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An analysis is conducted of application of the Hertz model for measuring the cardiac myocytes’ mechanical properties. Atomic force
microscopy (AFM) was used, which characterises the cellular mechanical properties at a nanoscale precision. The Hertz model, the most
common model in contact mechanics, was applied to the experimental data and an elastic modulus was determined by analysing the
relationship between the AFM indentation force and the depth. To determine the Hertz model appropriateness accurately, the contribution
of the viscous properties, the cell adherence and the elastic modulus extracting method were examined. The elastic moduli were 48.08 ±
2.26 kPa and 55.67 ± 2.56 kPa, respectively, with two different evaluation approaches. The cardiac myocyte exhibited a nonlinear elastic
behaviour since the elastic modulus determined by the Hertz model was not constant in the different indentation depths. Furthermore, the
viscous dissipation was negligible; therefore the mechanical behaviour of this cell type can be well described by appropriate hyperelastic
models.
1. Introduction: The mechanical properties of the cells play a key
role in determining the changes during the essential functions such
as contraction, crawling and migration. The contracting cardiac
muscle cells have particular cytoskeletal arrangements to
accommodate the specialised role they play in heart tissue. In the
experimental cell mechanics studies, these cells are isolated from
the heart ventricles [1]. The ventricular cardiac wall strains
display significant temporal, regional and transmural variations
[2]. The constitutive properties of the myocardium are
three-dimensional, anisotropic, nonlinear and time dependent [3].
A straightforward method of heart tissue modelling is to calculate
the active mechanical properties obtained from a cellular model
[4]. It is applicable in determining the end-diastolic tension in
open heart surgery. After performing a cardiac surgical operation,
a surgeon needs a functional value of pressure to set into the
heart which depends on the end-diastolic tension [5].
Recent advances in the micro and the nano technologies have

enabled the development of new experimental and modelling
approaches to study the cell biomechanics that were not possible
previously [6]. Many single-cell measurement tools have been
developed over the last few decades to quantify the cellular
responses under mechanical force/deformation such as atomic
force microscopy (AFM), micropipette aspiration, magnetic twist-
ing cytometry and so on [7, 8]. AFM-nanoindentation, one of the
most powerful tools, has been recently used to analyse the mechan-
ical properties changes in the cardiac myocytes [9]. It allows one to
obtain the topographical images and to probe the mechanical prop-
erties of the living cells [10–14].
By indenting the cell surface with the tip of the cantilever and

measuring the force at each indentation depth, the cell mechanics
are probed. The mechanical properties of the sample are usually
estimated by fitting the obtained experimental data with a suitable
contact model. For the cells subjected to the conventional mechan-
ical modes of loading, various models have been developed and
applied [15, 16]. For the cardiomyocyte, there are several models
coupled with the mechanical properties of the cell such as the
mechano-chemical models [17]. However, in this Letter, only the
mechanical properties of the cardiomyocyte were extracted. In
the AFM-nanoindentation, Hertz’s theory is the most common
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approach to analysing the contact mechanics. This approach is
based on infinitesimal strains and a linear elasticity and assumes
that the axisymmetric, the isotropic and the semi-infinite bodies
are in contact with each other, which was applied in the cardiomyo-
cytes mechanics studies [18, 19].

The aim of the work reported in this Letter was to examine the
Hertz contact model and to assess the suitability of this model for
probing the mechanical properties of the cardiac contracting cells.
AFM was used and to accurately determine the Hertz model’s suit-
ability we examined the cell adherence, the hysteresis effect, the
elastic modulus calculation manner and the effect of the probe tip
shape.

2. Materials and methods
2.1. Preparing cells: The cardiac myocytes were prepared in the
laboratory of the Tarbiat Modarres University hematology group
(North Amir Abad Street, Tehran, Iran), from 13 to 15 days
embryonic mouse hearts which were born from 8 to 12 weeks
white NMRI mice (provided by the RAZI institute, Tehran, Iran).
The embryonic heart was cut into small parts in the Dulbecco’s
modified eagle medium (DMEM) containing a 10% fetal calf
serum (FCS). They were flushed and the separated cells were
washed for eliminating the unwanted cells. Then, these cells were
put in 10 cm diameter medium plates containing the DMEM with
a 2% FCS and were placed for 24 h in an incubator in a wet 37°C
environment with 5% CO2. After 24 h, live ventricle heart cells
were attached to the container floor and the other cells were
suspended and they were thrown away. The myocytes were kept in
a CO2 incubator for six to seven days. In this time, each two days,
their medium was changed and they filled the whole container
floor. By using 0.25% trypsin and 0.02% edetic acid (EDTA), the
cells were detached from the plate floor and effect of trypsin was
neutralised by the FCS. These cells were centrifuged for 3 min
with 1200 rpm in sterilised 15 ml conical tubes. Then, fresh
DMEM with a 2% FCS were added to the condensed cells. After
this, these cells were put in a 10 cm diameter plate and were
placed in a wet 37°C incubator with 5% CO2.

