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ARTICLE INFO ABSTRACT
Keywords: The contact of soft elastic spheres on substrates is a fundamental problem with significant rele-
Contact mechanics vance to fields such as bioengineering, robotics, micro-assembly, and wearables. Accurate

Contact nonlinearity
Flattening problem
Large deformation
Analytical models

analytical solutions for contact behaviors under extreme compression, particularly at compression
ratios (compression displacement normalized by sphere radius) exceeding 10 %, are still lacking.
This study investigates the contact mechanics of an elastic sphere against a rigid substrate (i.e.,
the flattening problem) under large deformations, integrating theoretical analysis, finite element
analysis (FEA) simulations, and experiments. A finite-deformation theory framework for the
flattening problem is proposed, accounting for finite-thickness and radial expansion effects. This
framework facilitates analytical solutions for contact force, contact radius, and contact pressure.
Systematic analysis of the three key sources of nonlinearity—geometry, material, and contact
properties—reveals that geometric nonlinearity is the primary factor causing deviations in con-
tact forces from the Hertzian theory. Based on these insights, explicit solutions for contact force,
contact radius, and contact pressure are obtained using simple linear correction functions,
achieving excellent agreement with FEA results. Experimental validation with Ecoflex samples
demonstrates the high accuracy of these solutions at compression ratios up to 80 %. Additionally,
their applicability to cellular mechanics is validated through precise predictions of contact forces
reported in the literature for various cell types at compression ratios up to 75 %. This work
provides an effective approach to addressing nonlinearities in the flattening problem, enabling
accurate predictions of contact behavior under extreme compression. Our findings offer valuable
guidelines for contact analysis and structural design involving soft elastomers.
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1. Introduction

Compression of soft spheres (i.e., the flattening problem) under extreme deformation is a common phenomenon in daily life and
engineering, with significant relevance across various fields, including biomechanics, human-machine interactions, and wearable
devices. For example, in biomechanics, understanding the response of live cells and tissues under extreme compression is critical for
the study of cell and tissue mechanics and morphogenesis (Lulevich et al., 2006; McGarry, 2009; Moeendarbary and Harris, 2014). In
the study of human-machine interactions, it is essential to develop adaptive systems capable of performing tasks such as softly touching
human body or grasping using soft robotic components (Abondance et al., 2020; Choi et al., 2018; Xydas and Kao, 1999). In wearable
devices, flexible yet highly sensitive pressure sensing can only be achieved by accurately modeling the deformation properties of soft
materials (Flavin et al., 2024; Tee et al., 2015; Yang et al., 2021; Zhang et al., 2022; Zhu et al., 2024). In other advanced fields such as
mechanical meta-surfaces, soft spheres under extreme compression facilitates the creation of surfaces with tunable frictional properties
for advanced applications in tribology (Aymard et al., 2024). In smart adhesives, the switchable flattening under large deformation
effectively enhances the materials’ adhesion capabilities (Li et al., 2024a, 2024b, 2018; Linghu et al., 2023a, 2024, 2023b; Yu et al.,
2025; Zhao et al., 2022). In all these applications, accurate and efficient predictions of responses of a soft sphere under extreme
compression, such as contact force and contact radius, are fundamental to improving structural designs and optimizing performance.

The basic solution for the contact between two elastic spheres under small deformation was obtained by Hertz (Hertz, 1882), who
laid the groundwork for modern contact mechanics. Since then, substantial progress has been made in studying various contact
scenarios, particularly for two common cases with direct practical relevance (Ghaednia et al., 2017): the indentation problem, rep-
resenting contact between a rigid sphere and an elastic substrate, and the flattening problem, involving contact between an elastic
sphere and rigid substrates, as illustrated in Fig. 1.

Under small deformation, these two problems are equivalent within the framework of the Hertz theory. Specifically, the rela-
tionship between the contact force and the compression ratio, defined as the compressive displacement (5) normalized by the sphere
radius (R), remains identical under the same effective contact radius R and contact modulus E*. However, as deformation increases,
both the flattening and indentation problems deviate from Hertzian theory predictions, as evidenced by the finite element analysis
(FEA) results shown in Fig. 1. Compared to the FEA simulation results, the Hertz theory predicts a lower contact pressure for the
flattening problem and a higher contact pressure for the indentation problem under a given compression ratio, and the deviation
remains even when the ideal spherical profile is considered (Gao et al., 2005; Segedin, 1957; Zheng and Yu, 2007; Zhi-Jun Zheng,
2007).

The nonlinear indentation problem under large deformations has been studied for various applications, including wearable elec-
tronics (Leng and Lin, 2011) and drug delivery (Li et al., 2024c), and under various conditions such as non-adhesive contact (Du et al.,
2023; Guo et al., 2020), adhesive contact (Chen and Gao, 2007), elastoplastic contact (Moore et al., 2010), piercing (Fakhouri et al.,
2015; Fregonese and Bacca, 2021), wrinkle substrates (Zhang, 2023), frictional effects (Hui et al., 2021), elastocapillarity (Shi et al.,
2022), finite-thickness substrates (Chen and Chen, 2013), and nano-scale structures (Mo et al., 2009; Xiao et al., 2023; Zhu et al.,
2025). The behavior of soft spheres under extreme compression, however, is yet to be fully understood. Experimental and FEA results
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Fig. 1. Results of the contact forces predicted by the Hertz theory (grey dashed line) and its correction considering ideal spherical profile (green
dash-dotted line) for the general contact of elastic spheres, and by FEA simulations on the flattening problem (rigid surfaces compressing an elastic

sphere in between, orange circles) and the indentation problem (contact between a rigid sphere and an elastic substrate, blue squares) under large
deformation (R = 1 mm, E* = 1 MPa).
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indicate that a power-law solution with a variable exponent may be used to characterize the contact forces within specific range of
compression ratios (Lachhab and Weill, 1999; Liu et al., 1998; Tatara, 1991; Xydas and Kao, 1999). Nevertheless, different power-law
exponents apparently needed for different compression ratios. A quantitative determination of the value of the power-law exponent
remains challenging. By incorporating rubber elasticity and lateral expansion effects under small deformation, Tatara’s model (Tatara,
1991) provides a good fit to the experimental results for a relatively stiff carbon black filled rubber sphere under large deformations.
However, this model involves five equations to determine its key parameters implicitly. Solving these nonlinear equations requires
specifically developed numerical methods (Liu et al., 1998; Tatara et al., 1991). Furthermore, the accuracy of the model strongly
depends on the material (Liu et al., 1998).

