease is observed down to 2.4 (±0.05) at
d*=0.6. For w*=1, we observe a small increase from 2.9 (±0.08) at
d*=0.05 to 3.03 (±0.07) at d*=0.15. A new slight increase is found
at d*=0.5 up to 3.11 (±0.08) at d*=0.65. No significant differences
are found for d*=0.7 and 0.75. No significant relationship was found
between the evolution of the cell speed and the cell elongation
(p > 0.05).

The evolution of the cell speed as a function of w* for d*=0.15
and d*=1 are reported in Fig. 9d. For d*=0.15, the cell speed
increases from 3.6 lm/h (±0.4) at w*=0.2 to 14.6 lm/h (±0.7) at
w*=0.5, followed by a low decrease down to 11.9 lm/h (±0.4) at
w*=1.6. The cell speed at w*=0.2 is significantly lower than the cell
speed on the smooth surface, showing that the cell has difficulty to
move on the surface. For d*=0.25, we observe an increase of the cell
speed from 1.4 lm/h (±0.3) at w*=0.2 to 16.4 lm/h (±0.3) at
w*=0.9. Then, the cell speed decreases down to 12.7 lm/h (±0.9)
at w*=1.6. The cell speed at w*=0.2 and 0.3 is significantly lower
than the cell speed on the smooth surface. The evolution of the cell
shape shows a decrease of the cell elongation as w* increases. This
is reflected by a decrease of the contact surface as w* increases
from 0.2 to 0.9, regardless d* (Fig. 9e), from 2599 lm2 (±15) to
1390 lm2 (±9) for d*=0.15, and from 2863 lm2 (±13) to
1571 lm2 (±14) for d*=0.25. Beyond w*=1, no significant differ-
ences are found for both d*=0.15 and d*=0.25. Compared to the
smooth surface, the values of the contact surface are significant
higher regardless w*. A direct correlation between the evolution
of the contact surface and rc is also observed in this case (Table 4
in Appendix A.1), for both values of d*(r = 0.9, p�0.05). In terms
of cell elongation (Fig. 9f), for d*=0.15, an increase is observed from
2.1 (±0.07) at w*=0.2 to 3.08 (±0.1) at w*=0.3, followed by a low
decrease down to 2.24 (±0.04) at w*=1.6. No significant differences
are found between the cell elongation for w*=0.2 and the case of
the smooth surface. For d*=0.25, we observe an increase of the cell
elongation from 1.61 (±0.04) at w*=0.2 to 2.91 (±0.09) at w*=0.8.

Fig. 7. Shape of the cell at the resting position on the surface with rectangular parallel grooves. Here, the grooves are defined by w* = 0.5 and d *= 0.25.

Fig. 8. Simulation of cell migration over a surface with rectangular grooves parallel to the direction of migration (w*=0.5 and d*=0.15). Each figure displays the results of ten
simulations. The black horizontal dot lines represent the average value of the specific parameter for the simulations on the smooth surface.



Fig. 9. Results for the simulations of cell migration over the substrate with rectangular grooves parallel to the direction of migration. (a:c) Evolution of the average cell speed,
contact surface, and cell elongation as a function of d* for fixed w* = 0.5 and 1. (d:f) Evolution of the average cell speed, contact surface, and cell elongation as a function of w*
for fixed d* = 0.15 and 0.25. The black lines represent the average value of the specific parameter for the simulation on the smooth surface.



a
c

In terms of shape, at low d*, the cell succeeds to migrate by con-
stantly changing its shape when passing the grooves. However,
beyond d*=0.15 for w*=0.5 and d*=0.35 for w*=1, the cell perma-
nently acquires the shape of the rectangular groove, thus perpen-
dicular to the direction of motion, and stops migrating. This is
reflected by an increase of the contact surface (Fig. 11b), from
1400 lm2 (±99) at d*=0.05 to 3034 lm2 (±24) at d*=0.45 for
w*=0.5. For w*=1, an increase of the contact surface is also
observed, from 1465 lm2 (±11) at d*=0.05 to 2214 lm2 (±29) at
d*=0.35. The values of the contact surface are significant higher
compared to the smooth surface. In terms of cell elongations
(Fig. 11c), an increase is registered for w*=0.5 as d* increases from
0.15 to 0.35, from 2.71 (±0.23) to 5.6 (±0.2). Simultaneously, a
small decrease of a

c is observed down to 4.92 (±0.24) at d*=0.75
(Fig. 11c). For w*=1, an increase is registered from 2.87 (±0.14) at
d*=0.3 to 4.84 (±0.25) at d*=0.45, followed by a decrease down to
0.75 with 2.68 (±0.56). As for w*=0.5, the increase of the cell elon-
gation at d*=0.3 coincides with the interruption of the cell migra-
tion. In addition, a fragmentation of the cell in two or more parts
is observed beyond d*=0.5 for w*=0.5, and beyond d*=0.65 for
w*=0.5.

