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KEYWORDS ABSTRACT

Cancer Detection, The measurement of cell stiffness, which results from changes in the cytoskeletal structure of
Hertz Contact Mechanic, cancer cells, can be used as a promising approach for the detection of cancer. One of the methods
JKR, for investigating the mechanical properties of the cell surface is the use of atomic force microscopy
Tatara, (AFM), which can be used to determine the stiffness of the cell membrane by indenting the cell.
Atomic Force Microscopy. From a biomechanical point of view, cancer can be investigated by determining the Young’s

modulus of cancer tissue. The determination and measurement of Young’s modulus in cancer cells
can be performed either experimentally or using mathematical modeling approaches. In this study,
previously published AFM-derived force—indentation data for healthy and cancerous cervical and
prostate cells were reanalyzed, and the Young’s modulus was calculated using three contact
mechanics models: Hertz, JKR, and Tatara. The results of these three models show that the
Young’s modulus values obtained with the Hertz and Tatara models are very close to each other,
while the value obtained with the JKR model is significantly lower. This discrepancy is attributed
to the inclusion of adhesion forces in the JKR model. Based on the results of this study, the
difference in Young’s modulus between cancerous and healthy cells could serve as a potential
indicator for cancer detection.

Extended Abstract

1. Introduction

ancer is recognized as one of the most complex diseases of this century, and its intrinsic complexity makes

systematic investigation and analysis particularly challenging [1]. Measuring cellular stiffness, which

results from changes in the cytoskeletal structure of cancer cells, provides valuable information about
their metastatic potential and can be used for cancer diagnosis. One method for examining the mechanical
properties of the cell surface is atomic force microscopy (AFM), which quantifies cell membrane stiffness through
controlled cellular indentation. By characterizing interaction forces and providing quantitative parameters related
to cancer-induced cellular changes, AFM enables the assessment of cell deformation. Additionally, by analyzing
the indentation depth, the Young’s modulus can be determined, facilitating the identification of cancer cells [2-4].
Extensive studies have identified cancer cells using nanoscale contact mechanics in biological materials.
Measuring cellular elastic properties can significantly aid cancer diagnosis. By using the Young’s modulus
parameter, researchers can examine the distinct mechanical responses of cells to external forces and compare the
stiffness of tumor tissues with that of healthy tissues [5]. Changes in elasticity promote the migration and invasion
of malignant cancer cells during metastasis. Lekka et al. reported a decrease in the Young’s modulus of cancer
cells by comparing the elastic module of cancerous and healthy cells [6]. Cross et al., using cells obtained directly

* Corresponding author: Tel.: 09125366703; Fax: 04133393866

E-mail address: m.zakeri@tabrizu.ac.ir

DO https://10.66224/masm.5.2.271. (=)
Received: June 27, 2025; Received in revised form: August 06, 2025; Accepted: August 25, 2025. S
© Author



http://masm.araku.ac.ir/
https://10.1.2.176/masm.5.2.271.
https://10.1.2.176/masm.5.2.271