In the current study, we investigate the problem of a soft sphere under extreme compression (a.k.a., the flattening problem) through
an integrated theoretical analysis, FEA simulations, and experimental measurement approach. The primary objectives are to identify
the key factors affecting the nonlinear behavior and to obtain an analytical solution for the flattening sphere problem under large
deformation. To enhance practical usability, explicit expressions approximating the analytical solutions for key contact varia-
bles—contact force, contact radius and contact pressure—are derived. Predictions of the approximate expressions are validated against
the FEA simulations and experimental tests. Finally, the applicability of the proposed model is demonstrated by its accurate predictions
of the compression forces measured during compression of various types of live cells.

2. A brief review of Hertz theory

In 1882, Hertz established the classical theory for the contact between two elastic spheres (or ellipsoids in general) (Hertz, 1882),
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Fig. 2. Schematics showing the mechanics model of the flattening problem. (a) Configurations of a flattening hemisphere under a large-
compression deformation considering vertical flattening and radial expansion separately. (i) Reference configuration. (ii) Intermediate configura-
tion. (iii) Current configuration. The contact pressure at the contact surface (z = 0) is denoted as po(r) and p(r) in the intermediate and current
configurations, respectively. (b-d) Infinitesimal increment of the flattening problem under large deformation. (b) A model of the flattened
hemisphere in the intermediate configuration. (i) Schematics of the hemisphere compressed under a displacement 5. The grey dash line denotes the
undeformed configuration of the hemisphere, and the blue dash line denotes the configuration under a displacement increment dé. (ii) Illustration of
the contact pressure distribution under a press-in displacement & (black solid line) and distribution with a displacement increment dé (blue dash
line). The variation of the contact pressure dp, (blue area) is equivalent to that in the indentation model of a rigid flat punch on an elastic substrate
under a displacement increment dé with a press-in displacement of 5. (¢) Consideration of the finite-thickness effect in the flat punch indentation
model. (i) Hlustration of the contact between a rigid flat punch with a radius ag and an elastic substrate with a thickness R. (ii) Illustration of the
contact pressure distribution caused by press-in displacement increment ds of the flat punch with a pre-compression displacement § (blue dash curve
with blue area). (d) Consideration of the expansion of the contact radius a under a displacement increment dé. (i) Illustration of the contact between
arigid flat punch with a radius a and an elastic substrate. (ii) Illustration showing the cylinder region (yellow region) compressed into the flattened
cylinder region (purple region) under a large uniaxial compression §.
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where the mechanics solution involves the effective contact radius R = 1/(1/R; + 1/R5) and the effective contact modulus E* = /[(1 —
v)/E1 + (1 — v3)/E,], where Ry, v1, and Eq represent the radius, Poisson’s ratio and modulus of one contacting sphere, and Ry, v, and
E; of the other. Hertz theory primarily focuses on local stress distribution in the contact region, neglecting the influence of the far-field
stress distribution. Consequently, if focusing on the contact region only, the flattening problem can be approximated by the Hertz
theory when the radius Ry and modulus E; of one sphere approaches infinity, (i.e., the contact between an elastic sphere and a rigid
substrate).

In the Hertz theory, the pressure distribution within the contact region is

D ~ 3 r (r<am) (€Y
H 2PH 2 = H),

where ay is the contact radius and py is the average contact pressure in the contact area:

ay = \/16\, 2)
_ 4 Fay
Pu=g —p 3)

The vertical displacement on the contact surface satisfies the geometric relationship as

U =—, (r<ap) “@

The contact force corresponds to the integral of the contact pressure given by Eq. (1) over the whole contact area:

Py = %E*RZ (g)s/z, )

where E* = E/(1 — 1/2), E is the Young’s modulus and v the Poisson’s ratio of the elastic sphere.
3. Modeling of the flattening problem under large deformation
3.1. Finite-deformation framework of the flattening problem

Due to the symmetry of the flattening problem (as shown in the inset in Fig. 1), it can be modeled as the problem of contact between
an elastic hemisphere and a rigid substrate (Fig. 2a). In this setup, a vertical displacement is applied to the upper surface of the
hemisphere, with no shear stress present. To model the flattening problem under large deformation, we use a cylindrical coordinate
system, in which z as the axis of symmetry with its origin at the center of the contact area, as illustrated in Fig. 2a. A point in the
reference configuration located at xo = (ro,6p,20) (see Fig. 2a-i) maps onto its current position x = (r¢, 6o, 2;) at time t after defor-
mation (Fig. 2a-iii). To analyze the flattening and the radial expansion of flattened sphere, we introduce an artificial intermediate
configuration including only the vertical flattening effect (Fig. 2a-ii). From the reference configuration to the intermediate configu-
ration, the point xo moves to xy = (ro, 6o, 2;) vertically. Since the radial coordinate remains fixed, the displacement of the contact
surface in the intermediate configuration follows the geometric relationship given by the Hertz theory (Eq. (4)). We call the defor-
mation gradient between the reference configuration and the intermediate configuration as the Hertzian deformation gradient Fy
here.

