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Abstract: Hertzian mechanics is the most frequently used theory for data processing in Atomic Force
Microscopy (AFM) indentation experiments on soft biological samples, due to its simplicity and
significant scientific results previously published. For instance, using the Hertz model, it has been
proven that there are significant differences in the mechanical properties of normal and cancerous
tissues and that cancer cells” invasive properties are correlated with their nanomechanical properties.
However, many scientists are skeptical regarding the applicability of the Hertz theory to biological
materials, as they are highly heterogeneous. The main critical question to be addressed is “what
do we calculate” when fitting the force-indentation data to Hertz equations. Previous studies have
shown that when using cylindrical, parabolic, or conical indenters, the fitting parameter is the average
Young’s modulus. In this paper, it is demonstrated that it is also valid to fit equations derived from
Hertzian mechanics to force-indentation data when testing soft, heterogeneous samples for any
indenter geometry. The fitting factor calculated through this approach always represents the average
Young’s modulus for a specific indentation depth. Therefore, Hertzian mechanics can be extended to
soft heterogeneous materials, regardless of the indenter’s shape.

Keywords: hertz model; heterogeneous samples; fitting; depth-dependent behavior; biological
materials; deep spherical indentations; axisymmetric indenters

1. Introduction

Atomic Force Microscopy (AFM) nanoindentation is a powerful method for the char-
acterization of biological samples at the nanoscale [1-3]. Significant scientific results have
been published during the last two decades, indicating the possibility of early diagnosis of
various diseases such as cancer or osteoarthritis using AFM [2,4-11]. The force-indentation
data in a typical experiment is usually processed using equations arising from Hertzian
mechanics. However, these equations are valid only for materials that can be approximated
as elastic half spaces [3]. In contrast, biological materials at the nanoscale are highly het-
erogeneous [12]. This is a major limitation of AFM indentation since the results strongly
depend on the indentation depth when using Hertzian equations for data processing [12].
As a result, the stiffness in terms of Young’s modulus (often referred to as the ‘apparent
Young’s modulus’) will differ when using two different indentation depths on the same
sample. Therefore, the results are user-dependent and can be difficult to reproduce. Thus,
a critical question arises: “What are we calculating” when fitting the force-indentation
data to classic Hertzian equations? Is this approach valid for determining the mechanical
properties of biological samples at the nanoscale? Despite the mathematical limitations,
it has been experimentally proven that classic fitting procedures can provide important
information regarding the mechanical properties. For example, Hertzian mechanics can be
used to characterize cancer cells since they are softer than healthy ones [1,2]. Furthermore,
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it has been demonstrated that stiffness distributions differ between healthy, benign, and
cancerous tissues [2,4]. Despite the important experimental results, the question remains,
“How accurate is it to use the Hertzian equation when testing biological samples?” An
attempt to provide a conclusive answer to this question was recently presented [13]. In
particular, it was shown that the equations arising from Hertzian mechanics when us-
ing cylindrical, parabolic, and conical indenters can be extended to the case of highly
heterogeneous materials [13].

Specifically, a highly heterogeneous sample consisting of N narrow homogeneous
slices (Figure 1a,b) can be mathematically described using the following equation:
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Figure 1. (a) A spherical indentation on a highly heterogeneous material. The sample can be
considered as the sum of N homogeneous slices. (b) The fitting parameter is the average Young’s
modulus for a specific domain 0 < y < h. The average Young’s modulus is strongly depth-dependent.
(c) Since, dF = Sdh, the area under the S = f(h) graph equals the applied force on the sample (area
under the graph = foh Sdy). (d) The integral in Equations (16), (21), (26), and (34) equals the area
under the E = f(u) graph (area under the graph = fou"”'" Edu). In addition, 1.y = NAu.
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In Equation (1), Eq, Ey, ..., En are the Young’s moduli of the N narrow homogeneous
slices, and E is the average Young’s modulus. Equation (1) can also be written in the form:

E1Ah+ ExAh+ - - -+ ENnAh 1 N
NAh =y i Eil @

Assuming N — oo layers with the same thickness (it is assumed that the mechanical
properties change smoothly from one layer to the next) [13], Equation (2) takes the form:

E:

_ 1 sk
E= E/o E(y)dy 3)

For the case of parabolic indenters, the applied force (F) on the sample is related to the
indentation depth (/) using the following equation [13]:

4R1/2E h3/2

b= 3(1—0?)

