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Physical understanding of the bending of nanostructures caused by cellular force
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The bending of nanostructures (NSs), such as nanopillars and nanowires, caused by cell adhesion is an
interesting phenomenon and is important for the measurements of cellular forces, understanding the biological
behavior of cells, and disease diagnosis. However, which factors are related to the bending of NSs and how the
factors affect bending displacement are still not well understood. Here, we establish an analytic thermodynamic
theory to study the bending mechanism of NSs caused by cellular force during the cell adhesion process, and
analyze the factors affecting bending displacement. It is found that the bending of NSs is determined by the
competition between the stretching energy of the membrane and the strain energy of the NSs. The bending
displacement can be evaluated based on our model.
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I. INTRODUCTION

Artificial nanostructures (NSs) have become key materi-
als for cellular activity regulation, intracellular delivery and
detection, specific cell captures, etc., due to the controlled
interactions between NSs and biological cells [1–5]. Recently,
high-aspect-ratio vertical NSs arrays, such as nanowires and
nanopillars, have been widely applied as a new biological
tool to investigate cell adhesion [6–10], migration [4,5], and
capture [11–14]. Interestingly, over the course of the study,
the researchers found that nanowires and nanopillars with
small radius would bend due to cell growth on their surfaces
[15–19].The bending of NSs provides a method to detect cel-
lular forces by calculating from the displacement of NSs. The
method not only provides a good basis for live-cell force mea-
surements, but also is potentially useful for oncology, disease
diagnosis, and drug development [15,16]. The developments
of the above applications are all related to the interactions be-
tween NSs and cells. However, there are only a few theoretical
analyses to elucidate the mechanisms of cell-NSs interactions.
Moreover, the several existing theoretical models all consider
NSs to be rigid and cannot be applied to the bending of NSs
[20–22]. So far it is still not well understood how the influence
factors affect cell-NSs interactions, especially the bending of
NSs. To the best of our knowledge, the bending of NSs is used
to detect cellular forces only according to the displacement
of NSs in experiments, but how to choose appropriate NSs
corresponding to a detectable displacement is still unclear,
which requires us to know what factors are related to the
bending of NSs and how the factors affect displacement of
NSs.

In this work, we propose an analytic thermodynamic
approach to quantitatively study the bending mechanism
of NSs caused by cellular force during cell adhesion,
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and analyze the factors affecting bending displacement.
We find that the bending of NSs can effectively release
the stretching energy of the membrane but cause the in-
crease of strain energy of NSs, and the bending displace-
ment of NSs is determined by the balance between the
stretching energy of the membrane and the strain energy
of the NSs.

II. THEORETICAL MODEL

When a cell adheres to the surface with an array of ver-
tical NSs, such as nanowires and nanopillars, the release of
adhesion energy can drive the contact membrane to extend
into the space between the NSs. If the vertical NSs are
regarded as rigid, considering the contributions of contact
adhesion energy, bending energy, and stretching energy of the
deformed membrane, the equilibrium state of cell adhesion,
i.e., adhesion degree, can be analyzed by minimizing the free
energy change where [21,23]
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where γ is the adhesion energy per unit area between the
cell membrane and the surface; Sad denotes the adhesion area
between the cell and the surface; κ is the bending modulus
of the membrane; c1 and c2 are two principal curvatures of
the bending membrane surface; Sbend is the area of bending in
the membrane; λ is the stretching modulus of the membrane;
�S and S0 are, respectively, the area change and initial total
area of the membrane; and �S = S − S0, with S indicating
the total area of the membrane during the adhesion process.
The first term is the chemical energy released by the adhesion,
the second term represents the total bending energy of the cell
membrane calculated by the Helfrich model [24], and the third
term is the stretching energy penalty [25].
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FIG. 1. (a) Schematic illustration of the cell adhesion on the
surface of the nanopillar array. (b) The enlarged views of the bending
of nanopillar caused by cell adhesion.

However, the thin and long NSs are easy to bend or
distort because of the drag of the stretching cell membrane.
In this case, the vertical NSs cannot be regarded as rigid. The
distortion of NSs can partially release the stretching energy of
the membrane, but the strain energy stored in distorted NSs
increases. Therefore, we should consider the effects of strain
energy stored in NSs and the change of stretching energy
caused by the NSs bending.