The total deformation gradient F, the Hertzian deformation gradient Fy, and the radial expansion deformation gradient Fg are
defined as:

ox

F=— 6
0x0’ ( )

0xH
" 7
"™ 0o ()]
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and they have the relationship as:
The determinant of the total deformation gradient,

J = detF, (10)

corresponds to the volumetric deformation.
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The volumetric deformation is only considered in the radial expansion step. Thus, the determinants of deformation gradients of

each step are given by:
detFE :J, detFH =1. amn

To analyze the contact stress, the first Piola-Kirchhoff (PK-1) stress T, which represents the stress of a unit undeformed area, is
introduced in the intermediate configuration.

There is a transformation relationship between PK-1 stress T in the intermediate configuration and the Cauchy stress ¢ in the
current configuration, as follows:

T=Jo F; . (12)

Under compression, the contact radius is denoted as a in the current configuration and ag in intermediate configuration. The
relationship between a and ag can be given by:

ao

a://l,r(r)dr, 13)

0

where A, is the radial stretch of the expansion deformation gradient Fg.
The contact pressure is equal to the Cauchy stress on the contact surface:

P(T) = _O'zz(r: 90-,0)7 (T'<(1), (14)
and the contact pressure of a unit area in the intermediate configuration is determined by PK-1 stress T:
pO(r) = _Tzz(r7 9070)7 (T<Cl0). (15)

Then the total contact force can be calculated from Eq. (14) or Eq. (15) as:

P= /p(r)zm“dr: /po(r)Zzzrdr. (16)
0 0

3.2. Incremental analysis under intermediate configuration

Considering the contact process with a gradual increase in the contact force P starting from zero, the current value of the contact
force can be expressed as the integral of the incremental force:

. b~ FdP B
P= dﬁ:/—~d5: = —day, 17
0/ J ds / ds dao a7

where 5,13,50 denote the displacement, contact force, and contact radius of each increment in integrals. The contact stiffness, dP/ds,
represents the increment of contact force dP due to an increment of compression displacement dé under a given contact radius ao, as
shown in Fig. 2b

The increment of contact force dP can be obtained by the integration of the variation of the contact pressure dpg over the contact
area, as:

P — / dpo(ro)2roedro. (18)
0

According to (Sneddon, 1965) and (Popov et al., 2019), the variation in contact pressure dp in the spherical contact problem under
a small displacement increment of dé is equal to the change in contact pressure distribution between a flat-punch of radius ap and an
elastic substrate composed of the same material as the elastic sphere under a displacement increment d§ with a press-in displacement of
§, as illustrated in Fig. 2c.

For a flat punch indentation system with an elastic substrate of infinite thickness, the variation of the pressure distribution is given
as (Popov et al., 2019):

R — 19)

However, the thickness effect of the substrate is non-negligible under large deformation. A correction of finite thickness effect is
required to modify Eq. (19):
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o\ E* 1
dpo(ro) :Z(E) T ﬁd& (20)

where y is the correction function, which represents the geometric nonlinearity effect caused by the large compressive deformation of
the finite-thickness substrate.

Flattening of the cylindrical region of the substrate under the flat punch is the main source of the nonlinearity, as shown in Fig. 2d
Therefore, the specific form of y can be determined by considering the uniaxial compression of this cylindrical region under large
deformations.

According to Eq. (12), the PK-1 stress is equal to the negative value of the contact pressure, i.e., T = Tp; = — po. Therefore, the
correction to the pressure (Eq. (20)) is equivalent to the correction to the PK-1 stress in the cylinder, given by:

T =X Tlinean (21)
where Tjipear is the linear form of compression force under the uniaxial compression given as:

o
Tinear = 7EE (22)

Since the PK-1 stress T is also a function of compression ratio /R = 1 — J, the correction function is therefore determined by:

oy 1)
X (R) T (,%)

The correction function y represents the nonlinearity of the large deformation in the flattening problem, originating from geometric
and/or material nonlinearity. Eq. (23) does not have an explicit expression in general. However, for typical hyperelastic materials
using various elastomeric constitutive relationships (see details in Section 6.2), an approximate form can be obtained using a
hyperelastic model (e.g., the Neo-Hookean model).

Utilizing the correction function of the pressure variation (Eq. (20)) for a small increment, the contact force can be derived ac-
cording to a series of integrations and expressed as the product of the correction function and the Hertzian contact force (see
Appendix A for the details):

(23)

P=z(3)Pu. 24)

3.3. Radial expansion effect

As shown in Fig. 2d, the radial expansion of the substrate under the punch in every displacement increment can be determined by
uniaxial compression of a cylinder of radius @y, which increases from 0 to the final contact radius ay. The radial stretch of the cylinder is
+ = +/J/A in every increment, thus the total expansion can be obtained from Eq. (13) as:

ag ag
a= / \gdao = / (25)
0 0
For incompressible materials (J = 1), the contact radius is given by an explicit expression as:
aic = Rarctanh/6/R, (26)

where the inverse hyperbolic tangent function arctanhx = 1In}=%,
The contact radius for incompressible materials can then be expressed as a function of the Hertzian contact radius (given by Eq. (2))
in the following form:

ac = Rarctanh %H. (27)

Obtaining an analytical solution for the contact radius for compressible materials is difficult. However, a semi-empirical solution
for a range of Poisson’s ratios can be obtained by fitting the FEA results, as will be discussed in Section 6.4.
According to Eq. (20), the distribution of contact pressure under the intermediate configuration can be calculated as:

S5
" 2yE*
Po(ro) = / dpo = ﬁ—R\/ag — 15, (ro < ao). (28)

571 (ro)

Assuming uniform expansion, a point on the contact surface in the intermediate configuration can be mapped onto the current
configuration as:
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r_a (29)
o Qo

Thus, the contact pressure in the current configuration can be calculated by Eqs. (12), (14) and (15) as:

ao\? 3*,/ 2 2
= (= = — <
D (a)po Ppva—r2, (r<a), (30)
where the average pressure in the current configuration is:
_ 4 yE'ag/ap\2
_4 o\* 1
P=327 R (a) (31)

Itis interesting to note from Eq. (1) and Eq. (30) that the distribution of contact pressure still takes the form of the Hertzian solution,
albeit the contact radius (Eq. (25)) and average pressure (Eq. (31)) is larger than the Hertzian contact radius (Eq. (2)) and the Hertzian
contact pressure (Eq. (3)), respectively.