The evolutions of the cell speed as a function of w* for d*=0.15
and d*=1 are reported in Fig. 11d. A general increase in cell speed is
measured asw* increases from 0.2 to 1.6, regardless the value of d*.
For d*=0.15, the cell speed is considered null for w* lower than 0.4,
then it increases from 0.75 lm/h (±0.1) to 7.5 lm/h (±0.4) at
w*=1.6. In the case d*=0.25, the cell speed is considered null until
w*=0.6, then it increases from 0.44 lm/h (±0.06) to 5.89 lm/h
(±0.15) at w*=1.6. The cell speed is significantly lower than the
one found in the case of the smooth surface. In terms of shape,
low w* (<1) correspond to the cell orienting along the rectangular
grooves and acquiring their shape. For higher w*, the cell becomes
ellipsoidal. This can also be seen in the evolution of the cell elonga-
tion (Fig. 11f), where different evolutions are observed depending
on d*. For d*=0.15, an increase of the cell elongation is registered
from 2.41 (±0.11) at w*=0.2 to 3.54 (±0.11) at w*=0.4, correspond-
ing to the phase where the cell is stuck on the surface and acquires
the shape of the rectangular grooves with the increase of w*.
Beyond w*=0.4, the cell starts to migrate, and a decrease of the cell
elongation is observed down to 2.69 (±0.05) at 1 where the value
stabilises. Similarly to d*=0.15, the evolution of the cell elongation
for d*=0.25 presents an increase from 1.76 (±0.04) at w*=0.2 until
4.1 (±0.07) at w*=0.6, during which the cell acquires the shape of
the rectangular grooves and followed, beyond w*=0.6, by the start
of the migration and a decrease of the cell elongation until 2.76
(±0.05) at 1.2. In terms of contact surface (Fig. 11e), we observe a

Fig. 10. Simulation of cell migration over a surface with rectangular grooves perpendicular to the direction of migration (w*=1 and d*=0.15). Each figure displays the results of
ten simulations. The black horizontal dot lines represent the average value of the specific parameter for the simulations on the smooth surface.

Afterwards, a low decrease occurs down to 2.3 (±0.08) at w*=1.6. 
The value of the cell elongation for w*=0.2 is significant lower com-
pared to the smooth surface. No significant correlation was found 
between the evolution of the cell speed and the cell elongation 
(p > 0.05).

3.2.2. Rectangular perpendicular grooves
In the case of the surface with rectangular grooves oriented per-

pendicularly to the direction of motion, the resting position gives 
the same results as for the rectangular parallel grooves (Fig. 7), 
with the cell here aligned in the direction of the grooves and per-
pendicularly to the direction of migration.

When the cell starts moving via the external potential, its tra-
jectories show some deviation of the COM in the Y direction com-
pared to the initial position, with a lower distance covered 
compared to the rectangular parallel grooves (Fig. 10a). In terms 
of contact surface (Fig. 10b), the surface increases from 940 lm2, 
and then displays a sinusoidal variation around 1600 lm2 that 
can be explained by the cell crossing the grooves to be able to 
migrate. Concerning the cell shape (Fig. 10c), the results show that 
the cell adapts its morphology to the substrate, leading to a slight 
increase of up to an average value of 2.6. Such a behaviour is the 
result of an unnatural motion of the cell due to the combination of 
the surface topography (i.e. the rectangular perpendicular grooves) 
and the direction of the external potential. Both the contact surface 
and the cell elongation show significant differences between each 
simulation, due to the small variations added at the crossing of 
each groove.

Similarly to the case of the rectangular parallel grooves, two 
separate studies were performed to analyse the influence of w* 
and d* on the cell migration. The first one simulates the cell migra-
tion as a function of d* for two fixed values of w* (Fig. 11a:c). The 
second one simulates the cell migration as a function of w* for two 
fixed values of d* (Fig. 11d:f).