Afterwards, the cells were washed with phosphate buffered saline
(PBS) and placed in a 6 cm diameter Petri dish. Then, 5%
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glutaraldehyde fixator was added to the cells for 1 min and then the
cells were washed three times by PBS for 5 min. When the Petri
dish was dried, the cells ultimately were ready to be tested by
AFM.

2.2. AFM nanoindentation: Indentation tests were conducted with a
DualScopeTM atomic force microscope (DS 95 Series, DME-Danish
Micro Engineering, Denmark). Its x− y scan size was 50 μm× 50 μm
and the resolution was less than 0.1 nm in the z direction and the base
height variation ranges were 2.7 μm. The probe velocity was 10 μm/s
and it was unchangeable. This probe velocity was high compared
with the previous studies [18, 19] (0.125–5 μm/s and 0.6 μm/s) in
which the higher probe velocities led to more hysteresis
dissipations. The hysteresis was quantified by calculating the area
between the indentation and the retraction curves.

Contact mode experimental data were acquired after the cell
imaging for each cell. The monolithic silicon pyramidal probe
(NanoWorld Pointprobe® CONTR) was used along with a 445–
455 μm length rectangular rod (DualScopeTM DS 95 Series,
DME-Danish Micro Engineering, Denmark) with spring constants
of 0.07–0.4 N/m and a pyramid angle of 20° and a tip radius of
10 nm. The spring constant was determined from the thermal vibra-
tions by using the software (DME-SPM Measure & Analysis
Software) provided by the manufacturer.

In the nanoindentation procedure, after capturing an image for
each cell, three locations were selected along the middle of the lon-
gitudinal axis and the force against the indentation curves was
obtained (Fig. 1) [19].

2.3. Data analysis: The indentation force (F ) was calculated by
using Hook’s law (F = kd), where k and d denote the spring
constant and the deflection of the cantilever, respectively. The
indentation depth (δ) was calculated from the difference of the
AFM cantilever base height and the deflection of the cantilever
[18, 19], respectively. Depending on the probe tip shape, there
are different forms of the Hertz model [20, 21]. For the
pyramidal probe tip, with no adherence, there is a special relation
between the force and the indentation depth in an AFM
nanoindentation [22]

F = kd = pEw(d)/(1− n2) (1)

w(d) = d2 tan(a)/
��
2

√
p

[ ]
(2)

in which F is the AFM applied force on a cell, k is the spring
constant of the probe, d is the probe deflection, E is the modulus
Figure 1 Cardiomyocyte image captured with the atomic force microscope
The bidirectional arrow indicates the middle of the longitudinal axis of this
cell approximately and the locations where the measurements are performed
are specified
One of these points was located in the middle of this arrow and two other
points were placed near this point approximately with equal distances

154
& The Institution of Engineering and Technology 2014
of elasticity, ν is the Poisson’s ratio, α is the pyramid opening
angle, δ is the indentation depth and w(δ) is a function of the
probe geometry, respectively.

The actual geometry of the probe tip is not a sharp pyramid and is
described in a better manner as a blunt pyramid with a spherical cap
[18]. For the pyramidal probe tip with bluntness, this model relation
can be written as:

When a < b, the Hertz model relation for the spherical probe tip is
used

w(d) = d(3/2)[4R(1/2)
c /3p] (3)

in which Rc is the probe tip radius of the curvature. Parameter b is
equal to Rccos α where the sphere merges tangential with the
pyramid faces and a is the contact radius [22].

Note that, when a < b, it is the interpretation of a spherical punch of
radius Rc and thus w(δ) is the spherical Hertz model’s geometry
function.