4. FEA setup

We carry out the FEA simulations to validate the analytical solution of the contact pressure and to obtain the semi-empirical ex-
pressions of the contact radius and pressure for hyperelastic materials.

Axisymmetric FEA model was constructed in ABAQUS (Dassault Systemes, 2023), as shown in Fig. 3a, in which an elastic hemi-
sphere of radius R = 1 mm is brought into contact with a rigid plane. The displacement boundary condition with a maximum value of
0.5 mm is applied on the top of the hemisphere. The contact between the elastic body and the rigid surface is achieved using the
node-to-surface method, with contact property specified as either frictionless or rough.

The analysis consists of two steps: the top of the hemisphere is first compressed downward by 0.01 mm with the time increment
automatically calculated; the displacement is then increased from 0.01 mm to 0.5 mm, with a 0.01 mm incremental for each step. The
FEA mesh consists of 9753, 4-node axisymmetric quadrilateral elements (CAX4H elements) (see Fig. 3b). The hybrid formulation (see
ABAQUS Manual, Theory, Elements) is used (Dassault Systemes, 2023). The maximum edge length of the elements does not exceed
0.0154 mm, and the aspect ratio does not exceed 2.25. No element distortion occurred even under extreme compression (5/R = 0.5), as
difference of <0.3 %.

Three typical constitutive models of elastomers are used, including the linear elastic model, the neo-Hookean model, and the
Arruda-Boyce model (Arruda and Boyce, 1993). The neo-Hookean and the Arruda-Boyce models are consistent with the linear elastic
model under small deformations. The shear modulus y of the linear elastic model is fixed at 1 MPa, and Poisson’s ratio v varies from 0.3
to 0.5, covering the typical range of common soft elastomers (Mott et al., 2008; Theocaris, 1969). The material parameters of the
neo-Hookean model and their corresponding relationships with the linear elastic model are given in Appendix B. In the Arruda-Boyce
model, in addition to the shear modulus ;4 and compressibility parameter Dy = 2/« (x is the bulk modulus), we also choose a locking
stretch 4, = 5, which is a typical value for rubber-like material (Arruda and Boyce, 1993), and the influence of the locking stretch Ay, is
further examined in Appendix C.

Different contact properties are considered in the FEA simulations to evaluate their influence on the contact behaviors of the
flattening problem. A surface-to-surface contact is set between the elastic sphere and the rigid substrate using the node-to-surface
discretization method. The contact properties between the surfaces include normal behavior and tangential behavior: The normal
behavior is defined as “Hard” contact, while the tangential direction is either frictionless or no sliding.
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Fig. 3. FEA simulation setup for the flattening problem. (a) Schematics showing the geometry, applied load, and boundary conditions. The
contact system consists of an elastic hemisphere and a fixed rigid substrate (modeled as an analytical rigid body). A vertical displacement is applied
on the top surface of the hemisphere. (b) Meshing configuration of the elastic hemisphere, illustrating the discretization used in the analysis. (i)
Mesh of the whole system. (ii) Magnified views of the mesh of the contact region under undeformed state and (iii) deformed state (6/R = 0.5), where
no element distortion occurred.
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5. Experimental setup

To validate the analytical solution experimentally, we conducted compression tests using Ecoflex 00-30 (Smooth-On Inc., see
Appendix D for details of the sample preparation). Figs. 4a-b illustrate the setup for the compression tests of elastic spheres. Two clean
glass slides were used as flat rigid substrates. The lower substrate was glued on a platform, while the upper substrate was connected to a
load cell through a leveler. Upon adjusting the leveler to ensure the top and bottom slides were parallel, an Ecoflex 00-30 sphere was
placed on the lower substrate. Before testing, it was verified that the upper substrate makes normal contact with the elastic sphere. The
compression rate was 0.1 mm/s, with typical deformed configurations shown in Fig. 4c. Each compression test was repeated three
times using different samples.

6. Results and discussion
6.1. Nonlinearity of the flattening problem

In the flattening problem, three sources of nonlinearity exist: geometric, material, and contact boundary-condition nonlinearities.
They all potentially contribute to the discrepancies between the FEA simulation results and the Hertz theory predictions based on
linear elasticity (as shown in Fig. 1). This sub-section examines these nonlinearities individually using FEA simulations.

Material nonlinearity. To evaluate the influence of material nonlinearity, we consider two hyperelastic models (see details in
Appendix B). One is the neo-Hookean model, a direct extension of the linear elastic model, which has two material parameters, the
shear modulus and Poisson’s ratio (Boyce and Arruda, 2000). Despite its simplicity, the neo-Hookean model demonstrates excellent
accuracy in describing the mechanical behavior of elastomers, such as rubbers (Boyce and Arruda, 2000; Treloar, 1975), hydrogels
(Hong et al., 2009; Huang et al., 2020), and rubber-state shape memory polymers (SMPs) (Chen and Lagoudas, 2008; Diani et al., 2006;
Huang et al., 2020). The other is the Arruda-Boyce model (Arruda and Boyce, 1993), or eight-chain model, derived from a molecular
physics framework. This model provides accurate predictions across a wide deformation range for elastomers, with its validity
demonstrated in rubbers (Arruda and Boyce, 1993), SMPs (Nguyen et al., 2008), and hydrogels (You et al., 2023).