Fig. 11a shows the evolution of the cell speed as a function of d* 
for w*=0.5 and 1. A general decrease of the cell speed is observed as 
d* increases from 0.05 to 0.75, from 8.2 lm/h (±0.7) to 2.3 lm/h 
(±0.9) for w*=0.5, and from 8.2 lm/h (±0.4) to 1.9 lm/h (±0.3) for 
w*=1. Beyond d*=0.15, the cell stops migrating and is stuck to the 
surface for w*=0.5. The same phenomenon is observed for w*=1 
beyond d*=0.4. The cell speed is significantly lower than one found 
for the case of the smooth surface and it is generally higher for 
w*=1 compared to w*=0.5. This confirms the difficulty of the cell 
to move in the direction of the external potential due to the pres-
ence of the perpendicular grooves. From an energetic point of view, 
the cell needs more energy to move, resulting in a lower cell speed.



Fig. 11. Results for the simulations of cell migration over substrates with rectangular grooves perpendicular to the direction of migration. (a:c) presents the evolution of the
average cell speed, contact surface, and cell elongation as a function of d* for fixed w*=0.5 and 1. (d:f) presents the evolution of the average cell speed, contact surface, and cell
elongation as a function of w* for fixed d*=0.15 and 0.25. the black lines represent the average value of the specific parameter for the simulations on the smooth surface.



depth lower or equal to 1 lm and our results have shown an
improvement in cell migration for such value of d*. We can assume
that this behaviour is exclusive to our model for which the contact
between the cell and the substrate is maximised. A further reason
of such outcome can be the condition d*>w* that seems to be unfa-
vourable to the cell motion. Furthermore, although no significant
relationships have been proven between the cell speed and the cell
elongation, it seems that an increase in cell speed is linked to an
increase in cell elongation. Nonetheless, we cannot show which
parameter (d* or w*) is predominant at this stage. Regarding the
contact surface, it globally follows the evolution of the roughness
ratio rc (see Table 4 in Appendix A.1). All the configurations
improving the cell migration (i.e. the cell speed) present a higher
contact surface with the substrate, compared to the case of the
smooth one. Thus, we can conclude that the contact surface plays
a significant role in the cell migration. However, no correlations
are found between the cell speed and the contact surface.

Regarding the influence of the orientation of the grooves, our
findings change completely compared to the previous statement.
If we look at the results of the rectangular perpendicular grooves,
we observed an inhibitor factor of the surface with lower values
of cell speed compared to the smooth surface, regardless w* and
d*. We notice a decrease in cell speed with an increase in d*, con-
firmed by Dalton et al. (2001), and a decrease in w*, as observed
by Cheng et al. (2019). For low d� (lower than 0.3), the cell is able
to migrate on the surface by constantly changing its shape. How-
ever, for higher d*, the cell is trapped on the surface, and it acquires
the shape and the orientation of the grooves. On the contrary, for
low w� (lower than 0.5), the cell globally remains stuck on the sur-
face and cannot migrate. However, for higher w* (around 1), the
cell is able to migrate (see Movie S4). Thus, contrarily to the case
of rectangular parallel grooves, high d� and low w* act as inhibitors
to the cell motion. The results are in agreement with various stud-
ies of the literature which analyse cell migration in the same con-
figuration. While Dalton et al. (2001) observed a drop in cell speed
with the increase d*, Cheng et al. (2019) showed the same trend as
of our results with an increase of the cell speed as w* increases
from 20 lm to 150 from. It has to be said that the study of Cheng
et al. (2019) was performed on sinusoidal grooves, but we assume
that their results can be extrapolated. Our simulations on rectan-
gular perpendicular grooves have also shown the appearance of
cell fragmentation for high d* (higher than 0.5), that obviously does
not happen in reality. Such a behaviour can be due to the numer-
ical condition constraining the cell to fully adhere to the substrate.
Nonetheless, such mechanism occurs only when the cell is not able
to migrate. Overall, our results show that the orientation of the
grooves is yet another factor influencing the behaviour of the cell.

3.3. Cell migration on sinusoidal parallel grooves

Hu et al. (2014) showed that cells migrating on wavy surface
displayed both improved alignment and adhesion strength as well
as a lower death rate. Andersson et al. (2003) pointed out higher
alignment and cell elongation on grooves with continuous edges
compared to the discontinuous ones. Although the reasons behind
such improvements are still unclear, they both assume that surface
topography plays a critical role. According to these data, in the
third set of simulations, we analyse the influence of the sinusoidal
parallel grooves on cell migration (Fig. 12a). The grooves are
defined by a normalised amplitude A� and a normalised wave-
length k� along the Y axis. The adhesion parameter Jcs is fixed
and equal to 1. 10�15kg/s2.