When a > b [22]
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The contact radius, a, is calculated from the following equation
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The contact radii were computed numerically by using an interpol-
ating routine which was written in a computational software
(Matlab 7.11, The MathWorks, Inc., Natick, MA, USA).

There are two approaches for the modulus of elasticity calcula-
tion. In the first method, an elastic modulus is estimated for the
whole nanoindentation data tests [19]. The relation between the
force and the elastic modulus can be written as

F = VE (6)
V = pw(d)/(1− n2) (7)

The elastic modulus was determined by plotting the force as a
function of the coefficient Ω and by identifying the resulting
slope with the elastic modulus. Another method calculates the
elastic modulus for each point particularly by using (1)–(5)
[18, 22]. The elastic modulus was calculated by two methods by
using the above equations and reported as the mean ± SD.

In this Letter, a Poisson’s ratio of 0.5 was used, which treats the
cell as an incompressible material and was suggested for an initial
approximation [18].

3. Results
3.1. Adherence: The deflection-indentation depth curves have
positive deflection values as the tip retracted from the cell
demonstrating that no adherence occurred during the indentation
process (Fig. 1).

Furthermore, these curves returned to zero in the retraction phase
and it can be concluded that no permanent or plastic deformation
remained in these cells after the nanoindentation procedure.

3.2. Hysteresis: The hysteresis or the dissipated energy that appears
to be because of the viscous losses was negligible for the
cardiomyocyte (Fig. 2); however, the probe scan velocity was high.
Micro & Nano Letters, 2014, Vol. 9, Iss. 3, pp. 153–156
doi: 10.1049/mnl.2014.0019



Figure 3 Elastic moduli of the whole cardiomyocytes bodies
It is obvious that the fitting procedure has observable errors and these cells
did not behave similar to the linear elastic materials

Figure 4 Cardiomyocytes elastic moduli in each indentation depth of the
AFM tests
Elastic moduli decreased on increasing the indentation depths and had some
nonlinearity
This mechanical property reached a nearly constant value of more than
around 50% of the indentation depths range in the indentation depths

Figure 2 Non-adhesive properties of the cardiomyocyte and it did not show
the adherence property
Hence in (1), the total force is equal to the only indentation force and the
contact point was assumed to be where the initial probe deflection rises
There are two procedures in the cell AFM test: indentation and retraction
They are not far apart from each other and hence the hysteresis effect was
negligible

Figure 5 Pyramidal probe tip with and without bluntness
It was observed that assuming the probe tip with bluntness had a good effect
on the elastic modulus calculation results and this model predicted the elastic
modulus more linearly than the other probe tips without bluntness
3.3. Elasticity calculation: To demonstrate the correlation among
the values of the obtained elasticity moduli for the different cells,
the graphs of this Section were plotted for all the cell’s altogether.

Method 1: From Fig. 3, a line fitting to the experimental data cannot
represent the cell’s behaviour and it can be concluded from this
Figure that the variations of the force as a function of the coefficient
(Ω) do not have linear relations and produce considerable fitting errors.
The elastic moduli of the cardiomyocytes was calculated as

55.67 ± 2.56 kPa (n = 9) on average (Fig. 3).

Method 2: The variation in the elastic moduli with the indentation
depth for the cardiac cells is shown in Fig. 4. As illustrated in this
Figure, at the higher indentation depths, the elastic modulus
approached a constant value, indicating no contributions from the
substrate for the indentation depths values in this Letter.
Otherwise, with the increasing indentation depth, the elastic
modulus would have increased. However, for the indentation
depths less than 15 nm most of the variation in the elastic modulus
appears to be because of the thermal fluctuations. The consistent vari-
ation in the modulus with the different indentation depths indicates
that the cardiomyocytes have nonlinear mechanical properties [18].
At 50% of the end of the indentation, the elastic modulus reached

the constant values approximately. The elastic moduli at the end of
the indentation procedure were 48.08 ± 2.26 kPa (n = 9) on average
(Fig. 4).