The bending of NSs most often occurs at the edge of
the contact area because the outermost NSs suffer from an
unbalanced pulling force toward the interior of the contact
interface [15]. Therefore we select a period square domain
at the edge of the contact area as a study object to analyze
the free energy change caused by cell adhesion and the
NSs bending, as shown in Fig. 1, in which nanowires or
nanopillars with a radius of r, height of h, and center-to-center
spacing of d are considered to be located at the sites of an
ideal square lattice. When the bending of NSs occurs, the
area of the membrane in the period square domain can be
approximatively expressed as S = d (d − δ) + 2nπrl , where
l is the adhesion depth, n represents the valid number of NSs
adhered by the cell membrane, and δ is the displacement of
the nanowire at the bottom of the cell where δ = (h − l )�x/h
(�x is the displacement of the NS tip, as shown in Fig. 1). It
should be noted that the adhesion depth, l , is assumed to be
identical for all NSs in the square domain. The identical value
of adhesion depth for all NSs corresponds to the minimal
area of the membrane in the space among the NSs, which
means the smallest stretching of the membrane and the lowest
stretching energy. The assumption has been used in some
theoretical studies on cell settling on NS arrays without the
bending of NSs [20,21]. In fact, adhesion depth may vary from
one NS to another when bending occurs, which depends on
the bending degree and the shape of the entire cell. Because
the displacement of the NSs is much smaller than the height of
the NSs, we neglect the variation of adhesion depth in order to
simplify the model. Therefore the stretching energy in Eq. (1)
can be calculated by

1

2
λ

�S2

S0
= λ[2nπrl − d (h − l )�x/h]2

2d2
. (2)

In calculating the strain energy of bending NSs, we applied
the Cartesian first theorem. According to the Cartesian first
theorem, we can know that the partial derivative of strain
energy to a real displacement is numerically equal to the
corresponding external force applied at this true displacement.
It can be expressed as

P = ∂U/∂δ, (3)

where P is the stress and U is the strain energy. The relation-
ship between deflection and stress is satisfied [26]

P = 3Y I

L3
δ, (4)

where Y is the Young’s modulus of the NSs, I is the inertia of
the NSs and I = πr4/64, and L = h − l . After we convert the
parameter δ to the top offset �x [δ = (h − l )�x/h], according
to Eqs. (3) and (4), we can obtain the relationship between the
strain energy of a single NS and the tip offset where

ENS = 3Y I�x2

2h2(h − l )
. (5)

In a period square domain, the number of bending NSs
is 1 (two half NSs), and the valid number of NSs adhered
by the cell membrane, n, is considered to be 3/2 (two half
NSs and two quarter NSs). After adding up the adhesion
energy (−2nπγ rl), the bending energy of the cell membrane
(nπκl/r) [21], the stretching energy [Eq. (2)], and the strain
energy of the NSs [Eq. (5)], we can obtain the total free energy
change as

�Etotal = −3πγ rl + 3πκl

2r
+ λ[3πrl − d (h − l )�x/h]2

2d2

+ 3Y πr4�x2

128h2(h − l )
. (6)

The total free energy change is the functions of the dis-
placement of NSs (�x) and the adhesion depth of the cell
(l). Therefore, we can find the equilibrium stage of the cell
adhesion by minimizing the total free energy change. From
∂�Etotal/∂�x = 0, �Etotal will be minimal under a fixed l
when

�x = 192πλrhl (h − l )2

d[64λ(h − l )3 + 3πY r4]
. (7)

We can determine the equilibrium stage of the cell adhe-
sion accompanied by NSs bending through calculating the
minimum of �Etotal in Eq. (6) and obtain the relation of
displacement of NSs and adhesion depth according to Eq. (7).

III. RESULTS AND DISCUSSION

In order to better compare with experimental observa-
tions, we take cell adhesion on the typical Si nanopillars
array as an example in our model [15,17,19]. Firstly, we
select the parameters of Si nanopillars surface topography
as r = 100 nm, h = 10 μm, and d = 2 μm according to ex-
perimental data [17] to study the physical mechanism of
NSs bending. The other parameters in our calculations are as
follows: Y = 18.5 × 1011 dyn/cm2 [27], γ = 0.25 kBT/nm2

[28], κ = 20 kBT/nm2 [29,30], and λ = 5 kBT/nm2 [29]. In
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FIG. 2. The calculated �Etotal as the function of �x under differ-
ent values of l from 100 to 1500 nm based on Eq. (6).