The analysis of the shape of the cell on the sinusoidal grooved
surface without any external potential (Fig. 12 and Movie S5)

decrease as w* increases from 0.2 to 1.6 regardless d*, from 
2886 lm2 (±18) to 1575 lm2 (±7) for d*=0.15, and from 
2558 lm2 (±11) to 1433 lm2 (±15) for d*=0.25. The values of the 
contact surface are significant higher compared to the smooth sur-
face and they are correlated to rc (r = 1, p�0.05) as well. No rela-
tionship is found between the cell elongation and the contact 
surface.

3.2.3. Influence of the grooves size and orientation
Our numerical results highlight the effects of the rectangular 

groove and more specifically of their dimensions (w� and d�) on cell 
migration.

If we look at the results in terms of cell speed (Fig. 9a and 11a), 
we notice an initial increase of the speed with d� regardless w� as 
well as an increase of the cell elongation (see Movie S3). Nonethe-
less, this initial increase is followed by a decrease that will vary 
depending on w* and, beyond a specific value of d*, the rectangular 
groove can evidently inhibit the cell migration. For rectangular 
grooves with width values equal to the diameter D of the cell, 
the results show that the cell speed is higher compared to the case 
of the smooth surface, independently of the groove depth. This is 
followed by a high cell elongation (i.e. higher than 2.5) regardless 
the groove depth. On the contrary, for rectangular grooves with a 
width values equal to the radius of the cell, the cell speed is higher 
than the one on the smooth surface for d* between 0.05 and 0.55. 
For values of d* higher than 0.55, a lower cell speed is found since 
the cell is inhibited by the rectangular grooves during its motion, 
and this whole evolution is followed by a decrease in cell elonga-
tion. Only a few studies analyse the influence of d* at the micro-
scale. Among them, the work of Dalton et al (Dalton, 2001) 
confirms our results by highlighting the increase in collective cell 
migration distance over rectangular microgrooves with various 
widths compared to a smooth surface, with a decrease of the 
migration distance as the depth of the microgrooves increases from 
1 to 5 lm. Regarding the influence of w*, the results show an opti-
mal value depending on d* (but always inferior to the radius of the 
cell), for which the influence of the rectangular grooves on the cell 
speed is maximal. This optimal value is also observed for the cell 
elongation. This confirms the interdependence of w* and d* influ-
encing the global behaviour of the cell. Nonetheless, beyond this 
specific value of w*, the decrease of the cell elongation, as w* 
increases, is due to a lower influence of the surface topography. 
Thus, the higher the width w*, the lower the influence on the cell. 
If we look at the literature, several studies validate our findings. 
Dalton et al. (2001) showed that, in the case of the rectangular 
grooves, for each depth d* analysed, a maximum value of cell speed 
is found for the width varying between 1 and 10 lm. Similarly, 
Uttayarat et al. (2008) observed an increase of the cell speed and 
the alignment of the cell on rectangular grooves substrate com-
pared to the smooth substrate, with a maximum value of the 
migration speed for a width w*=6 lm followed by a decrease at 
w*=10 lm. These data confirm the guiding effect of the rectangular 
grooves on cell migration and optimal values of w� and d� exist to 
obtain the most efficient behaviour of the cell in terms of cell 
speed. Besides, our model provides a new point of view since we 
assume that the minimisation of the energy triggers the alignment 
of the cell with the rectangular grooves, resulting in a volume dis-
tribution which facilitates the motion, although cell internal 
dynamics are not modelled. It can be pointed out that at low w* 
(lower than 0.3) for d*	0.15, we observe a decrease of the cell 
speed and of the cell elongation compared to the case of the 
smooth surface, leading to an inhibition of the cell motion. If we 
compare our results to the data from the literature, most of the 
grooved surfaces considered in other works have low width w*. 
However, most of these same surfaces were defined with a groove



shows that the cell aligns itself along the grooves, as for the case of
the surface with rectangular parallel grooves (Fig. 7).