@)
In Equation (4), R is the indenter’s radius, and v is the sample’s Poisson ratio. In
addition, for conical indenters [13]:

P 2(tanb)

T2
- ©

In Equation (5), 6 represents the cone’s half-angle. Equations (4) and (5) indicate
that when fitting the force-indentation data to equations arising from Hertzian mechanics
(i.e., Equations (4) and (5)), the fitting parameter being calculated is the average Young's
modulus of the N narrow homogeneous slices. In other words, the fitting parameter is
the average Young’s modulus for a specific domain (i.e., the “apparent” Young’s modulus
equals the average Young’s modulus). This explains the strong depth dependence of the
“apparent” Young’s modulus in conventional experiments. Hence, it is correct to use
Equations (4) and (5) when testing heterogeneous materials. However, the results are
meaningless without specifying the exact value of the indentation depth. In other words,
the result is valid for a specific domain. For example, for 0 < I < h; the average Young's
modulus is E, for 0 < h < hy the average Young’'s modulus is E; etc.

An important question that still remains is whether this result applies to any indenter
shape. For example, in an indentation experiment using a spherical indenter and for
large indentation depths, what is being calculated using a classic fitting procedure? Is it
always valid to use Hertzian mechanics when testing heterogeneous soft samples? In many
cases of indentation experiments, the AFM tip can be better modeled as a sphere or as a
sphero-conical indenter [14]. Spherical indenters are commonly used in AFM experiments
when testing soft biological samples [15-20]. They do not damage the sample during the
indentation process (at least in cases where the indentation depth is not significantly bigger
compared to the tip radius). In addition, for small indentation depths, typical pyramidal
tips are better approximated as sphero-conical indenters, since the tip radius is comparable
to the indentation depth [14]. In such cases, the perfect conical approximation leads to
significant errors [14]. Sphero-conical indenters can be considered as axisymmetric rigid
indenters that can be described by an arbitrary function Z = £(r), which is rotated about the
z-axis to produce a solid of revolution.

Thus, it is critical to examine whether the aforementioned approach (i.e., the extension
of the classic equations for heterogeneous materials) can also be applied in these cases.
In other words, we will examine whether the average Young’s modulus approach can
be extended when testing soft heterogeneous materials for any indenter’s geometry. We
will show that classic fitting procedures using equations arising from Hertzian mechanics
are valid regardless of the indenter’s shape. Therefore, it is mathematically valid to
use Hertzian equations for spherical indentations and equations for axisymmetric rigid
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indenters when testing highly heterogeneous soft materials. In both cases, the fitting
parameter is the average Young’s modulus.

2. Materials and Methods
2.1. Theoretical Analysis

In this paper, the mathematical analysis (previously presented in [13]) will be further
extended for (a) indentations on highly heterogeneous materials with spherical indenters
and (b) for axisymmetric indenters of arbitrary geometry. The methodology is based on
considering the highly heterogeneous material as a sum of N homogeneous slices (N — o).
The goal is to calculate the average Young’s modulus of these slices, which is the average
Young’s modulus of the tested sample for a specific indentation depth.

2.2. Open Access Synthetic Data

Open access simulated data on an elastic half space with Young’s modulus equals to
E =20 kPa and Poisson’s ratio v = 0.5 was used. The data was generated in Mathematica
8.0, mimicking real force curves. The data collected assumed spherical indenters with a
radius of 1 um mounted on a cantilever with a spring constant of 0.1 N/m. The synthetic
data were produced by means of Sneddon’s equation for perfect spherical indenters and
adding random (Gaussian distributed) noise. The (force-indentation) data used in this
study have been deposited in the (Atomic]) repository (https://sourceforge.net/projects/
jrobust/files /TestFiles/ (accessed on 10 January 2023)) [21].