order to investigate the evolution of cell adhesion and NSs
bending, we calculated the �Etotal as the function of �x under
the different value of l from 100 to 1500 nm based on Eq. (6),
as shown in Fig. 2. We find that �Etotal first decreases and then
increases with the increase of �x, and has a minimum value
which corresponds to the stable state of the NSs bending under
a fixed value of l . The appearance of the minimum of �Etotal

is caused by the competition between the stretching energy of
the membrane and the strain energy of the NSs. The bending
of nanopillars results in the decrease of stretching energy
[Eq. (2)] but an increase of strain energy of NSs [Eq. (5)] by
the decrease of �x or δ. For the low bending degree (small
�x), the decrease of stretching energy is approximately in
a direct ratio to �x, and the increase of strain energy of the
NSs is proportional to the second order of �x. Therefore, in
this case, the decrease of the stretching energy plays a more
important role than the increase of strain energy, so �Etotal

will decrease with increasing �x. However, for large �x, ENS

becomes greater and increases rapidly due to the increase of
�x, which eventually leads to the increase of �Etotal with
increasing �x. Further comparing of the values of minimum
of �Etotal under different l , we can also find that the minimum
of �Etotal for different l first decreases and then increases with
increasing l (as shown by the dashed curve in the Fig. 2). This
suggests that the adhesion of cells on NSs is not deeper and
more stable. In other words, cells cannot always release the
total free energy by adhering downward. The minimum of
the dashed curve corresponds to the most stable state of the
adhesion system in which �x is about 500 nm and l is between
1000 and 1250 nm.

In order to more directly determine the most stable state,
we calculated the values of �Etotal as the functions of l and
�x from Eq. (6), as shown in Fig. 3(a). The line in the figure
represents the calculated values of �x as the function of l from
Eq. (7) which tallies well with the minimum of numerical
distribution of �Etotal according to Eq. (6). To distinguish the
evolution direction of adhesion, we mark the line as a solid
line before the minimum of �Etotal, and a dashed line after
the minimum of �Etotal. The dividing point between the solid
line and the dashed line represents the minimum of �Etotal,
which corresponds to the most stable state, so we can obtain
the most stable state through analyzing the value distribution
of �Etotal from Eq. (6). In addition to this method, we can

FIG. 3. (a) The calculated �Etotal as the functions of l and �x
from Eq. (6). The black line represents the calculated values of �x
as the function of l from Eq. (7). (b) The calculated �Etotal and �x as
the function of l using Eqs. (6) and (7). The line of �x is divided into
a solid part and a dashed part according to the minimum of �Etotal.

first calculate the relation of �x and l from Eq. (7), and then
bring �x of Eq. (7) into Eq. (6) to calculate the values of
�Etotal, and finally find the dividing point (i.e., the most stable
state) according to the variation trend of �Etotal. Figure 3(b)
shows the calculated results based on the method. The line of
�x is divided into a solid part and a dashed part according
to the minimum of �Etotal. The dividing point in Fig. 3(b)
is consistent with that in Fig. 2(a). Both of them show
that there is a minimum of �Etotal when l ≈ 1150 nm and
�x ≈ 510 nm. The theoretical results agree with experimental
observations in which Si nanopillars with the same parameters
of surface topography as that in our calculations have clearly
been curved by cell adhesion [17].

The experimental observations have shown that the bend-
ing of NSs strongly depends on the surface geometry of
NSs such as their radius, height, and center spacing. In this
connection, we can investigate the effects of the geometry
of nanopatterned surfaces on the bending of NSs using our
proposed model. Figure 4(a) illustrates the effects of the
radius of nanopillars on the bending degree. The figure shows
the displacement of the NS tip �x as the function of ad-
hesion depth l under different radius when h = 10 μm and
d = 2 μm. The most stable states of the adhesion process
are marked by the dividing points between the solid line
and the dashed line in which we adopt the same method
as that in Fig. 3(b). Obviously, the thin nanopillars have
large displacement and adhesion depth, which means that thin
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FIG. 4. Effects on the predicted bending displacement �x under
different (a) radius, (b) height, and (c) spacing. The green (light
gray) lines are the tendencies for cell adhesion to NSs of dimensions
r = 100 nm, h = 10 μm, and d = 2 μm (as used in Figs. 2 and 3),
while the other lines give the tendencies when the (a) NS radius, (b)
NS height, or (c) spacing are independently varied (with r fixed to
100 nm, h fixed to 10 μm, or d fixed to 2 μm, respectively).