Fig. 13 presents the results of the cell migration on the surface
with sinusoidal parallel grooves in terms of trajectories (Fig. 13a),
contact surface (Fig. 13b) and cell elongation a

c (Fig. 13c). Similarly
to the case of the rectangular parallel grooves, the cell follows the
direction of the external potential (i.e. the X direction). In terms of
contact surface, the evolution is similar to the rectangular parallel
grooves, with a maximal value around 1720 lm2. As for the shape,
the cell mostly stretches in the X direction aligning itself with the
sinusoidal grooves. This is confirmed by an increase of a

c up to an
average value of 2.6, that seems lower than the elongation on the
rectangular parallel grooves for the same dimension values.

As for the previous configurations, two separate studies were
performed to analyse the influence of k* and A* on cell migration.
The first one simulates the cell migration as a function of A* for
two fixed values of k* (Fig. 14a:c). Contrary to the rectangular
grooved substrate, the study of A* starts here at A*=0.1 (i.e.
A = 2 lm) to be able to obtain a sinusoidal structure. The second
one simulates the cell migration as a function of k* for two fixed
values of A* (Fig. 14d:f).

The evolution of the cell speed as a function of k* for A*=0.15
and A*=1 is reported in Fig. 14a. For k*=0.5, a general increase is
observed as A� increases from 0.1 to 0.25, from 11.6 lm/h (±0.4)
to 15 lm/h (±0.5). After attaining this maximum value, a decrease
is observed down to 8.1 lm/h (±0.3) at d*=0.8. The cell speed for
k*=0.5 is higher than in the case of the smooth surface for values
of A* from 0.1 to 0.7. For k*=1, the increase of A� from 0.1 to 0.4 cor-

responds to a decrease of the cell speed from 10.6 lm/h (±0.4) to
7.9 lm/h (±0.14). Afterwards, no significant differences are found
for A* increasing from 0.45 to 0.8. As for k*=0.5, the cell speed at
k*=1 is higher than in the case of the smooth surface for values
of A� from 0.1 to 0.35. In terms of cell shape, we observe a clear
elongation of the cell in the direction of the pattern, i.e. the X direc-
tion (see Movie S5), with an increase of the external envelope of
the cell. In terms of the contact surface (Fig. 14b), an increase is
registered for both k* as A* increases, from 1618 lm2 (±15) at
A*=0.1 to 2947 lm2 (±29) at A*=0.3 for k*=0.5, and from
1533 lm2 (±5) at A*=0.1 to 2188 lm2 (±87) at A*=0.55 for k*=1.
No significant differences are found both k*. The values of contact
surface for both k* are significant higher compared to the case of
the smooth surface. In terms of cell elongation (Fig. 14c), a small
increase is observed for k *=0.5 with A* increasing from 0.1 to
0.25, from 2.75 (±0.03) to 2.92 (±0.05), followed by a decrease until
2.14 (±0.05) at A*=0.8. For k*=1, we observe a general decrease for
A* increasing from 0.1 to 0.8, from 2.75 (±0.03) to 2.14 (±0.05) for
k*=0.5. The cell elongation is higher than in the case of the smooth
surface for values of A� from 0.1 to 0.65. Afterwards, no significant
differences are found. No significant relationship is found between
the evolution of the cell speed and the cell elongation (p > 0.05).

Fig. 14d reports the values of cell speed for different values of
the normalised depth k* at fixed amplitude A�. For A*=0.15, an
increase of the cell speed is measured from 9.2 lm/h (±0.3) at
k *=0.2 up to 12.4 lm/h (±1) at k*=0.5. Then, a decrease of the cell
speed is registered at 11.3 lm/h (±0.13) for k*=0.75. Except for
k*=0.2, the cell speed is significantly higher than the cell speed

Fig. 12. Shape of the cell at the resting position on the surface with sinusoidal parallel grooves. Here, the sinusoidal grooves are defined by k* = 0.5 and A* = 0.25.