Fig. 5a shows the contact forces obtained from FEA simulations using different constitutive models with the same initial shear
modulus. The linear elastic, neo-Hookean and Arruda-Boyce models all yield very similar results, deviating from the predictions of the
Hertz theory for compression ratio larger than 10 %. Further investigation (see details in Appendix C) shows that the contact behavior
of common elastomeric materials, including rubbers, hydrogels, and SMPs, is insensitive to the parameters of the constitutive models.
These findings suggest that material nonlinearity has minimal impact on the flattening problem of elastomers.

To investigate the origin of the similarity among different materials, the inset in Fig. 5a presents the compressive stress-strain
curves for various constitutive models. As shown, the curves are nearly identical within the true strain between 0 and —1, indi-
cating limited influence of the material nonlinearity under this level of deformation. Furthermore, it is found from the FEA results (see
details in Appendix E) that the absolute value of the maximum (compressive) true strain in the flattening system is smaller than 1 under
a compression ratio up to §/R = 0.5, using either the neo-Hookean model or the Arruda-Boyce model. Therefore, even though the
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Fig. 4. Experimental test setup for the flattening problem using an Ecoflex sphere. (a) Schematic of the compression test setup, showing the
elastic sphere (Ecoflex 00-30, radius 10 mm) positioned between two glass substrates. The lower substrate is fixed, while the upper substrate is
connected to a load cell via a leveler. (b) Close-up photograph of the experimental setup, highlighting the elastic sphere in its undeformed state. (¢)
Snapshots of the elastic sphere under various compression displacements: (i) /R = 0, (ii) /R = 0.25, (iii) §/R = 0.5, and (iv) §/R = 0.75.
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Fig. 5. Analysis of the nonlinearity effects in the flattening problem. (a) Effect of the material nonlinearity on the contact force. The grey dash
line represents predictions from Hertz theory, while the lines with scattered points show FEA results for different constitutive models (orange circles:
linear elastic (L-E) model, blue squares: neo-Hookean (N-H) model, green triangles: Arruda-Boyce (A-B) model). The inset shows the stress-strain
curve under uniaxial compression for each constitutive model. (b) Influence of the contact conditions on the contact force. FEA results are pre-
sented for frictionless (orange circles) and no-sliding (blue squares) conditions, alongside the Hertz theory prediction (grey dashed line). (c) Von
Mises stress distributions in the elastic sphere under (i) a small compression (6/R = 0.1) and (ii) a large compression (6/R = 0.3). Magnified views
highlight the stress distribution near the contact region, as compared to predictions from Hertz theory. For a relatively small deformation (e.g., §/R
= 0.1), FEA results show good agreement with Hertz theory. However, for a relatively large compressive deformation (e.g., §/R = 0.3), significant
deviations of FEA results from the Hertz theory are observed, indicating the geometric nonlinearities strongly influence the stress distribution in the
flattening problem. (Sphere radius R = 1 mm).

sphere is severely flattened, the mechanical behavior predicted by different material models remains similar. The neo-Hookean model
is thus used as a representative model below.

Contact boundary properties nonlinearity. We consider two extreme cases: frictionless or no-sliding contact. Fig. 5b shows that the
contact forces obtained from the FEA simulations under these two contact conditions are nearly identical, indicating that the contact
properties have minimal influence on the flattening problem.

The stress distributions obtained from FEA simulations under small deformation (6/R = 0.1) and relatively large deformation (6/R
= 0.3) are depicted in Fig. 5c. Under small deformation, the stress distribution agrees well with the prediction from the Hertz theory.
However, under large deformation, the stress distribution deviates from the Hertzian prediction. Since Hertz theory is based on the
small deformation assumption, its stress distribution (s/po u plotted as a function of r/ay and z/ay) remains unchanged for different
compression ratios. The Hertz model, which neglects radial expansion of the contact surface, becomes invalid under large de-
formations (see Fig. 5c ii). Incorporating geometric nonlinearity into the analysis of the flattening problem is thus critical to obtaining
accurate solutions under large deformation.

The above analysis shows that, for a wide range of common polymers, the effects of material nonlinearity and contact boundary
property nonlinearity on the flattening problem are negligible. The geometric nonlinearity plays a dominant role in the contact
mechanics. Consequently, Hertz theory must be modified to account for geometric nonlinearity for large-deformation scenarios.
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6.2. The correction function

Based on the results in the previous sub-section, we use the neo-Hookean model and frictionless contact here in the determination
and validation of the correction function for flattening problems.

Uniaxial tension/compression force per unit area, or the PK-1 traction, is obtained from derivative of Helmholtz free energy of neo-
Hookean material (detail in Appendix B) as:

Oy 2w, J) . JU-D)
T=5i=3 (A=) = 1=1.29) (32)

The PK-1 traction on the radial directions is equal to zero, To = T3 = 0, and Eq. (32) (i = 2, 3) is reduced to:

5 8
uJ — pAd — 334 + 3kJ34 =0 (33)

The determinant J is determined under a given stretch of Ay =1 — §/R by Eq. (33), and then substitute the result of J into Eq. (32) (i
= 1), the compression force T = T; can be obtained.