2.3. Experiments on H4 Human Glioma Cells

Spherical indentations on H4 human glioma cells (ATCC) using a ball-shape tip (the
tip radius was 2.5 um and the cantilever’s spring constant was measured at 0.08 Nm !
using the thermal noise method [22]) were performed according to the protocol described
in [23]. Each fitting procedure was evaluated using the R-squared coefficient (R?). A fitting
procedure is accurate when the R? coefficient is close to 1.

3. Results
3.1. The Average Young’s Modulus for Deep Spherical Indentations

The equation that relates the applied force (F) to the indentation depth (k) for a
spherical indentation was derived by Sneddon [24]:

- E > 5 R+,
F—Z(l_vz)[(rc—l—R)ln(R_rc)—ZrcR} ®)

In Equation (6), R is the indenter’s radius, where E, and v are Young’s modulus and
Poisson’s ratio, respectively.
The indentation depth is related to the contact radius (r.) with the following equation:

m(“”) _2h )

R —r Tc

However, a new equation was recently derived that directly relates the applied force
to the indentation depth for spherical indentations [25]:

dF . 2Er.(h)
dh S(h) = 1—102

®)

In Equation (8), 7. equals to [25]:

h 1/2 h h 2 h 3 h N-1
Te :C]R<R> +C2R<R) +C3R<R> +C4R(R> ++CNR(R> (9)

In Equation (9), ¢y, ¢, ... , cn are constants that can be found in [25].
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By substituting Equation (9) for Equation (8) it can be concluded [25]:

2ER (2 o q/2 3/2 1 “1p2 4 ~2p3 4 “3p4 4 1 1-NpN
Using Equation (8), the applied force on a heterogeneous sample can be expressed in
the following form (see also Figure 1c, where the applied force equals the area under the

S = f(h) graph): \
F = /0 S(y)dy (11)

More specifically, the area under the graph in Figure 1c can be divided into N narrow
strips (where N — c0) in which the stiffness is constant. Thus, for every strip dF = Sdh.
By adding all the strips, it is easy to conclude in Equation (11). In addition, in case that
S = constant, S = 2ER (this is the case of a flat ended punch with diameter R indenting
an elastic half space) [13] On the contrary, for heterogeneous samples, there is no single
Young’s modulus value to describe the sample’s properties. Hence,

d :
) = G = 12)

By combining Equations (9) and (12) it can be concluded:

s(y) = 9F _ 2E@R lq(y)% rar(L) +C3(y)2+c4(y)3+...+CN(y)N‘1] (13)

dy 1-—02 R R R R R

In Equations (11)—(13), y symbolizes an arbitrary value of the indentation depth for
which 0 <y < h.
Thus, the force applied on the sample equals to:

F= [Fs(y)dy = 282 [VEy)yy 2y + 225 [FE(y)ydy + 2280 [T Ey)yRdy + 287 [T Ey)pdy + -+

12 v? v2
"y (14)
2cyR
2 Jy E@)y™ "y
The first integral of the second part of Equation (14) can be expressed as follows:
2c1RY2 rh
h=5"> /O E(y)y'/*dy (15)

By changing variable y*/? = u, du = 3y'/2dy, Equation (15) is written as follows:

4¢,RY/2 /
L=
3(1—22) Jo
The integral fo E(u2/3)du Jo " Edu equals the area under the E( 2/3> = f(u)
graph as shown in Figure 1d. Thus,

h3/2

E (uZ/ 3) du (16)

4¢,R1/2

L=
17 3(1-?)

