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Computational models of the cell nucleus, along with experimental observations, can
help in understanding the biomechanics of force-induced nuclear deformation and
mechanisms of stress transition throughout the nucleus. Here, we develop a
computational model for an isolated nucleus undergoing indentation, which includes
separate components representing the nucleoplasm and the nuclear envelope. The
nuclear envelope itself is composed of three separate layers: two thin elastic layers
representing the inner and outer nuclear membranes and one thicker layer representing
the nuclear lamina. The proposed model is capable of separating the structural role of
major nuclear components in the force-induced biological response of the nucleus (and
ultimately the cell). A systematic analysis is carried out to explore the role of major
individual nuclear elements, namely inner and outer membranes, nuclear lamina, and
nucleoplasm, as well as the loading and experimental factors such as indentation rate
and probe angle, on the biomechanical response of an isolated nucleus in atomic force
microscopy indentation experiment.

I. INTRODUCTION

The nucleus of eukaryotic cells is a site of major meta-
bolic activities, such as DNA replication, gene transcrip-
tion, RNA processing, and ribosome subunit maturation
and assembly. It is separated from the cytoplasm by the
nuclear envelope, which is composed of an outer nuclear
membrane, inner nuclear membrane, nuclear pore com-
plexes, and nuclear lamina. The inner and outer mem-
branes are each a lipid bilayer separated by an electron-
transparent region of approximately 10–40 nm. Nuclear
lamina, which appears as a meshwork structure under-
neath the inner nuclear membrane, is thought to play a
critical role in maintaining the structural integrity of the
nucleus, and in organizing the nuclear envelope by re-
cruiting proteins to the inner nuclear membrane and
providing anchorage sites for chromatin.1–3 Cytoskeleton-
mediated deformation of the nucleus appears as a

possible mechanotransduction pathway through which
shear stress may be transduced to a gene-regulating sig-
nal.4–7 In addition, nuclear envelope stiffness is proposed
to be a regulator of force transduction on chromatin and
genetic expression.8,9 Recent observations by Deguchi et
al. suggest the nucleus as a compression-bearing organ-
elle,10 emphasizing the importance of understanding the
biomechanics of force-induced nuclear deformation.

Each of the above-mentioned nuclear elements has a
distinct structure, which should be distinguished when
studying the nucleus response to mechanical stimuli.
Here, we develop a computational model based on finite
element methods to simulate the response of an isolated
nucleus to mechanical stimuli. In constructing this struc-
tural model for the nucleus, three distinct structural ele-
ments are considered: the double lipid bilayer, the corti-
cal layer composed largely of lamin (nuclear lamina),
and the nucleoplasm. The proposed finite element model
is able to distinguish the structural role of individual
nuclear elements, which is vital for understanding the
nuclear mechanics and for functional insight. We have
used this computational model to study the mechanics
and mechanisms of deformation of an isolated nucleus
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under micropipette aspiration.11 The model, validated us-
ing experimental observations of Guilak et al.,14 was
used to study nuclear mechanics in micropipette aspira-
tion experiments. The results demonstrated that the over-
all response of an isolated nucleus in micropipette aspi-
ration experiment is highly sensitive to the stiffness of
the nuclear envelope, while the mechanical contribution
of the nucleoplasm over the time course of these experi-
ments is insignificant. Here, we used this computational
model to examine the deformation of an isolated nucleus
in indentation experiments using atomic force micros-
copy (AFM), which have been used extensively for im-
aging and studying the mechanical behavior and rheol-
ogy of polymers,13–16 thin films,17–20 and biological ma-
terials.21–24 It is noteworthy that the current data on the
apparent stiffness of cell nuclei are rather divergent, with
values ranging from 18 Pa to nearly 10 kPa12,25–27 due to
factors such as cell type, measurement techniques and
conditions, length scale of interest, and also interpreta-
tion methods. The proposed computational model can
help us to elucidate this apparent discrepancy.

Systematic analysis was carried out to understand the
role of major individual nuclear elements, namely
nuclear inner and outer membranes, nuclear lamina, and
nucleoplasm, as well as the loading and experimental
factors such as indentation rate and probe angle on the
biomechanical response of an isolated nucleus in AFM
indentation experiments. In addition, sharp probe AFM
indentation experiments were conducted on isolated nu-
clei extracted from mouse embryo fibroblasts to establish
the validity of the computational model.