Fig. 13. Simulation of cell migration over a surface with sinusoidal parallel grooves (k* = 0.5 and A* = 0.15). Each figure displays the results of ten simulations. The black
horizontal dot lines represent the average value of the specific parameter for the simulations on the smooth surface.



on smooth surface. For A*=0.25, an increase of the cell speed is
observed from 9.5 lm/h (±0.1) at k *=0.2 to 14.8 lm/h (±0.4) at
k*=0.5, followed then by a decrease down to 11.8 lm/h (±0.4) at
k*=1.6. The cell speed is significantly higher than the cell speed
in the case of the smooth surface, regardless the value of k*. In

terms of the contact surface for A*=0.15 and A*=0.25 (Fig. 14e),
both of them show a general decrease from 2142 lm2 (±23) at
k*=0.2 to 1149 lm2 (±4) at k*=1.6 for A*=0.15, and from
2424 lm2 (±16) at k*=0.2 to 1245 lm2 (±9) at k*=1.6 for A*=0.25.
The contact surface is significantly higher compared to the smooth

Fig. 14. Results for the simulations of cell migration over sinusoidal parallel grooves. (a:c) presents the evolution of the average cell speed, contact surface, and cell elongation
as a function of A* for fixed k* = 0.5 and 1. (d:f) presents the evolution of the average cell speed, contact surface, and cell elongation as a function of k* for fixed A* = 0.15 and
0.25. The black lines represent the average value of the specific parameter for the simulations on the smooth surface.
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evident in terms of cell speed and shape. This allows us to draw the
main conclusion of our study: surface topography effects are high-
est for w*/ k* around half the size of the cell, and d*/A* around a
quarter of the size of the cell.

4. Conclusion

In the current study, we proposed a 3D CP model to analyse the
cell motility on different surfaces (i.e. flat surface, rectangular par-
allel and rectangular perpendicular grooves, sinusoidal parallel
grooves) in order to quantify the influence of the CP parameters
and the substrate topography on the cell behaviour. The advantage
of CP approach is in the ability to model any biological mechanisms
of the cell by adding an energy term to the Hamiltonian function of
the system. This method makes it possible to isolate specific cell
and environment properties, thus it enables individual cell mecha-
nisms analysis. Besides, assuming that the cell moves in accor-
dance to the minimal energy path, CP model is especially
suitable for an energy-based analysis. Moreover, we opted for a
3D environment since we want to study the 3D geometrical aspect
of specific roughness on the cell motility.

Our aim was to create a 3D model that enables to quantify the
influence of the topography on various cell migration parameters,
such as cell speed, contact surface and cell shape. We considered
the cell as a homogeneous domain including the cytoplasm (whose
elastic behaviour is described by kvolume) and the membrane
(whose elastic behaviour is described by ksurface). The model
accounted for the interactions between the cell and its environ-
ment via the two energetic parameters Jcs (adhesion energy
between the cell and the substrate) and Jcm (adhesion energy
between the cell and the medium). The main outcomes of our
study are:

� on random rough surfaces, we have shown that the contact sur-
face between the cell and the substrate increases, leading to a
decrease in cell speed;

� the parameter Jcs defines the influence of the surface, whether
its inhibiting or promoting effect;

� for substrates whose topography is oriented in the direction of
migration (i.e. sinusoidal parallel grooves and rectangular paral-
lel grooves), the migration speed was improved. Nonetheless,
such an improvement is observed for specific values of the
topological parameters of the substrate (i.e. for d*/A* and w*/
k* equal to a quarter and half the cell diameter, respectively).
Beyond such values, the cell migration speed starts to decrease;

� comparing the rectangular parallel grooves and the sinusoidal
parallel grooves, one may notice that, for equivalent dimen-
sions, the cell migrates more efficiently on the rectangular ones
as it has also been experimentally observed;

� for the substrate with rectangular perpendicular grooves, the
cell naturally aligns with the groove, and it leads to a drop of
the cell speed;

Overall, we have shown that our simplified energetic approach
is able to catch the mechanisms behind the cell migration in pres-
ence of roughness, and it can predict the response of the cell to 3D
micro patterns. Although the interesting and encouraging results,
our model presents some limitations that must be addressed. First,
at this stage our model does not consider the internal dynamics of
the cell which may lead to some incongruities with respect to the
experimental data in the literature. Second, the behaviour of the
cell does not reproduce the continuous polarisation and depolari-
sation of its cytoskeleton, which leads to an elongation-
contraction movement. From an energetic point of view, this
results in the cell storing energy which is later released. Therefore,

surface, regardless the value of k* and A*. This outcome is consis-
tent with the fact that the higher k�, the more the surface becomes 
flat from the point of view of the cell, which results in a lower 
impact on the cell motion. This is corroborated by the evolution 
of the cell elongation (see Fig. 14f). For A*=0.15, after a small 
increase from 2.48 (±0.05) at k*=0.2 to 2.77 (±0.06) at k*=0.4, a 
low decrease is observed down to 2.27 (±0.03) at k*=1.6. For 
A*=0.25, the same trend is found with a maximum value of of 
2.91 (±0.05) at k*=0.5 and a minimum value of of 2.15 (±0.12) at 
k*=1.5. The cell elongation is significantly higher than the cell elon-
gation on the smooth surface, regardless the value of k* and A*. No  
significant correlation is found between the evolution of the cell 
speed and the cell elongation (p > 0.05).