(EyAu + EyAu + - - - + ExAu) (17)

The average value of the function E (uz/ 3) is provided below:

E(uzB) _ EiAu+ EAu+---+ EyAu

NAL =E (18)
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Thus, Equation (16) can be written in the form:

4eyRV/2 (2 4ciRV2 _ 4eiRY2 _
=g [ () du = S8 E (w0 ) Naw = S ERE(19)
0

17 3(1-?) 3(1—2) 3(1—2)

The same procedure can also be applied to every integral of Equation (14). For,

2c h
L = 7 _202 /0 E(y)ydy, y2 =u, du = 2ydy (20)
Thus,
I = 22 /h2 E(/u)du @1)
27102 Jo

In addition, the integral of Equation (21) equals the area under the E (/u) = f(u) graph:

2¢) " 2co
12:1_’02‘/0 E(\/a)duzl_vz(ElAu+E2Au+_|_ENAu) (22)

The average value of the function E (/) is provided below:

. EiAu+ ExAu—+ - - -+ EnAu

E =E 2
(Vu) NAL (23)
Thus, Equation (21) is modified as follows:
2 _ 2c = _ 20 w0
I = 1_02/0 E(vVa)du = —=25F (Vi) Nau = =2 Fh (24)

As already mentioned, the same approach can be applied to any integral. For the last one,

h
= 7/0 E(y)nyldy, yN =u, du= Nnyldy (25)

Thus,

hN

2cyR*FN /
="
0

1- 2 (/N ) du (26)

Using the area under the E (ul/ N ) = f(u) graph,

hN
/ E(ul/N)du = EyAu+ Eabu + - + ExAu 27)
0

The average value of E (ul/ N ) is,

- EiAu+EAu—+---+EyAu =
1/N) _ &1 2 N _
E(” ) - NAu =t @8
Hence,

C 2eNREN NN 2eNREN_ _ 2cNREN_
=0 [ () = () New = B @9)
Finally, Equation (14) is written as follows:

F=Lh+Lh+L+1L+- ---+1Iy (30)

Using Equations (19), (24), and (29) it is concluded:
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3 + 50 +36 + 164 oot geN (31)

Equation (31) is the same as Equation (10), for elastic half spaces. However, in this
case, the fitting parameter is the average Young’s modulus. It should be evident that
Equation (31) can be used for soft heterogeneous samples.

3.2. Axisymmetric Indenters with General Shape

Sneddon [24,26] has shown that for the indentation of an elastic half-space by an
axisymmetric rigid indenter described by the power-law relation z = Br" (where r is the
radial distance from the center of contact (Figure 2a)), the force-indentation relationship is:

2F r(3+1) v
F= (s | Toe | (32)
(1—o2)(yaB)/" \n+1) | T(5+1)

where B is a constant parameter that depends on the indenter’s shape and I'(.) is the gamma

1/n
. e T(3+3 .
function. For a specific indenter, the (\/;W () [%] is a constant parameter
and it can be symbolized as c. For example, for a conical indenter with cone’s half angle 6,

r = ztanb, or z = ﬁr (Figure 2b). Thus, B = 1/tan6 and n = 1. In addition, T(% + %) =1
and T’ (% + 1) = /7t/2. Therefore, Equation (32) takes the form, F = 2Etand_p2

(1-02)
z= f(r) = Br" A _ — 1
< z z f(:) tané ’

i 4

(b)

Figure 2. (a) Axisymmetric rigid indenter described by the power-law relation z = Br". (b) A
conical indenter.

Thus, Equation (32) can be simply written as:

2Ec 141y
F = mh " (33)

The contact stiffness can be written as follows:

_dF_ 2Ec 1 1/n
S‘E‘a——zﬂ)(HE)h (34)
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In the general case, the Young’s modulus is depth-dependent, thus,

_dF  2E(y)c 1 /n
S(y) = dy (=) (1 + n)?/l (35)

In Equation (35), y symbolizes an arbitrary value of the indentation depth for which
0 <y < h. Using Equation (11),

2C 1 h 1/n
F= / - = (1+n>/0 E(y)y/"dy (36)
By changing variable y%ﬂ =u, du = (1 + %)yl/ "dy, Equation (36) is written as follows:
2c n+1 n
F= / y)dy = (1—-902) n 14n /0

The integral fo ey E(u”/(”“))du equals the area under the E = f(u) graph as
shown in Figure 1d. Thus,

p(n+1)/n

E (u"/ <"+1>)du (37)

2c
r— m(ElAu + ExAu+ -+ + ExAu) (38)

The average value of the function E (un%l) is provided below:

=/ o\  EAu+EAu+---+EnAu =
E(” “) = NAu =k (39)
Finally,
2¢ 2Ec
F=—"__ENAu pit/n (40)
(1-2?) T (1-)

Equation (40) proves that Equation (32) can be used for heterogeneous samples;
however, the fitting factor that is determined is the average Young’s modulus for a
specific domain.