nanopillars can be adhered deeper by the cell and areeasier
to bend than thick nanopillars. The effects of the nanopillars’
height on the bending degree are shown by Fig. 4(b) which
suggests that the long nanopillars have larger displacement
than short nanopillars. The reasons for the easier bend of
thin and long nanopillars are that a large bending degree
can effectively reduce the stretching energy of the membrane
[Eq. (2)], and the bending of thin and long nanopillars results
in a relatively lower strain energy than that of thick and
short nanopillars under the same tip offset [Eq. (5)]. These

modeling results show good agreement with the experimental
results in which high-aspect-ratio (thin and long) nanopillars
undergo larger deflections than low-aspect-ratio (thick and
short) nanopillars under cellular forces during the adhesion
process [15–17].

Figure 4(c) shows the effects of the center-to-center spac-
ing (i.e., density) of nanopillars on the bending degree. The
results suggest that the most stable states of adhesion on the
nanopillars with small spacing (high density) correspond to
small displacement and small adhesion depth. Small adhe-
sion depth is because the membrane suffers from intensive
stretching and bending during the adhesion on the sidewalls
as a result of the small space among the nanopillars [21].
Meanwhile, it only takes a small displacement of nanopillars
to effectively release the stretching energy because the initial
area of the membrane (d2) is small in the case with small
spacing. The modeling results also agree well with exper-
imental observations that high-density nanopillars have no
visible bending and the cells are characteristically adherent
to the tips of the nanopillars (small adhesion depth) [17–19],
but low-density nanopillars show obvious bending and large
adhesion depth [18,19].

It should be noted that we consider that the material prop-
erties of the cell membrane are uniform and homogeneous in
our model. In fact, cell membranes are heterogeneous and
typically comprise nanoscale lipid clusters. The nanoscale
clusters in cell membranes can serve as platforms to recruit
membrane proteins for various biological functions. Recently,
Li et al. studied how these nanoclusters respond to physical
contacts between cells and explored how the adhesion of cell
membranes affects the stability and coalescence of clusters
enriched in receptor proteins using a statistical mechanics
model and Monte Carlo simulations [31]. Their results show
that intercellular receptor-ligand binding and membrane shape
fluctuations can lead to receptor aggregation within the ad-
hering membranes. In our model, because it is difficult to
describe intuitively and quantitatively the contribution of the
nanoscale clusters in cell membrane, we ignore the effects of
heterogeneity of the cell membrane. Besides, we also neglect
the effect of cytoskeleton deformation in our model. Wang
and Li reported that deformation of the cytoskeleton can in-
fluence the engulfing process of the cylindrical nanoparticles
[32]. Here we assume that the resistance of cell adhesion is
dominated by membrane deformation, so we only consider
the deformation energy of the membrane in Eq. (1).

Beyond that, we describe the ability of cell adhesion on the
NSs surface by the adhesion energy per unit area, γ , which is
considered as a constant during the adhesion process. In real-
ity, adhesion of biological membranes is a highly cooperative
process. Krobath et al. predicted theoretically that shape fluc-
tuations of the elastic membranes lead to cooperative binding
of receptors and ligands [33]. Recently, Steinkühler et al.
provided some of the first experimental evidence of cooper-
ative binding due to suppression of membrane fluctuations
based on fluorescence experiments [34]. These results suggest
that the ability of cell adhesion ought to be varying with
membrane fluctuations. Because the surface of the NSs has
a high specific surface area and high surface roughness, it
is difficult to express quantitatively the effects of membrane
fluctuations on the ability of cell adhesion, so we consider that
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adhesion energy per unit area, γ , remains constant in order to
simplify our model.

IV. CONCLUSIONS

In conclusion, we present an analytic model to study the
bending of NSs caused by cellular force during the cell
adhesion process and provide a simple method to anticipate
the bending degree of NSs. We find that the bending of NSs
is determined by the balance of the competition between the
stretching energy of the membrane and the strain energy of
NSs. The bending of NSs can release the stretching energy
of the membrane but cause the increase of strain energy
of the NSs. Modeling results suggests that thin, long, and

sparse nanopillars or nanowires are easy to bend. Agreement
between theoretical results and experimental observations
implies that the established model could be applicable to
understanding the basic physical mechanism of the bending
of NSs during the cell adhesion process and help us choose
appropriate NSs corresponding to a detectable displacement.
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