To summarise the results, the sinusoidal parallel grooves affect 
the cell migratory behaviour in the same way as the rectangular 
parallel grooves (see Section 3.2.1). The guiding effect of the sinu-
soidal grooves depends on A* and k*, with an interdependency as 
well. The increase of A* shows an improvement of the cell migra-
tion (i.e. higher cell speed) for low A* (lower than 0.25), with a 
slight increase in cell elongation. However, higher values of A* let 
disappearing the positive influence of the sinusoidal parallel 
grooves on the cell migration with a stagnation of the cell speed. 
At this stage, no explanation could be found for such a behaviour. 
However, the simultaneous stagnations of the contact surface and 
of the cell elongation let us assume that the sinusoidal grooves act 
like a channel at the cell level, with their dimensions remaining the 
same beyond a specific depth A* (here around 0.5). The same phe-
nomenon was observed for the rectangular parallel grooves 
beyond d*=0.6. Regarding the influence of k*, our results follow 
the trend showed in the study of Cheng et al. (2019), where they 
found that at a fixed amplitude, an increase of k leads to a decrease 
in cell speed, with the maximum speed obtained fork = 20 lm. 
These findings are consistent with the fact that higher values of 
k�result in a flatter surface from the point of view of the cell, lead-
ing to a less significant influence of the topography on the motion 
of the cell. If we compare these results to those obtained for the 
surface with the rectangular parallel grooves, the cell speed on 
the rectangular ones is globally higher than the one on the sinu-
soidal parallel grooves for the same dimensions of the grooves 
(w*= k* and d*=A*), especially for w*/ k*=1. The same result is found 
in terms of cell elongation which is also globally higher on the rect-
angular grooves. This outcome is consistent with the data from 
Cheng et al. (2019), where they compared cell migration on rectan-
gular and sinusoidal grooves, and proved a better migration on the 
rectangular ones. By comparing the values of rc (Table 5 from 
Appendix A.1), we can see that the roughness ratio rc is higher 
on the rectangular parallel grooves than on the sinusoidal parallel 
grooves. The comparison of the contact surface shows no signifi-
cant differences for w*/ k*=0.5. However, we notice a lower contact 
surface for the rectangular parallel grooves for w*/k*=1 compared 
to the sinusoidal parallel grooves. This could suggest that the guid-
ing effect of the sinusoidal grooves is lower than the rectangular 
parallel grooves. Such outcome is also confirmed by the evolution 
of the cell elongation, which is higher on the rectangular parallel 
grooves than on the sinusoidal parallel grooves. This may be 
explained by the discontinuity of the rectangular grooves having 
a higher guiding effect on the cell. We also notice that, compared 
to the rectangular grooves, the sinusoidal grooves offer a slightly 
lower available surface of contact to the cell. Knowing that in our 
model, the cell migrates by sliding on the surface, the higher rc 

implies more surface, thus less energetical changes. Finally, as for 
the rectangular grooves, optimal values of k* and A* exist leading 
to the best efficiency of the cell. Indeed, for values of A* lower or 
equal to half the radius of the cell, and k* lower or equal to the 
radius of the cell, the influence of the surface topography is clearly
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Appendix A

A.1. Values of roughness ratio for each topography

For each surface defined in Section 2.3, we computed the rough-
ness ratio parameter rc, as it is reported in the tables below.

A.2. Determination of the cell position, cell contact surface, and cell
speed

The cell position is defined by the position of its COM. To esti-
mate the migratory path of the cell, we track the position of cell
COM each 10 MCS. The speed of the cell is defined as the average
speed of the cell on the substrate, calculated as the ratio between
the distance crossed by the cell on the substrate and the time