3.3. Avoiding a Pseudo-Softening Behavior

The indentation of a material at the nanoscale using a spherical indenter may reach
false results if the correct model is not taken into account. For example, when testing cells,
Equation (4) is usually employed. However, this equation is valid for parabolic indenters
or spherical indenters for small indentation depths (h << R). In this case, Equation (4) can
provide the average Young’s modulus for different indentation depths, and as a result, the
E = f(h) graph [12] or the average Young’s modulus maps with respect to the indentation
depth [13].

However, for big indentation depths, Equation (4) can also reach false results. For
example, when testing a homogeneous sample (i.e.,, E = constant) a pseudo-softening
behavior may appear. The reason is that the accurate equation is Equation (31) instead of
Equation (4). Thus, the fitting parameter is:

_ _ /4 2 1 2 -
Efitting = Ereal (361R_1/2h3/2 +cRH2 + §C3R_2h3 + 5c4R—3h4 +o NcNRl—NhN> =E,enZ (41)
In Equation (41),

7= (gc RYV2p3/2 4 cyR™1H? + 3c SR21° + c R3m* + - +§ICNR1NhN) (42)
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It has been previously shown [25] that for 0 < h/R < 4.95 the term Z can be ex-
pressed as the sum of six factors with ¢; = 1.0100000, ¢, = —0.0730300, c¢3 = —0.1357000,
c4 =0.0359800, c5 = —0.0040240 and ¢4 = 0.0001653. For any indentation depth Z < 1. In
addition, as the indentation depth increases, the factor Z decreases [25]. Thus, since for an
elastic half space E,,; = constant, Ef,»tt,»ng decreases as the indentation depth increases. To
provide an example of pseudo-softening behavior, open access simulated curves using a
spherical indenter, as described in Section 2.2, were used.

In Figure 3, five force indentation curves with maximum indentation depths of 200 nm
(Figure 3a,b), 400 nm (Figure 3c,d), 600 nm (Figure 3e,f), 800 nm (Figure 3g,h), and 1000 nm
(Figure 3i,j) are presented. Since the tested sample is an elastic half space with Young’s
modulus E = 20 kPa, regardless of the maximum indentation depth, the average Young’s
modulus should be E = 20 kPa in any case. In Figure 3a,c,e,g,i the force indentation data
was fitted to Equation (31). In every case, the R-squared coefficient resulted in R? = 1.0000
and the average Young’s modulus was 20 kPa.

In Figure 3b,d,f,h,j the data was fitted to Equation (4), which is the most commonly
used equation for spherical indentations on soft samples. However, as already mentioned,
Equation (4) is only valid for small indentation depths compared to the tip radius. Thus,
the errors when using it for deep spherical indentations cannot be ignored. In particular,
in Figure 3b, E = 19.65 kPa (R?> = 0.9997), in Figure 3d, E = 19.31 kPa (R? = 0.9999),
in Figure 3f, E = 19.13 kPa (R? = 0.9996), in Figure 3h, E = 18.66 kPa (R? = 0.9995),
and in Figure 3j, E = 18.34 kPa (R2 = 0.9992). Thus, for h = 1000 nm, there is an 8.3%
smaller value compared to the actual one (i.e., 20 kPa). In Figure 4, the average Young’s
modulus when fitting the force indentation data to Equation (31) and when fitting the data
to Equation (4) are presented comparatively. The pseudo-softening behavior in the second
case is clear.

At this point, it should be noted that for bigger indentation depths, the error is also
bigger. Apart from the error in the calculation of the average Young’s modulus, the
results are also misleading regarding the sample’s behavior. In particular, pseudo-softening
behavior was recorded for the case of a homogeneous and isotropic material. It is significant
to note that many biological materials present a ‘stiffening” or ‘softening’ behavior as the
indentation depth increases due to their high mechanical heterogeneity [27,28]. For example,
cells present a ‘softening’ behavior as the indentation depth increases [12,20]. Therefore,
a false data processing can lead to significant misunderstandings regarding the behavior
of an unknown sample. An approximately homogeneous sample can be categorized as a
heterogeneous sample with a softening behavior as the indentation depth increases, or the
extent of the mechanical heterogeneity cannot be revealed due to the contribution of errors
in data processing.