The compression force T of neo-Hookean materials does not have an explicit solution in general. However, when the material is
incompressible, an explicit solution of the PK-1 traction can be obtained as:

E 1
TIC:Tl :3<ﬂ,1/1%> (34)
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Fig. 6. Determination of correction function and prediction of the contact force with different Poisson’s ratios. (a) Compression force of
cylinders with different Poisson’s ratio under uniaxial compression and the prediction using the correction function. Inset shows the reciprocal of the
correction function y, defined as the ratio of actual compression force T to linear form compression force Tjiear- Results of Tjipear /T with Poisson’s
ratio of 0.3 (purple inverted triangles), 0.4 (green triangles), 0.5 (blue circles) are fitted by a universal function with linear form (orange line) in the
inset. Cylinders used for these calculations are of same section area A (1 mm?) and Young’s modulus E (1 MPa). (b) Comparison of predicted contact
force versus compression displacement curves for the flattening problem obtained from the proposed model (this work, orange solid line) and Hertz
theory (gray dashed line), validated against the FEA results for Poisson’s ratios of (b) 0.3, (¢) 0.4, and (d) 0.5. (R = 1 mm, ¢ = 1 MPa in the FEA
simulations).
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Substitute 4 =1 — §/R into Eq. (34), the PK-1 traction under uniaxial compression is expressed in term of the compression ratio

8/R, as:
N2 N3
- (2) +3()
Tic=—E-—— (35)
(1-%)
The correction function is then determined for incompressible materials according to Eq. (23), as:
2
sy 1-5+3()
neld) = @
o)
Additionally, the correction function can be approximated by a linear form for most practical cases, as:
6\11 1)
L) =1k 37)

where the fitting parameter k = 1.114 ~ 10/9 obtained from least square method gives the coefficient of determination r% > 99.9 % for
compression ratio /R between 0 and 0.5. The inset in Fig. 6a demonstrates that the simple expression given by Eq. (37) (orange solid
line) is an excellent approximation to the complex expression given in Eq. (36) (red dash line). Eq. (37) shows that the influence of
geometric nonlinearity increases rapidly under large compression ratio §/R. Prediction of the compression force using Eq. (37) is
shown in Fig. 6a, which agrees well with the FEA results (blue circles). Additionally, the relationship between contact force and contact
radius is then determined by using Eq. (27), and its validity is confirmed Appendix F.

When the neo-Hookean material is compressible, an explicit solution cannot be obtained. Numerical results of the compression
force (solved from Eq. (32) and Eq. (33)) of a cylinder with cross-sectional area A = 1 mm?, Young’s modulus E = 1 MPa and Poisson’s
ratios of 0.3 and 0.4 under uniaxial compression are also shown in Fig. 6a. Prediction of compression force using Eq. (37) is plotted in
Fig. 6a, indicating that the approximation of the correction function, Eq. (37), is able to capture the nonlinear behavior for both
impressible and compressible materials of different Poisson’s ratios.

6.3. The contact force

Substitute Eq. (37) into Eq. (24), the contact force can be expressed as:

(38)
1-—==
9 R
Figs. 6b-d present the contact force as a function of §/R in Eq. (38) for the Poisson’s ratios v of 0.3, 0.4, and 0.5. The results
demonstrate that the Hertz theory deviates significantly from the FEA results at large deformation for all values of Poisson’s ratio, with

errors exceeding 30 % at a compression ratio /R = 0.3 and >100 % at 6/R = 0.5. For the same range of Poisson’s ratios, Eq. (38)
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Fig. 7. Determination and validation of the analytical expression for the contact radius. (a) Derivation of the correction function for contact
radius via linear fitting (orange line) of correction factors obtained from FEA simulations with different Poisson’s ratios: 0.3 (purple inverted tri-
angles), 0.4 (green triangles), and 0.5 (blue circles). For a given Poisson’s ratio, the contact radius shows a linear relationship with the relative
compression §/R, with the slope h being dependent on the Poisson’s ratio. (b) Relationship between the slope h of the curves in (a) and the Poisson’s
ratio. A linear fit (orange line) accurately describes this dependency. (c) Validation of the proposed analytical expression for the contact radius
(orange solid line) against FEA results for Poisson’s ratios of 0.3 (purple inverted triangles), 0.4 (green triangles), and 0.5 (blue circles). Hertz theory
(gray dashed line) is included for comparison. (R = 1 mm, y = 1 MPa in the FEA simulations).
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successfully reduces the maximum error to 5 % across the entire compression range, demonstrating the accuracy of Eq. (37) at pre-
dicting the contact force.

Unlike the von Mises stress distributions that remain unchanged predicted by the Hertz theory, the distributions depicted by the
insets in Figs. 6b-d illustrate significant evolution at compression ratios 6/R of 0.1, 0.3, and 0.5. The transition of the von Mises stress
distribution from Hertzian to non-Hertzian demonstrates that the Hertz theory is no longer accurate for large compression, and the
correction function y must be employed to assess the contact force and stress distribution. It is also noted in the insets in Figs. 6b-d that
stress distributions are similar for different Poisson’s ratios under the same compression ratio, therefore validating that the correction
function y is independent of Poisson’s ratio.

6.4. The contact radius

Since a closed form expression of the contact radius cannot be obtained from Eq. (25) for compressible materials, we establish a
semi-empirical expression through fitting FEA results for different Poisson’s ratios. Compared to incompressible materials, the contact
radius for a compressible material sphere is smaller. Here we introduce an empirical correction function h to approximate the contact
radius, aic, as:

a=h-ac, (39)

where qyc is given by the Hertzian contact radius in Eq. (26).

Fig. 7a illustrates the correction function h calculated using the contact radius a obtained from FEA results. It is noticed that h
exhibits a linear relationship with 5/R for a range of Poisson’s ratios. Furthermore, since the contact radius a should be consistent with
the Hertz prediction ay under small deformation, h = 1 when 5/R = 0, the correction function h may be expressed as:

13 [
h(—,):l—h 2 40
R v o(v) R (40)
where hy is a function of Poisson’s ratio.