Calculating Young's Modulus of Cancer Cells Using Contact Mechanic Models 272

from the bodily fluids of patients suspected of lung, breast, or pancreatic cancer, showed that a reduction in cellular
stiffness, characteristic of cancer cells, is observed under experimental conditions both in vivo and in vitro [7]. Li
et al. characterized the elasticity of benign and malignant breast cancer cells and demonstrated that, at
physiological body temperature, benign cancer cells have a lower Young’s modulus than malignant cells. They
also reported that the Young’s modulus increases with increasing loading rate, highlighting the rate-dependent
mechanical behavior of cancer cells [8]. These findings indicate that both intrinsic cellular properties and external
mechanical conditions play crucial roles in the measured elastic response. Faria et al. used atomic force microscopy
and the Young’s modulus derived from the Hertz model to compare three types of metastatic prostate cancer cells,
demonstrating a reduction in cellular stiffness in cancer cells [9]. One of the earliest changes in cancer cells
involves structural and mechanical modifications that allow malignant cells to detach from their original site and
migrate as a tumor mass. Cellular stiffness is influenced not only by different stages of the cancer cell cycle but
also by the mechanical properties of the native tissue; increased cancer cell proliferation is commonly associated
with changes in cell stiffness. In several cancer types, including prostate, bladder, thyroid, and ovarian cancers,
morphological and structural alterations of the cytoskeleton have been reported. These changes are typically linked
to a partial loss of actin fibers or microtubule disorganization resulting from reduced density within the cellular
architecture [10, 11]. Such cytoskeletal remodeling directly affects cellular mechanical behavior and contributes
to increased deformability, facilitating cancer cell migration and invasion during disease progression. Hammer et
al. characterized tumor formation and progression through structural changes in the extracellular matrix (ECM)
and, using AFM, quantified stiffness differences between tumor and benign cells. Their findings indicated that
ECM homeostasis is disrupted during mammary gland development, leading to increased breast tissue stiffness
and a higher potential for tumor growth. They also showed that healthy and benign tissues have relatively uniform
stiffness, while malignant tissues display a broad stiffness distribution due to pronounced tissue heterogeneity [12].
According to the literature, several studies have aimed to reconcile experimental observations with existing
theoretical models. In these investigations, well-established contact mechanics models have been evaluated to
identify which formulations most accurately represent the actual mechanical response of cells. In this context,
Girot et al. developed a microforce-based in vitro system to determine the mechanical properties of single cells.
Using a bio-force microscope, they examined the mechanical behavior of human HeLa cells, and the resulting
contact mechanics were predicted using the JKR and DMT models, which account for adhesive forces. The
mechanical responses derived from these models were then compared with those obtained from the Hertz model
[13], providing insight into the suitability of different contact mechanics frameworks for modeling cellular
behavior. To gain a more comprehensive understanding of disease onset and progression from a biomechanical
perspective, molecular-level alterations can be systematically investigated. Cellular biomechanics provides a
promising framework for developing novel approaches to early disease diagnosis. In addition to genetic alterations
and mutations, changes in the mechanical properties of cancer cells are also observed. Atomic force microscopy-
based indentation enables quantification of cellular elastic properties and provides a direct measure of
deformability through the Young’s modulus. The Young’s modulus can be determined using appropriate contact
mechanics models. In this study, suitable models will be used to estimate the Young’s modulus with the goal of
achieving higher accuracy in early-stage cancer detection.

2. Materials and Methods

This paper examines the mechanical behavior of healthy and cancerous cells using experimental data and
contact mechanics models. The Hertz, JKR, and Tatara contact models at the nanoscale are introduced in the
following sections. This section analyzes the mechanical responses of healthy and cancerous cells based on
experimental measurements and interprets them within different contact mechanics frameworks. All experimental
data used in this study were obtained with atomic force microscopy (AFM). To gain a more comprehensive
biomechanical understanding of disease onset and progression, molecular-level alterations can be systematically
examined. Cellular biomechanics provides a promising approach for developing novel methods for early disease
diagnosis. In addition to genetic alterations and mutations, cancer cells show measurable changes in their
mechanical properties. Atomic force microscopy-based indentation allows quantification of cellular elastic
properties, enabling cancer cell deformability to be expressed quantitatively through the Young’s modulus. The
Young’s modulus can be estimated using appropriate contact mechanics models. In this study, we use compatible
contact models to estimate the Young’s modulus, aiming to enhance the accuracy of early-stage cancer detection.
The Hertz model is appropriate for rigid, non-adhesive contacts between hemispherical bodies and is primarily
used for preliminary estimation of Young’s modulus in non-adhesive environments. In contrast, the JKR (Johnson—
Kendall-Roberts) model explicitly accounts for adhesive forces between contacting surfaces, making it
particularly well suited for analyzing soft and biological materials. By incorporating surface energy and its
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variations within the contact region, the JKR model provides greater accuracy in the mechanical characterization
of cancer cells, which display distinct biomechanical behavior. The Tatara model was developed to address
conditions involving larger deformations that extend beyond the linear elastic regime. By modifying the classical
Hertzian equations, the Tatara model enables more precise analysis of biomechanical contacts at the nanoscale. In
this section, all three models are presented with respect to their mathematical formulations and physical principles,
establishing the foundation for subsequent analysis of the experimental data.