II. COMPUTATIONAL MODEL FOR NUCLEUS
MECHANICS IN ATOMIC FORCE
MICROSCOPY INDENTATION

The nucleus can be efficiently modeled as a continu-
um media if the smallest length scale of interest is
much larger than the distance over which nuclear struc-
ture or properties may vary. For example when the
whole-nucleus deformations is considered, the length
scale of interest is at least one order of magnitude larger
than the space between the microstructural architecture
involving packed chromatins, and therefore continuum
description may be appropriate. In essence, the con-
tinuum mechanics is a coarse-graining approach that
considers the local microscopic stress–strain relationship
with averaged constitutive laws that apply at the macro-
scopic scale.

A. Details of the computational model

An axisymmetric model of the nucleus was developed,
inspired by the actual geometry of a typical isolated
nucleus of mouse embryo fibroblast plated on a slide

glass substrate visualized using two-photon microscopy
[Fig. 1(a)]. The nuclear membranes (inner and outer
membranes) and the nuclear lamina had constant thick-
ness of 7.5 and 25 nm,28 respectively, i.e., the total thick-
ness of the nuclear envelope is 40 nm [Fig. 1(b)]. The
perinuclear space between the inner and outer nuclear
membranes was not included due to its relatively
structure-free composition,29 speculating that the fluid-
like content of this space freely escapes from the high-
stress region at the early stage of indentation. No slip-
page was allowed at the interface between the nuclear
lamina and the nucleoplasm, as well as the interface be-
tween the inner nuclear membrane and nuclear lamina,
while the interface between the outer membrane and

FIG. 1. (a) Two photon microscope image of an isolated nucleus
extracted from mouse embryo fiberblast and plated on a glass sub-
strate (black in the image) with the axes in micrometers. A 100×
objective (numerical aperture 1.0, water) was used to acquire a 12.8
�m z-stack of eighty 16-bit 256 × 256 pixel images in the two-photon
confocal microscope. Three-dimensional images of the isolated
nucleus was reconstructed from the eighty z-stack image. (b) Compu-
tational model developed using the actual geometry of a typical iso-
lated nucleus of mouse embryo fibroblast visualized using two-photon
microscopy. (a) The tip of the AFM probe is modeled as a rigid sharp
surface.

A. Vaziri et al.: Deformation of the cell nucleus under indentation: Mechanics and mechanisms

J. Mater. Res., Vol. 21, No. 8, Aug 2006 2127



inner membrane is free to slide without friction. These
contact conditions were adopted based on relatively well-
known interactions of lamin-chromatin connections30

and Emerin and Lamin B receptors (LBR) with Lamin
A/C and Lamin B of the nuclear lamina.31,32 The AFM
tip was modeled as a rigid sharp surface with frictionless
contact between the probe and the outer nuclear mem-
brane. It is noteworthy that the AFM tip radius is not
incorporated in the subsequent computations; however,
we found that tip radius of 50 nm, which is considerably
smaller than the indentation displacements of interest in
this study, does not significantly alter the response of a
cell nucleus and the associated stress distributions. Con-
stant velocity of indentation was imposed to the probe as
in the experiments (see Sec. III). Furthermore, a zero-
displacement boundary condition was imposed at the
bottom surface; i.e., the nucleus was attached to a rigid
substrate.

The computations were performed using a commer-
cially available finite element modeling software
ABAQUS/Standard (Hibbit, Karlsson and Sorensen Inc.,
Providence, RI). Eight-node biquadratic axisymmetric fi-
nite elements were used in calculations for both nucleo-
plasm and nuclear envelope layers. A mesh sensitivity
study was conducted to ensure the independence of the
results from the computational mesh.

To examine the specific contribution of the nuclear
envelope in the mechanics of nuclear deformation under
AFM indentation, simulations were also performed using
our computational model but excluding the nuclear en-
velope. The model without the membrane was an axi-
symmetric linear elastic model with the height and radius
equal to 5 �m. A zero-displacement boundary condition
was imposed at the bottom surface. The simulations are
carried out using ABAQUS/Explicit (Hibbit, Karlsson
and Sorensen Inc., Providence, RI) by employing an
adaptive mesh generation scheme to prevent excessive
deformation of the elements at large indentation.