Thus, the extension of the average Young’s modulus approach for deep spherical
indentations is significant to avoid errors in data processing when testing highly heteroge-
neous materials. For the same reasons, it is also important to extend the applicability of the
average Young’s modulus approach for axisymmetric indenters with a general shape since,
in many cases, blunted AFM pyramidal tips are approximated to perfect conical indenters.
Thus, similar errors as for the case of spherical indentations may occur.

3.4. An Example on a H4 Human Glioma Cell

An example of calculating the average Young’s modulus of a H4 human glioma cell
is presented in Figure 5. In Figure 5a, the maximum indentation depth was ~300 nm. For
hy = 300 nm, E; = 10.2 kPa. This value is valid at the domain 0 < # < 300 nm. The
R-squared coefficient resulted in R2. = 0.9604. In Figure 5b, the same procedure was
performed at the domain 0 < h < 600 nm. In this case, E; = 8.4 kPa and R?. = 0.9943. In
Figure 5¢, E3 = 7.9 kPa at the domain 0 < & < 900 nm (R2. = 0.9981). In Figure 5d, the
fitted curves presented in Figure 5a—c are presented comparatively. The average Young's
modulus reduces as the indentation depth increases, as expected [12].
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Figure 3. Simulated force—indentation data on an elastic half space with E = 20 kPa and v = 0.5.
The maximum indentation depth is (a,b) 200 nm, (c,d) 400 nm, (e,f) 600 nm, (g,h) 800 nm, and
(i,j) 1000 nm. The data was fitted to Equation (31) (red curves, figures (a,c,1,g,i) and to Equation (4)
(blue curves, figures (b,d,f,h,j).
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Figure 4. The average Young’s modulus as calculated by fitting the data to Equation (4) (Egpp.) and to
Equation (31) (Eacc.). When fitting the data to Equation (4), a pseudo-softening behavior is recorded
since Equation (4) is not valid for deep spherical indentations.
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Figure 5. AFM indentation on a H4 human glioma cell. (a) For 0 < 1 < 300 nm, E; = 10.2kPa,

(b) for 0 < h < 600 nm, E; = 8.4 kPa, (c) for 0 < i < 900 nm, E3 = 7.9 kPa. (d) The fitted curves are

presented comparatively.
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4. Discussion

In this paper, previously presented theoretical methods [13] were used to extend
the applicability of classic equations for indentations using spherical or arbitrary-shaped
axisymmetric indenters on highly heterogeneous materials. It was shown that when
fitting the force—indentation data obtained on soft heterogeneous materials, to Hertzian
equations, the fitting parameter that is determined is the average Young’s modulus for
a specific indentation depth. The extension of the average Young’s modulus approach
to the aforementioned cases is significant since, in many cases, the AFM tips cannot be
approximated as parabolic or conical. Spherical indenters (e.g., using AFM borosilicate
glass spheres) are used in many experiments when testing the mechanical properties of
cells or other biological samples [15-20]. In addition, pyramidal tips cannot approximate
perfect conical indenters in any case [14].

Errors regarding the approximation of the AFM tip can result in significant misun-
derstandings regarding the behavior of an unknown sample. For example, when using
Equation (4) on an elastic half space for data processing, a pseudo-softening behavior
was recorded. The pseudo-softening behavior can also be recorded in other cases. It was
recently shown that an AFM tip that can be considered a truncated cone can lead to the
aforementioned behavior if approximated to a perfect cone [29]. The force with respect to
the indentation depth for an indentation experiment using a truncated cone is given by the
equation below [29]:

_ 2E(tan®) 2 4E(tanf)
(11— 1?) (1 —02)