2.1. Contact Mechanics Models

One application of AFM-based contact mechanics is determining the mechanical properties of nanoparticles
during micro- and nano-manipulation. Before contact, the AFM tip interacts with the nanoparticles, causing
deformations that can affect both their mechanical properties and subsequent motion. Various contact models have
been applied to spherical nanoparticles [ 14, 15]. The study of smooth-surface contact mechanics began with Hertz
theory, which considers frictionless contact between two elastic bodies. The JKR model was the first contact
mechanics framework to explicitly include adhesion, describing adhesive interactions between soft and rigid
spheres [16]. The Tatara model addresses large-deformation contact states of spherical specimens against
extended, laterally flat surfaces, conditions not captured by the Hertz model. The following section briefly
introduces the Hertz, JKR, and Tatara models.

2.1.1. Hertz Contact Model

The earliest studies in contact mechanics were conducted by Hertz [17]. The Hertz contact model describes
elastic contact between a sphere and a flat surface, neglecting surface forces and adhesion. In this framework, the
contact radius (ay) and the relationship between applied force and indentation depth are defined for sphere—
substrate interactions, such as those between an AFM tip and a cancer cell or between a spherical cell and a flat
substrate. This model is widely used to analyze the indentation of spherical geometries. However, its assumption
of non-adhesive contact limits its accuracy for soft biological materials, where adhesive interactions significantly
affect mechanical response. Despite this limitation, the Hertz model provides a reliable first approximation for
estimating the Young’s modulus of cells and serves as a foundational reference for more advanced contact models.

R
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where, §ydenotes the indentation depth, Fis the applied force between the cell and the AFM probe tip, and
R = (ReenRp)/(Reen + Ry) represents the effective (reduced) radius. K is the effective elastic modulus, defined
as follows. In this expression, Ry,corresponds to the radius of the AFM probe tip, while R, denotes the radius of
the cancer cell (or tumor spheroid). In this model, the cell is assumed to behave as a soft hemispherical body. The
cell’s Young’s modulus can then be determined using the Hertzian contact mechanics framework through the
following equation:

—= + 3)
K Ecell Ep

where Ee;; and E, are the Young’s moduli of the cancer cell and the AFM probe tip, respectively, and vy
and v, are the Poisson’s ratios of the cancer cell and the AFM probe tip, respectively.

2.1.2. JKR Contact Model

The JKR theoretical model incorporates short-range surface forces that act within the contact region [16. 18].
Under these conditions, the tip—particle geometry deviates from the assumptions of the Hertz model. JKR theory
accurately describes adhesive forces in soft, deformable materials and is therefore well suited for application to
living cells. The force—indentation relationships for this model are given in Egs. (4) and (5).

F/KR = F + 3nwR + \/6nwRF + (3nwR)? @
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where the contact radius (a;kg) is given as follows:
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Here, o represents the adhesion energy between the two surfaces. The JKR contact mechanics theory provides
an accurate framework for describing adhesive forces in soft, deformable materials and is therefore applicable to
living cells. In this model, the cytoskeleton is assumed to behave as a three-dimensional elastic structure with
sufficient deformability to meet the assumptions of JKR theory. However, once the cytoskeleton is ruptured, the
JKR model is no longer applicable. In the presence of strong adhesion and large deformations, when the adhering
surfaces are subjected to a separating force, a finite and nonzero contact area remains at the point of detachment.
Under these conditions, JKR theory establishes a relationship between the tensile force F and the adhesion energy,
which is determined by the radius of curvature of the contacting materials.

2.1.2. Tatara Contact Model

This model enables the description of large-deformation states of spherical samples in contact with an
extended, laterally flat surface, a scenario not adequately captured by the Hertz model. The limitations of the Hertz
framework become especially apparent when applied to real systems. For example, when two spheres have
significantly different Young’s moduli, the contact surface cannot be assumed to remain flat and often shows
adhesive interactions. This consideration was incorporated into the development of the JKR model as an extension
of the Hertz theory [17]. When the indentation becomes large, several assumptions underlying the Hertz model
must be revised. Tatara’s theory provides a framework for large-deformation contact mechanics, neglecting
adhesion forces. In this model, an elastic sphere undergoing significant deformation is analyzed within the Tatara
contact framework. The sphere is assumed to be confined between two parallel plates, with a compressive force
applied via the upper plate, while the lower surface is fixed, allowing the sphere to deform in both directions.
Because deformation occurs in two opposite directions, the magnitude of deformation measured by AFM is twice
that predicted by the original Hertz model. Equations (7) and (8) describe the relationship between the applied
force and the indentation depth according to the Tatara model [19].
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3. Results