B. Material specification

Elastic or viscoelastic descriptions of the nuclear ele-
ments, associated with its solid- and fluidlike dual char-
acteristics, can be incorporated in the present computa-
tional model based on the dynamic time scale of interest.
Here, the nucleoplasm is represented by viscoelastic
Maxwell model with single characteristic time, analo-
gous to a spring and a dashpot in series, which is con-
sistent with our previous experimental observations.33

The elastic modulus and characteristic time associated
with the material model of the nucleoplasm are denoted
by E and �, respectively. Here, the baseline Maxwell
model constants of the nucleoplasm were taken as E �
25 Pa and � � 1 s. The role of material constants asso-
ciated with nucleoplasm material model on the overall

response of the isolated nucleus under sharp probe in-
dentation is discussed in Sec. IV. B.

Because AFM indentation experiments on nuclei are
generally performed at time scales significantly lower
than characteristic time associated with the viscoelastic
nature of the nuclear envelope, different layers of nuclear
envelope are modeled as linear elastic material, with Kb

and KNL denoting the bending stiffness of each lipid bi-
layer and nuclear lamina, respectively. Under this con-
dition, the nuclear envelope exhibits an elastic response
characterized by its apparent initial elastic modulus.
Based on our own results and the results of others,8,34 the
baseline elastic properties of the lipid bilayers and
nuclear lamina were taken as Kb � 1.8 × 10−19 N�m and
KNL � 3.5 × 10−19 N�m. Both nucleoplasm and nuclear
envelope layers are assumed nearly incompressible.
Here, we hypothesize that all the nuclear elements have
equal value of Poisson’s ratio denoted by �. The effect of
nuclear elements’ Poisson’s ratios on the overall re-
sponse of an isolated nucleus in indentation experiment
is discussed briefly in Sec. IV. B. It should be noted that
in the present model, the effects of fluid expulsion from
the nucleus are reflected by incorporating a Poisson’s
ratio that allow for some degree of compressibility. A
realistic model of these effects would have to include
fluid leakage through the pores that is both pressure- and
time-dependent.

III. INDENTATION EXPERIMENT ON
ISOLATED NUCLEI

Nuclei were extracted from mouse embryo fibroblasts
cells by a nonionic detergent treatment as described pre-
viously35 with the following modifications. Cells were
washed with PBS and lysed in buffer A, which consisted
of 0.1% Triton X-100, 10 mM ethylene diamine tetraac-
cetic acid (EDTA), 10 mM ethylene glycol tetraac-
cetic acid (EGTA), 10 mM KCl, and 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
for 10 min in ice. Separation of nuclei from the cellular
debris was attained by centrifugation at 1200 rpm for
10 min. Isolated nuclei were plated on the prepared glass,
which was fit to the sample stage of the multimode scan-
ning probe microscope (Veeco Instruments Inc., Wood-
bury, NY) and kept in PBS solution using a specialized
probe holder. The probe was a silicon nitride cantilever
(Veeco Instruments) with a pyramidal tip probe having a
stiffness of 0.03 N/m. The AFM tip approaches the
nucleus, as the stage is translated by piezoelectric mate-
rial. The tip deflection is measured by calibrating the
output voltage of the photodiode, which detected the la-
ser spot reflected off the AFM probe and is converted to
the force magnitude. For data acquisition, both the dis-
placement of the stage and the deflection of the tip were
recorded in every 8.8 nm translation of the piezoelectric
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stage during indentation. Isolated nuclei sitting on the
substrate, visualized using two-photon microscopy in
three-dimensional (3D) coordinates [Fig. 1(a)], had ap-
proximately hemispherical shape in 3D coordinates. The
AFM indentation was performed on the center region of
nuclei plated on the prepared glass to minimize possible
sliding during indentation. No difference was observed in
force–indentation curves of repetitive indentations at the
same position of the nucleus, which may imply that no
sliding occurred during the course of the experiment.
Dimensions of the AFM probe tip were obtained from
images at 11,000× using a scanning electron microscope
(SEM; JSM-5910, JEOL Inc., Peabody, MA). The probe
tip utilized in all the experimental results presented here
was approximately 3.5 �m tall with an end radius of
∼50 nm and half angle of 35°. Total indentation depth
was limited to 1.1 �m.

IV. RESULTS

The overall computational model of the isolated
nucleus was used to study the mechanisms and mechan-
ics of nuclear deformation under sharp probe indentation
and to highlight the structural role of individual nuclear
elements on the overall response in indentation experi-
ment.