However, a truncated cone is an axisymmetric indenter that can be described by an
arbitrary function Z = f(r), which is rotated about the z-axis to produce a solid revolution.
Thus, Equation (40) is also valid for data processing. It is easy to prove that Equation (40)
is also valid by fitting it to simulated force—indentation data obtained on an elastic half
space using a truncated cone (Figure 6). The Young’s modulus and the Poisson’s ratio of
the half space were E = 20 kPa and v = 0.5, respectively, the cone’s angle 6 = 25° and the
htipy = 100 nm. The force indentation data was fitted to an equation of the form F = ah™
(the same form as Equation (40), where a = (12_E;2) and m = 1+ 1/n. The domain was
0 < h < 800 nm and the fitting factors were a = 144.6, m = 1.7). The R-squared coefficient
resulted in R2, = 0.9996. As a result, it is also rational to extend the applicability of
Equation (43) for highly heterogeneous soft samples using the average Young’s modulus
as follows:

F

hgiph (43)

_ 2E(tant) 2 4E(tan)
- or(1—9?) (1 —o2)

Thus, it is crucial to extend the applicability of the average Young’s modulus approach
on highly heterogeneous materials for indenters with different geometries, since false ap-
proximations of the AFM tip can result in significant errors and misconceptions regarding
the behavior of an unknown sample. The average Young’s modulus approach is significant
since it can provide quantitative information regarding the depth-dependent mechanical
properties of soft samples (i.e., depth-dependent average Young’s modulus maps [13]). The
reason is that the determination of the depth-dependent mechanical properties of biological
samples can lead to a 3D mechanical characterization [30]. More specifically, classic Young’s
modulus maps provide a 2D mechanical characterization since they present the mechanical
variability of the sample at the x-y plane, but they do not provide the changes of the
mechanical properties over the z-axis (depth-dependent mechanical properties) [31-34].
The extension of the Hertzian equations to heterogeneous materials is significant since, by
using this approach, a 3D mechanical nanocharacterization can be achieved. In the pro-
posed model, it is assumed that the mechanical heterogeneity is only depth-dependent for
each measurement (i.e., for each force-indentation curve). However, this assumption does
not preclude a 3D nanocharacterization. By obtaining multiple force-indentation curves
on the sample (i.e., by creating average Young’s modulus maps [30]), it is easy to derive
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the mechanical properties of the samples in three dimensions. This approach has been
previously used for conical indenters to achieve 3D mechanical nanocharacterization [30].
With the results presented in this paper, the same procedure can be applied regardless of
the indenter’s geometry.

9
2 ,10 == truncated cone equation :
6 ——-equation for axisymmetric indenters
5t A
4t A
z
. 3r A
2r A
1+ A
0r A
0 2 4 6 8
h (m) x 107

Figure 6. Simulated AFM data derived using Equation (43) (black curve). The data was fitted to an
equation of the form F = ah™ (the same form as Equation (40), where a2 = (12552) andm=1+1/n.

As previously mentioned, an accurate 3D mechanical characterization at the nanoscale
may lead to new techniques for accurate cancer diagnosis, for recording a cancer metastasis
procedure at early stages, or for characterization at the nanoscale of highly heterogeneous
materials [31,35-46].

Lastly, using the presented by this paper approach, the F = f(h) equation for any
heterogeneous sample can be derived. If multiple fitting procedures are performed on the
force-indentation data, then the average Young’s modulus for different indentation depths
can be obtained:

FOI‘OS]/l Shl,Ezfl

For 0 < h < h2,E:E2

For 0 S h S hN,EZEN

Thus, if we use the values Eq, Es, ..., Ey then we can find an E = f(h) function and
as a result, we can find the real F = f(h) function.

At this point, it is significant to highlight the limitations of the presented approach.
The proposed model assumes that a heterogeneous sample can be considered as the sum
of N narrow homogeneous slices, where N — co. In other words, when processing force
indentation data for each nanoregion, it is assumed that mechanical heterogeneity occurs
only in the z-direction and not in the x-y plane. However, in materials with extreme
variability in mechanical properties in the x-y plane, this approach may lead to errors in
the analysis.