Fig. 15. Sensitivity analysis for the parameters ksurface 2 [1–50] kg/s2m2 and kvolume 2 [1–100] kg/s2m3 for a cell migrating on a smooth surface (from left to right: cell speed,
contact surface, a

c). The orange dot points coincide with the CP reference simulation (i.e. simulation run with the parameters listed in Table 1). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 16. Sensitivity analysis for the parameters T 2 [1–100] kg m2/s2 and Jcm 2 [1–30] 10–15 kg/s2 for a cell migrating on a smooth surface (from left to right: cell speed,
contact surface, a

c). The orange dot points coincide with the CP reference simulation (i.e. simulation run with the parameters listed in Table 1). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

it could be interesting to take into account this phenomenon to 
observe the influence of the roughness on the evolution of the 
energy during migration. Finally, we assumed that the adhesion 
energy of the cell is constant, regardless the roughness. However, 
the literature has shown that roughness affects the surface energy 
distribution. As an improvement, the relationship between adhe-
sion energy and roughness should be considered.
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required to cross such distance. The model parameters have been
calibrated in order to obtain a cell speed of 0.18 mm/s (around
9 lm/h) (Cheng et al., 2019; Wu et al., 2013), which is in agree-
ment with the experimental data from the literature. Conse-
quently, 1 MCS has been set equal to 10 s. The contact surface of
the cell is defined as the number of voxels of the cell neighbouring
the substrate. The contact surface is computed every 10 MCS and
the average is considered. To analyse the shape of the cell, we
assumed that the cell has an ellipsoidal shape. Thus, we measured
the 3 main axes a, b, and c (with c the minor axis) of the cell every
10 MCS and we considered the average values for each axis. Then, a
parameter was computed: a

c which are used to characterize the cell
shape. It has to be noticed that, although a transient phase is
observed for each output parameter (i.e. cell speed, contact surface
and cell elongation), the duration of such a phase undergoes slight
variations intra and inter configurations and it could not be auto-
matically detected. Thus, the output parameters are computed
over the time period going from 150 MCS to 8500 MCS.

A.3. Sensitivity analysis

The influence of the input parameters of the model on the over-
all behaviour of the cell was determined by performing a sensitiv-
ity analysis. Such an analysis has allowed us to set the values of the
input parameters to ensure reasonable output parameters (i.e. cell
speed, contact surface and cell elongation) according to the
literature.

More specifically, the data from the literature show that:

- The contact surface between the cell and a smooth surface is
within the 1500 mm2 (Gallant et al., 2005) – 1740 mm2 (Lo
et al., 2000) range;

- The cell speed on a smooth surface is around 9 mm/h;
- The ratio between the cell length and width on a smooth sur-
face goes from 1.5 (Abagnale et al., 2017) to 2.5 (Lee et al.,
2016).

The sensitivity analysis was performed for sets of two parame-
ters as follows:

- ksurface and kvolume (Fig. 15)
- the temperature T and the adhesion to the medium Jcm (Fig. 16)
- the external potential norm || m!|| and ksurface (Fig. 17)

Only one set of parameters at the time was let vary. The values
of each set of parameters were randomly chosen for 100 cases. The

a
c

a
c

extremes of the intervals coincide with configurations for which 
the cell was unable to move on the substrate or the cell moved 
within the medium rather than on the substrate. We have assessed 
the sensitivity of the model with respect to these parameters in 
terms of cell speed, contact surface and cell shape ( ).

In Fig. 15 we observe a decrease of the cell speed and of the con-
tact surface with an increase of ksurface, regardless of the kvolume. As  
for the shape of the cell, we notice that the cell mostly deforms in 
the X-Y plane ( ) as ksurface increases. According to these outcomes, 
we set ksurface = 15. 10�3 kg/s2m2 and ksurface = 50. 10�9 kg/s2m3 

(Table 1).
Cell speed and contact surface also decrease as T and Jcm, 

increase (Fig. 16). Nonetheless, the contact surface seems to 
slightly decrease at high value of T, due to the high Brownian 
motion of the cell. In terms of cell shape, the cell remains rather 
spherical regardless the values of T and Jcm. According to these 
results, we set Jcm = 1.  10�15 kg/s2 and T = 15. 10�27 kgm2/s2 

(Table 1).
In Fig. 17, the higher ksurface, the lower the cell speed and the 

contact surface. Additionally, for high value of ||m||, the cell speed 
increases up to 10 times the reference value (10 lm/h) and the 
contact surface significantly decreases, triggering a migration of 
the cell in the medium. In terms of cell shape, high values of ||m||
provide unnatural elongations of the cell (over 10 times the width). 
According to these outcomes, we set ||m|| = 10. 10�18 kg/s2m3 and 
ksurface = 15. 10�3 kg/s2m2 (Table 1).
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