A. Importance of considering the membrane
layer

To highlight the importance of considering the nuclear
envelope when studying the overall deformation of an
isolated nucleus under indentation, two sets of simula-
tions were carried out using our computational models of
an isolated nucleus, with and without the nuclear enve-
lope. The details of the computational model are dis-
cussed in Sec. II. A. It is noteworthy that the model
without the nuclear envelope effectively simulates the
Hertz contact model36,37 while incorporating the large-
deformation effects. The displaced configuration of the
nucleus model without membrane at the sharp probe dis-
placement of 1 �m is depicted in Fig. 2(a). In addition,
Fig. 2(b) displays the associated effective (von Mises)
stress field.

The second set of calculations was performed using
the computational model of an isolated nucleus with
nuclear envelope [Fig. 1(b)]. In the numerical results
presented in Fig. 3, the nuclear elements were taken as
linear elastic materials with the following material con-
stants: Kb � 1.8 × 10−19 N�m and KNL � 13.6 × 10−19

N�m, E � 25 Pa, � � 0.49. The predicted deformation
field for the model including the nuclear envelope
[Fig. 3(a)] suggested that the nuclear envelope undergoes
significant bending and stretching, inducing a more dif-
fused response to sharp indentation, as compared to the
highly localized response exhibited by the model without
the nuclear membrane [Fig. 2(a)]. In addition, the

maximum effective (von Mises) stress, induced by the
point loading, was significantly reduced when the
nuclear envelope was included in the computational
model.

This comparative analysis emphasizes the importance
of including the nuclear envelope in the computational
model of a nucleus when sharp, pointed perturbations are
considered. Furthermore, our simulations revealed that
the pressure field is even more localized than the effec-
tive stress field in the model without the nuclear enve-
lope, which leads to low sensitivity of the overall re-
sponse on the material Poisson’s ratio, contrary to the
behavior of the model with nuclear envelope (see Sec.
IV. B).

B. Influence of the stiffness of nucleoplasm,
nuclear lamina, and nuclear membranes

Computational simulations were performed to explore
the role of each individual nuclear element on the overall
response of an isolated nucleus in sharp probe AFM in-
dentation by systematically varying the elastic modulus
of the nucleoplasm and the bending stiffness of the
nuclear lamina and the nuclear membranes (Fig. 4). In
this set of calculations, all the nuclear elements were
taken as linear elastic materials with baseline elastic

FIG. 2. (a) Displaced configuration and (b) effective (von Mises)
stress field obtained using the computational model of an isolated
nucleus excluding the nuclear envelope at the probe displacement of
1 �m. The height and radius of the axisymmetric model are equal to
5 �m. The nucleus is modeled as a linear elastic material with E �25 Pa
and Poisson’s ratio of 0.49. The sharp probe has the half angle of 40°.
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properties of E � 25 Pa, Kb � 1.8 × 10−19 N�m and
KNL � 3.5 × 10−19 N�m, � � 0.485. The computations
were carried out for the half probe angle of � � 35°,
consistent with our indentation experiments. The force–
indentation response of an isolated nucleus calculated
using the computational model excluding the nuclear en-
velope (see Sec. IV. A) is also depicted in Fig. 4(a).

The average response, attained from AFM indentation
experiments on 23 isolated nuclei extracted from mouse
embryo fibroblasts, at constant indentation rate of 9 �m/s
is also depicted in Fig. 4. Our experimental results re-
vealed that the overall response of isolated nuclei exhib-
its little sensitivity to indentation rate, varied in the range
of 0.4–9.0 �m/s (data not shown), implying a highly
elastic response in this range of indentation rate, which is

FIG. 3. (a) Nodal displacement field and (b) effective (von Mises)
stress field in the nucleoplasm at the probe displacement of 1 �m
obtained using the computational model of an isolated nucleus pre-
sented in Fig. 1. The nucleoplasm is modeled as a linear elastic ma-
terial with E = 25 Pa. The computations are performed for the fol-
lowing material parameters of the nuclear membrane: Kb � 1.8 ×
10−19 N�m and KNL � 13.6 × 10−19 N�m. All the nuclear elements
have equal Poisson’s ratio of � � 0.49. The sharp probe has the half
angle of 40°.