For example, suppose the volume of a semi-infinite material at the tested region is
divided into two: the left and the right sides, with one having E; and the other having E,.
Suppose the tip is aligned such that one-half projects over the right portion of the sample
and the other over the left portion. For simplicity, assume E, < E;. Then the force curve
will approximately evolve as if only the E; part is being indented. In this case, the sample
will seem slightly softer because the effective radius of the tip is smaller, and thus the force
will be reduced by a factor of approximately 2!/2 (or a little smaller because of geometry).
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In a real experiment, the case E, < E; does not apply, so assuming homogeneity in the x-y
plane will result in an error, but it will be significantly smaller than 1/ 21/2,

Furthermore, in Section 3.4, a cell was used as an example of a heterogeneous material.
However, it is still under discussion whether a cell can be considered as the sum of N
slices with elementary thickness. In particular, the cytoskeleton contains microtubules
and filaments, which are 1D structures on a local scale. From a mathematical point of
view, if the N slices have an elementary thickness (since, N — o0), their thickness can be
considered orders of magnitude smaller compared to the cell’s inner parts, making this
approach seem rational. Thus, if the heterogeneity in the x-y plane for each force curve
is negligible, the proposed model can provide an approximation of the depth-dependent
heterogeneity. Nevertheless, areas with extensive heterogeneity at the x-y plane (within the
tested nanoregion) will not be accurately characterized using this approach. To determine
whether this approach applies to any cell and calculate the exact errors in each case,
extensive experimental research should be performed. Regardless of the exact error in
any case, the proposed approach is a simple way to record whether the sample of interest
‘stiffens or softens” as the indentation depth increases.

Lastly, it is significant to also note the importance of the proposal made by this paper’s
analysis. The benefit of this approach is that it explains why the Hertz equations provide
valuable results despite being initially derived for homogeneous materials. Additionally,
this approach shows how the Hertzian equations can be correctly used for heterogeneous
materials. In many cases, Young’s modulus maps are presented without mentioning
the indentation depth for each measurement. As the average Young’s modulus strongly
depends on the indentation depth, it can be difficult to obtain reproducible results between
different research groups. In other words, presenting a Young’s modulus map without
specifying the indentation depth for each measurement is meaningless. We propose using a
specific domain, where 0 < h < hy,,y for every force indentation curve and fitting the same
data portion in each case [30]. By doing this, we can obtain an average Young’s modulus
map that pertains to the domain 0 < & < hy4y. Then, we can create another Young's
modulus map for a different domain, such as 0 < h < h},,., and so on [30]. If every Young’s
modulus value on a map refers to the same indentation depth, then the results can be easily
reproduced between different research groups.

5. Conclusions

A crucial question regarding AFM indentation experiments on biological samples is
whether it is correct to fit the data to equations arising from Hertzian mechanics. Previous
research [13] has shown that it is valid to fit Hertzian equations to data obtained from
biological samples when using cylindrical, parabolic, or conical indenters. In this case, the
fitting parameter is the average Young’s modulus for a specific domain (i.e.,, 0 <y < h). If
the maximum depth of indentation changes, the average Young’s modulus will also vary
accordingly. However, a critical question remained. In particular, is this approach valid for
any indenter? In this paper, it was shown that the same analysis can be applied regardless of
the indenter’s geometry. It was proved that when fitting the data to Hertzian equations for
spherical indenters or indenters with an arbitrary axisymmetric shape, the fitting parameter
that is determined is also the average Young’s modulus. Thus, fitting procedures to classic
Hertzian equations are the correct approach towards the mechanical nanocharacterization
of highly heterogeneous samples such as biological materials. In other words, the ‘apparent’
Young’s modulus, which is determined as a fitting parameter, equals the average Young’s
modulus regardless of the indenter’s shape. It should also be mentioned that providing
the ‘apparent’ Young’s modulus without specifying the indentation depth at each point is
meaningless. Two different researchers can obtain different results when testing the same
sample if the maximum indentation depth is not the same. On the contrary, by providing
depth-dependent mechanical properties using the average Young’s modulus, it is easy to
obtain reproducible results.
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