Fig. 7b shows the values of hy obtained via least-squares fitting for different Poisson’s ratios, revealing a linear relationship between
ho and Poisson’s ratio v:

ho(v) :% (%—1/). (41)

It is noted that the single fitting parameter 10/9 appears in both the correction function for the contact force (Eq. (38)) and the
correction function for the contact radius (Eq. (41)).
Substitute Eq. (40) and Eq. (41) into Eq. (39), we obtain:

a= {1 —% (%—1/) % aic. 42)

Fig. 7c presents the predicted contact radius using Eq. (42). The predictions agree well with the FEA results for different Poisson’s
ratios. Additionally, the value of the contact radius is higher than those predicted by the Hertz theory, demonstrating that radial
expansion is non-negligible in the flattening problem.
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Fig. 8. Validation of the analytical expression for the contact pressure in the proposed model against FEA results. Predictions from proposed
model (orange line) are compared with FEA results (blue circles) for different displacement loads (6/R = 0.01, 0.1, 0.3, and 0.5) under Poisson’s
ratio of (a) 0.5, (b) 0.4, and (c) 0.3. Hertz theory (gray dashed line) is included for reference. (R = 1 mm, 4 = 1 MPa in the FEA simulations).

12



T. Mu et al. Journal of the Mechanics and Physics of Solids 203 (2025) 106229

6.5. The contact pressure

The distribution of contact pressure for compressible materials can be calculated using Eq. (38), Eq. (42), Eq. (30) and Eq. (31). The
results for compression ratios of /R = 0.01, 0.1, 0.3 and 0.5 are presented in Fig. 8. For compression ratios /R = 0.01 and 0.1, the
predictions of contact pressure distributions based on the Hertz theory agree well with the FEA results. For large deformation (§/R >
0.3), significant deviation is observed between the Hertzian predictions and the FEA results.

For incompressible materials, i.e., v = 0.5, Fig. 8a shows that the contact pressure distribution predicted by our model agrees with
the FEA results well. For compressible materials, Fig. 8b-c show that our model predictions agree well with the FEA results when §/R <
0.3, but discrepancies are observed at 5/R = 0.5 (the maximum error of 9 % for v = 0.4 and 12 % for v = 0.3). These discrepancies
suggest that the assumption of self-similar expansion of contact surface (Eq. (29)) may not fully capture the non-uniform radial
expansion occurring near the contact center under very large deformation. As a potential improvement, future work could incorporate
a mapping between intermediate and current configurations of the contact surface, allowing for a more precise representation of the
deformation field and the resulting pressure distribution.

6.6. Experimental validation

We carry out compression experiments using elastomer spheres to validate our model. Details regarding the preparation of
experimental samples and the testing procedure are provided in Section 5 and Appendix C.

The modulus of Ecoflex 00-30 exhibits significant variability due to the differences in synthesis conditions (Herren et al., 2020).
Consequently, the shear modulus of the elastic sphere was determined by fitting data from the initial stage of the compression tests
(6/R < 0.1), where the force-displacement relationship satisfies the Hertz theory (Eq. (5)). A Poisson’s ratio of v = 0.5 is used in the
analysis, yielding a shear modulus 4 = 40.7 kPa through experimental fitting.

Fig. 9 shows the experimental results of the contact force and contact radius. The maximum compression ratio of the elastomer
sphere §/R was 0.85. The results demonstrate that our analytical solution exhibits strong predictive power for both contact force and
contact radius, showing excellent agreement with the experimental measurements. Insets in Fig. 9b depict the shapes of the elastomer
sphere at compression ratios of 0.2, 0.5, and 0.8, respectively, demonstrating pronounced radial expansion, leading to increased in-
fluence of the geometric nonlinearity.

Fig. 9 also shows the predictions of the Hertz theory and Tatara’s model (Tatara, 1991). For small deformation, the Hertz theory
and Tatara’s model agree well with the experimental data. But at large deformation, the Hertz theory significantly underestimates the
contact force and contact radius, while the Tatara model consistently overestimates them, indicating limitations of their applicability.

6.7. Applications in cell mechanics

We have also explored whether our analytical solution can be applied to more complex systems, e.g., indentation of a biological
cell. During the compression process, the cell membrane, nucleus, and cytoskeleton all contribute to resisting the contact force, with
the cytoskeleton playing a more significant role under large deformation (Lulevich et al., 2006). Since the cytoskeleton is generally
regarded as a homogeneous isotropic material (Lulevich et al., 2006; Tartibi et al., 2015), the cell can be approximately treated as a
homogeneous elastic sphere under large deformation. Fig. 10 shows the contact forces measured by Tartibi et al. (Tartibi et al., 2015)
for human mesenchymal stem cells under three states: live cells (R = 14.2 pm, E* = 20.8 kPa), fixed-stained cells (R = 15.4 ym, E* =
42.2 MPa. Note: it is known that fixed cells are significantly stiffer than live cells, see, e.g., (Park et al., 2010)), and live-stained cells (R
= 16.3 pm, E* = 22.6 kPa). The results demonstrate significant nonlinear behaviors under large deformation. Furthermore, the
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Fig. 9. Experimental validation of the analytical expressions for the (a) contact force and (b) contact radius. (a) Comparison of the predicted
contact force from the analytical expression (orange solid line) with experimental results (blue dots) using an Ecoflex 00-30 sphere. (b) Validation of
the analytical expression (orange solid line) for the contact radius against experimental measurements (blue dots) with the same sphere sample.
Hertz theory (gray dashed line) and Tatara’s model (green dash-dotted line) are also included for comparison.
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Fig. 10. Prediction of the contact force during the compression of human mesenchymal stem cells under different states. The analytical
model’s predictions (orange solid line) in this work are compared with experimental data for live cell (green squares), fixed-stained cell (bule

circles), and live-stained cell (purple triangles), as reported in (Tartibi et al., 2015). Predictions from Hertz theory (gray dashed line) are also
included for comparison.

relationship between the contact force and compression ratio is similar for different cell states. Nevertheless, our analytical solution
(Eq. (38)) can successfully capture the cell response under large deformation for all cell states including both live and fixed cells. Our
model prediction of the contact force closely matches Tartibi et al.’s experimental measurements, validating our model’s capability.
This agreement can be attributed to the dominant mechanical response of the cell cytoskeleton in resisting compression, which justifies
treating the cell as a continuum elastic body in this regime. Results in Fig. 10 demonstrate our model’s utility in addressing mechanics
in live cells and potentially other living systems. This method facilitates the analysis of cellular physiological processes under stress
conditions, and offers guidance for cell manipulation, including cell transfer technology and 3D bioprinting.