FIG. 4. Dependence of the force–indentation response of an isolated
nucleus on the material properties of the nuclear elements. Panels (a)
and (b) display the influence of bending stiffness of the nuclear lamina
and lipid bilayer on the overall response of the isolated nucleus, re-
spectively. Panel (c) shows the role of nucleoplasm elastic modulus on
the overall response of the isolated nucleus. In panel (a) the response
obtained using the computational model of an isolated nucleus exclud-
ing the nuclear envelope is also depicted (E � 25 Pa, � � 0.485).
Here, all the nuclear elements are modeled as linear elastic material
with Poisson’s ratio of � � 0.485. In each set of calculations, the
elastic properties associated with two of the nuclear elements are set to
be equal to the baseline properties (E � 25 Pa, Kb � 1.8 × 10−19 N�m,
KNL � 3.5 × 10−19 N�m), and the stiffness of the third nuclear element
is varied systematically. The experimental result (solid line) corre-
sponds to the average response of 23 nuclei isolated from mouse
embryo fibroblasts. The error bars represent the standard error of the
data at specific values of indentation. In the computational simula-
tions, the sharp probe has the half angle of 35°, which is consistent
with the experiments.
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consistent with the experimental observations on nuclei
extracted from endothelial cells25 and the particle-
tracking measurement on fibroblasts nuclei.27 The upper
limit of Kb � 1 × 10−18 N�m for the bending stiffness of
lipid bilayers was considered based on the results sug-
gested by Zhelev et al.38 for the membrane stiffness of
neutrophils. The results presented in Fig. 4(a), associated
with the role of nuclear lamina bending stiffness on the
overall response of an isolated nucleus, cover a wide
range of stiffness values, which was adopted based on
our previous findings using isolated nuclei extracted
from fibroblasts.

The results presented in Fig. 4 shed light on the struc-
tural role of nuclear elements in indentation experiments.
As expected, the force–displacement response of the
nucleus is highly sensitive to the elastic modulus of the
nucleoplasm. In addition, the overall response of the
nucleus shows higher sensitivity to the bending stiffness
of nuclear membranes than to the nuclear lamina bending
stiffness. It is noteworthy that the nuclear membranes
tend to have a higher stretching stiffness than the nuclear
lamina. It must be remarked that including the nuclear
envelope in the computational model not only alters the
overall response of the system [note that the prediction
from the computational model excluding the nuclear
envelope significantly underestimates the stiffness;
Fig. 4(a)] but also defines the underlying mechanisms of
deformation. The computational model without mem-
brane fails to capture the main features of the response in
indentation experiments, as discussed in Sec. IV. B and
further emphasized in Sec. IV. D by studying the effect
of probe angle on the overall response of an isolated
nucleus.

The contact conditions between the inner membrane
and outer membrane and also between the nuclear lamina
and the inner nuclear membrane are between uncertain-
ties in the computational model. As discussed in Sec. II,
we speculated that the outer and inner nuclear mem-
branes are free to slide relative to each other without
friction. The other extreme case is a no slip condition
between these two layers. We found that this contact
condition yields a maximum 6% increase in reaction
force exerted on the AFM probe at 1-�m indentation
with the range of material properties and loading condi-
tions studied here. Similarly, the effect of contact condi-
tion between the nuclear lamina and the inner nuclear
membrane is examined by considering a free slip condi-
tion. The results indicate that this condition results in a
maximum 8% reduction in peak reaction force exerted on
the AFM probe in the range of this study. It is noteworthy
that these contact conditions have a minimal effect on the
effective stretching stiffness of the nuclear envelope,
while they alter its bending stiffness significantly. How-
ever, in our study, the indentations were significantly
larger than the nuclear envelope thickness, and therefore

the structural resistance of the nuclear envelope was
mainly attributed to its stretching stiffness.

A set of calculations was performed to study the role
of nuclear elements’ Poisson’s ratios on the overall re-
sponse of an isolated nucleus under sharp probe inden-
tation. The results indicate that the curvature of the
force–displacement response exhibits a remarkable sen-
sitivity to the nuclear elements’ Poisson’s ratio, which is
consistent with analogous studies on polymer thin
films.39 This is mainly attributed to the induced pressure
field, which has a considerable contribution on the over-
all response of the nucleus as the material model reaches
the limit of incompressibility.