3.4. Bluntness effect: To evaluate the effect of the probe tip
bluntness on the elastic moduli calculations, elastic modulus-
indentation depth curves were collected for the probes with and
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without bluntness (Fig. 5). As illustrated in Fig. 5, the probe tip
with bluntness gave more constant elastic moduli values than the
pyramidal probe without bluntness. However, the two models
collapsed to the same constant values at the higher indentation
depths. Hence, it can be concluded that no difference in the two
models and no contributions from the substrate existed in this work.
4. Conclusion: In this Letter, the suitability of applying the Hertz
model in the cardiomyocytes cell mechanics studies was revealed.
The elastic moduli were determined by using two different
calculation approaches and the same values were obtained
approximately. Also, from these two calculation methods, it was
concluded that the cardiomyocytes had nonlinear mechanical
properties. Hence, a linear model (such as the Hertz model)
cannot evaluate the true mechanical behaviour of these cells. This
finding complied with the results of a similar previous paper in
which the nonlinear mechanical properties in the myocyte were
observed [18].

Furthermore, in the mouse cardiomyocytes, the viscous contribu-
tion was negligible and it can be concluded that in this cell, only the
elastic properties should be taken into account. It should be noted
that even with a high probe z-scan velocity (10 μm/s) which led
to an augmentation in the viscose dissipations, no hysteresis
effects were observed in this cell type [18]. A limitation in this
work was the unchangeable probe velocity, therefore the elastic
modulus was calculated at the constant probe velocity.

Furthermore, the cell thicknesses were measured with the atomic
force microscope and it should be noted that the elastic moduli were
obtained for the indentation depths less than 20% of the cell
155
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thickness and were not influenced by the substrate (Fig. 4). The
contributions from the substrate had been found to be negligible
up to 25% of the thickness of the cell by using the Hertz model
and a conical tip [18].

The cardiomyocyte elastic modulus was found to be constant at
three positions on the cells along the longitudinal axis around the
centre avoiding the boundary effects.

Two mathematical approaches used to calculate the elastic
modulus were based on the Hertz model force-indentation depth re-
lation existing in the contact mechanics studies. In the first method,
the elastic modulus was determined by plotting an experimental
force-gamma coefficient at each indentation depth and by identify-
ing the resulting slope with the modulus of elasticity. In this
method, a total modulus was attributed to the cell and it did not
depend on the indentation depth. However, the fitting errors were
rather high and the correlation coefficients remained between 0.91
and 0.94, demonstrating that the fitted lines deviated extremely
from the experimental data. Accordingly, by using this approach,
it can be concluded that the mouse myocyte cannot be characterised
by the linear elastic behaviour. Hence, the Hertz constitutive model
was not suitable for identifying the mechanical properties of this
type of cells with this method. In the second method, the elastic
modulus was calculated in each point and in each indentation
depth. The decrement in the elastic modulus was observed by in-
creasing the indentation depth. At the beginning of the indentation,
this decrement occurred vigorously and at the higher indentation
depths, a lower decreasing rate was observed. Ultimately, the
elastic modulus can be well approximated to be constant at the
end of the indentation and was expressed as the elastic modulus
of the cell. The value of this elastic modulus was close to the
reported value of the previous paper where the rat myocyte had
been calculated with this method [19]. The elastic modulus
decreased with the increment of the indentation depth as described
previously [18], demonstrating an interpretation of the nonlinear be-
haviour of the mouse cardiac cell.

In the current Letter, the elastic moduli calculated with the first
method did not differ from the second method, indicating that deter-
mining the elastic modulus did not depend on its method of
calculation.

Furthermore, the blunted pyramidal probe model, which more ac-
curately represents the shape of the AFM probe, was less sensitive
to the indentation depths than was the pyramidal tip model [18].
However, both the probe geometries gave similar results at the
higher indentation depths (indentation depths above 60 nm),
when the tip geometry was unimportant and the values of the
moduli in both the probe tip models did not differ from each
other anymore.

In conclusion, in the mouse cardiac cell study and the determin-
ation of the mechanical properties of this cell, the linear elastic as-
sumption for the cell material was not appropriate. On performing
the AFM tests and analysing the experimental data, the cardiac
cell exhibited nonlinear elastic behaviour. Hence, it can be declared
that the Hertz model was not suitable for determining the mechan-
ical properties of the mouse myocyte and this cell’s behaviour did
not comply with the assumptions of the Hertz model. On the other
hand, the viscous dissipation was negligible and it led to the in-
applicability of using the viscoelastic models to analyse the cardio-
myocyte mechanical properties. Therefore a nonlinear model
without the viscose parameters such as the hyperelastic models
shall be used for the mechanical characterisation of this cell type.

In a future paper, the mechanical behaviour of the mouse cardiac
cell will be determined by applying the hyperelastic models and the
suitability of these models will be investigated.
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