To determine Young’s modulus, which quantifies cell deformability, the three contact models described in the
previous section were used. In this study, human cervical cancer cells (HeLa) and healthy End1/E6E7 cells [20],
as well as human prostate cancer cells (LNCaP) and healthy PZ-HPV-7 cells [21], were examined. To estimate
cell elasticity using Young’s modulus, force—indentation curves were obtained and analyzed with contact models
for spherical indenters, considering the appropriate AFM tip radius. The required parameter values are listed in
Table 1.

Table 1. Parameters involved in determining the Young’s modulus of the cancer cell mass [31, 32].

E, (GPa) Reey (M) Veell Up w(J/m?)
hela 169 5x107° 0.5 0.27 0.0002
LNCaP 169 5x 10°° 0.5 0.27 0.0002

The force—indentation curves characterize the mechanical response of cells to externally applied compressive
forces. As shown in Fig. 1, these curves are presented for HeLa cancer cells and healthy End1/E6E7 cells.

As shown in Figure 1, the indentation depth increases as the applied force increases. The force—indentation
curves for these cells were analyzed using the Hertz, JKR, and Tatara contact models. Figure 2 shows the variation
of Young’s modulus with indentation depth for the Hertz model. The force required to indent normal cells is
substantially higher than that required for cancer cells, indicating that normal cells have greater mechanical
stiffness than cancer cells. As shown in Figure 2, as indentation depth increases, the Young’s modulus of cancer
cells approaches a constant value, whereas this trend is not observed for healthy cells. At the initial part of the
curve, due to the small indentation depth, the data points are scattered and may be less reliable, a behavior also
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reported in Ref. [22]. The Hertz model does not account for surface forces or adhesion during contact and assumes
that the cell behaves as a soft hemispherical body. Figure 2 presents the Young’s modulus values obtained using

the JKR model for the cells examined in this study.
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Figure 1. Force—indentation curves for HeLa cancer cells and healthy End1/E6E7 cells [20]
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Figure 2. Young’s modulus using the Hertz model for HeLa cancer cells and healthy End1/E6E7 cells
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Figure 3. Young’s modulus using the JKR model for HeLa cancer cells and healthy End1/E6E7 cells

Subsequently, the Young’s modulus of the aforementioned cells was determined using the Tatara model, as

shown in Figure 4.
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Figure 4. Young’s modulus using the Tatara model for HeLa cancer cells and healthy End1/E6E7 cells

Based on this analysis, results are considered reliable when the indentation depth exceeds 0.3 nm. At smaller
indentation depths, the contact mechanics relations are not valid within the contintum mechanics framework and
are typically addressed using molecular dynamics approaches. Figure 5 presents a comparison of the Young’s
modulus estimated using the Hertz, JKR, and Tatara models for healthy and cervical cancer cells at indentation

depths greater than 0.3 nm.
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Figure S. Mean Young’s modulus and standard deviation for HeLa cancer cells and healthy End1/E6E7 cells

To further clarify the differences between cancerous and healthy cells, an additional cancer type was included
in the analysis. Figure 6 shows the force—indentation curves for LNCaP prostate cancer cells and healthy PZ-HPV-
7 cells. As shown in Figure 6, the indentation depth increases as the applied force increases. The force—indentation
curves for these cells were analyzed using the Hertz, JKR, and Tatara contact models. Figure 7 shows the variation
of Young’s modulus with indentation depth for the Hertz model. At the beginning of the curve, due to the small
indentation depth, the data points are scattered and may be less reliable, a trend also reported in the literature.
Figure 8 shows the Young’s modulus values obtained using the JKR model for the cells analyzed in this study.
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Figure 6. Force—indentation curves for LNCaP cancer cells and healthy PZ-HPV-7 cells [21]
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Figure 7. Young’s modulus using the Hertz model for LNCaP cancer cells and healthy PZ-HPV-7 cells
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Figure 8. Young’s modulus using the JKR model for LNCaP cancer cells and healthy PZ-HPV-7 cells
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