C. Influence of the nucleoplasm viscosity and
indentation rate

In this section, the role of nucleoplasm viscosity was
examined on the overall response of an isolated nucleus
under sharp probe indentation by systematically varying
the characteristic time associated with the nucleoplasm
material model between 0.1 and 2 s. In addition, the
sensitivity of the nucleus overall response to indentation
rate was studied. In both sets of calculations, the baseline
elastic properties of the nuclear elements were taken as
E � 25 Pa, Kb � 1.8 × 10−19 N�m, and KNL � 3.5 ×
10−19 N�m, � � 0.485. The effective creep strain fields
were studied to gain some insight into the influence of
viscosity on the response of an isolated nucleus in sharp
probe indentation experiment.

Figure 5 displays the dependence of force–displacement
response of the nucleus on the nucleoplasm characteristic
time for the indentation velocity of 1 �m/s. The results
associated with the nucleus model with elastic nucleo-
plasm are also plotted. The effective (von Mises) stress
field and the effective creep strain field obtained from the
computational models with nucleoplasm characteristic
times of 0.1 and 2 s at indention of 1 �m are shown in
Figs. 5(b) and 5(c), respectively. The effective creep
strain field associated with the nucleus model with the
nucleoplasm characteristic time of 0.1 s exhibited high
values exceeding 0.25, while no significant creeping was
evident for the nucleus model with the nucleoplasm char-
acteristic time of 2 s at indentation depth of 1 �m.

The role of indentation rate on the force–displacement
response of an isolated nucleus in sharp probe indenta-
tion experiments is shown in Fig. 6(a). If the time course
of indentation experiments is considerably longer than
the characteristic time associated with the viscosity of the
nucleoplasm, the response of the isolated nucleus under
indentation is effectively influenced by the nucleoplasm
viscosity. The effective stress and effective creep strain
fields associated with the lowest and highest indentation
rate studied at the probe displacement of 1 �m are de-
picted in Figs. 6(b) and 6(c), respectively.
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D. Influence of the probe angle

A set of calculations was performed to explore the
role of sharp probe angle on the force–displacement
response of a nucleus in indentation experiments. In the

calculations, all the nuclear elements were taken to be
linear elastic material with constant Poisson’s ratio, � �
0.485 and the baseline elastic properties of E � 25 Pa,
Kb � 1.8 × 10−19 N�m and KNL � 3.5 × 10−19 N�m.
Figure 7(a) shows the force–displacement response of an
isolated nucleus under sharp probe indentation with vari-
ous half angles, �. The results indicated that the force–
displacement response of the nucleus model does not
exhibit a considerable sensitivity to the probe half angle,
as long as the probe is not nearly flat; the sharp probe

FIG. 5. (a) Force–indentation response of an isolated nucleus for vari-
ous characteristic times associated with the viscous element of the
nucleoplasm model. The nuclear envelope layers are modeled as linear
elastic material with the Kb � 1.8 × 10−19 N�m and KNL � 3.5 ×
10−19 N�m. The nucleoplasm is modeled as viscoelastic Maxwell ma-
terial with E � 25 Pa. All the nuclear elements have the same value
of Poisson’s ratio, � � 0.485. Comparison of the effective (von Mises)
stress field and the effective creep strain field in the nucleoplasm for
two characteristic times associated with the viscous element of the
nucleoplasm model (0.1 and 2 s) at the probe displacement of 1 �m are
displayed in (b) and (c), respectively. In the computational simulation,
the sharp probe has the half angle of 35° and the indentation rate is 1
�m/s.

FIG. 6. (a) Force–indentation response of an isolated nucleus at vari-
ous indentation rates. The nuclear envelope layers are modeled as
linear elastic material with Kb � 1.8 × 10−19 N�m and KNL � 3.5 ×
10−19 N�m. The nucleoplasm is modeled as viscoelastic Maxwell ma-
terial with E � 25 Pa and � � 1 s. All the nuclear elements have � �
0.485. Comparison of the effective (von Mises) stress field and the
effective creep strain field in the nucleoplasm for two indentation rates
(0.1 and 10 �m /s) at the probe displacement of 1 �m are presented in
(b) and (c), respectively. The sharp probe has the half angle of 35°.
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indentation is effectively a point load and the current
calculations suggest that the nuclear membrane under-
goes bending and stretching, which induces a diffuse
response to sharp indentation, as compared to the local-
ized response exhibited by a model lacking the nuclear
membrane. This further emphasizes the necessity of con-
sidering the nuclear envelope in the computational
model. For probe angle of � � 80°, a sudden change in
the apparent stiffness (force–displacement response

slope) is evident at the probe displacement of � ≈
0.85 �m, as a part of the nuclear envelope makes contact
with the probe. Further increase in the probe angle leads
to a drastic alteration in the deformation mechanism and
the associated response. For a nearly flat probe, the dis-
placement field appears more diffuse and the effective
stress field in the nucleoplasm exhibits an utterly dissimi-
lar pattern to that observed under sharp probe indentation
with probe angle of � < 65° [Figs. 7(b) and 7(c)]. Local
buckling of the nuclear envelope underneath the probe is
evident for indentation with an almost-flat probe, which
is in contrast to indentation with a sharp probe having
� < 80°, in which no membrane buckling is predicted and
the nuclear envelope undergoes stretching and bending
during deformation. The distribution of the effective (von
Mises) stress is also remarkably different for the two
cases mentioned above [Fig. 7(c)]. The present compu-
tational results indicate that the response of an isolated
nucleus in indentation experiments with flat or almost
flat probes is highly sensitive to the exact probe geom-
etry and therefore should be interpreted by caution. In
addition, other phenomena such as sliding relative to the
substrate might play an important role on indentation
with almost flat probes.

V. CONCLUDING REMARKS

The results presented here emphasize the importance
of employing a robust biomechanical model for studying
the mechanisms driving the mechanical response of
nucleus and stress distribution in the nuclear elements
under mechanical stimuli. The nucleus model without a
membrane clearly failed to capture the main features of
the experimental indentation response. It is noteworthy
that in the Hertzian contact model, which has been used
in many studies for interpreting the experimental obser-
vation from indentation experiments on cells and nuclei,
the force–displacement response of the material under
indentation is strongly dependent on the probe angle;
e.g., the force predicted for a probe with half angle of �
� 80° is approximately eight times higher than the force
associated with the probe with half angle of � � 35° at
the same level of indentation. In contrast, our numerical
simulations revealed that the overall response of an iso-
lated nucleus, as well as the underlying mechanisms of
deformation, is not sensitive to the probe angle, as long
as the probe is not almost flat. This has another imme-
diate implication: the parametric analyses, carried out to
study the nuclear mechanics in indentation with sharp
probe with half angle of � � 35°, are valid for a large
range of indentation experiments (as long as the probe is
not nearly flat). It is noteworthy that the finite dimen-
sions of the computational model could affect the overall
response of the isolated nucleus and the associated stress
distributions, which underscores the need for accurately

FIG. 7. (a) Force–indentation response of an isolated nucleus for vari-
ous half angles of the sharp probe, �. All the nuclear elements are
modeled as linear elastic material with E � 25 Pa, Kb � 1.8 × 10−19

N�m, KNL � 3.5 × 10−19 N�m, and � � 0.485. (b) The nodal dis-
placement field and (c) the effective (von Mises) stress field in the
nucleoplasm at the probe displacement of 1 �m for two probe half
angles of 35° and 85°.
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visualizing the isolated nucleus before generating the
computational models. In addition, in our experiments
the nucleus was placed freely on (i.e., not adhered to) the
substrate with minimal pre-stress. It is conceivable that
the tensile stress induced along the membrane by adher-
ing the nucleus to substrate could considerably enhance
the apparent stiffness of the nucleus in indentation.40

Recent observations by Deguchi et al. suggest that
membrane-bound organelles may locally compress the
nucleus, and the mechanical stresses transmitted by these
local perturbations might alter the function of the nucleus
as well as its morphology.10 Our results suggest that the
local mechanical perturbation of a nucleus surface may
lead to a diffused response and mitigation of the intra-
cellular stress.

The computational model studied here in combination
with rigorous experimental observations, employing
various techniques, could lead to a general protocol for
studying the nuclear mechanics under mechanical
stimuli. This general protocol allows the mechanical
properties of each individual nuclear element to be as-
certained. It may also help to identify the effects of vari-
ous kinds of mutations and gene alteration on nuclear
mechanics and to develop a better understating in ana-
lyzing tissue-specific effects of the mutations in promot-
ing particular diseases.
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