7. Conclusion

In this study, the contact mechanics of an elastic sphere compressed by rigid substrates, commonly referred to as the flattening
problem, is investigated using theoretical, FEA simulation, and experimental methods. A theoretical framework for the flattening
problem under extreme compression is proposed, accounting for the finite-thickness and radial expansion effects. Analytical ex-
pressions for contact force, contact radius, and contact pressure are derived in explicit forms. Additionally, three sources of non-
linearity—geometric, material, and contact boundary-condition—in the flattening problem are analyzed, revealing that geometric
nonlinearity plays a dominant role, while material and contact property nonlinearities have minimal influence.

To address these nonlinearities, correction functions for the contact force (Eq. (38)) and contact radius (Eq. (42)) are proposed in
the form of simple linear functions. Notably, the correction function for the contact force depends only on the compression ratio (5/R)
and is independent of Poisson’s ratio, whereas the correction function of the contact radius is a function of both the compression ratio
and Poisson’s ratios. The exact forms of these functions are determined through least-square fitting of the FEA results, yielding explicit
expressions for the contact force, contact radius, and contact pressure. The proposed analytical expressions are validated against
experimental results using Ecoflex spheres, demonstrating high accuracy and effectiveness within a compression ratio range up to 80
%. Furthermore, the applicability of the solution of the contact force vs. compression ratio to cellular systems is explored, demon-
strating good agreements between the model prediction and experimental measurements. This work provides a practical and
simplified approach to addressing nonlinearities in the flattening problem, offering valuable insights and tools (e.g., adhesion me-
chanics (Zhu et al., 2025, 2021) under large deformation) for future studies and applications.
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Appendix

A. Solution for the contact force

Substituting Eq. (20) into Eq. (18), the incremental contact force under an infinitesimal displacement increment dé is obtained as:

o
dp = X(E) - 2E'aods. (A1)
Therefore, the contact stiffness is expressed as:
dp
5= YE . (A2)

Substitute Eq. (25) into Eq. (17) and integrate by parts gives the contact force as:

ag
P = 2yE*ay5 — 24E" / 5(do)dd,. (A3)
0
or,
P = 2/F / [6 — 8(ao))ddp. (A4

0

Under infinite-thickness condition (Eq. (19)), the contact force reduces to the Hertzian contact force:

ap
Py = 2F / [6 — 5(ao)]ddo, (A5)
0

which is expected to equal to Eq. (5) after integrating.
Therefore, the relationship between the contact radius in the intermediate configuration ap and the compression displacement
satisfies the Hertzian relationship Eq. (2), i.e.,

2
8(ap) = %‘ (A6)

Comparing Eq. (A4) and Eq. (A5), the contact force can be expressed as the product of the correction function and the Hertzian
contact force as:

pP= )((é)PH. (A7)
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B. Constitutive models of elastomers

Elastomeric materials exhibit non-linear elastic mechanical behavior under large deformations, including geometric and material
nonlinearity. To capture these phenomena, various constitutive models have been developed. This section provides the formulations of
general elastic constitutive model and specific models: neo-Hookean model, Arruda-Boyce model, and Mooney-Rivlin model.

B.1. General concepts

To isolate the volumetric and deviatoric components, the modified deformation gradient is expressed as:

F= J’%R (B1)

then the modified right and left Cauchy-Green tensors are defined as:
b=F.F,C=F F. (B2)

To determine the Helmholtz free energy y of isotropic elastic materials, the first modified invariant is defined as:

I, = tr(b) = tr(C), (B3)

and the second modified invariant is defined as:

- 1 - — - 1 - —
Izza[lf—tr(bb)]:E[If—tr(C-C)]. (B4)
The PK-1 stress is derived from the derivative of the Helmholtz free energy y by:
oy
== B5
T=oF (85)

thus, the Cauchy stress is obtained from Eq. (12) as:

1
6= jT .FT (B6)

In the uniaxial compression, the deformation gradient is written in matrix form as:

A0 O
F=]0 4 O0]. (B7)
0 0 13

The stretches on the radial direction are equal,
Jo =43 =\/J/ 4, (B8)
and the Cauchy stresses on the radial direction meet,
62 =03 =0, (B9)

or equivalently written by the PK-1 stress,
T, =T3=0. (B10)
The component of the PK-1 stress in the compression direction, T;, is the compression force:

T(h) = -Ti, (B11)

which is an implicit function of stretch 1; determined by Eq. (B5) and Eq. (B10).

B.2. Neo-Hookean model

In the Neo-Hookean model, the Helmholtz free energy of rubbery-like material is only a function of J and I; (Boyce and Arruda,
2000), which can be written as:

y = w(h) + U, (B12)

where W represents the deviatoric energy, and U accounts for volumetric changes. These components are often expressed as poly-
nomial expansions:
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W = C]o(j] - 3) + CZO(II - 3)2 + ey (B13)
U= i(J 1)2 +i(J 1)* + (B14)
Dy D, '

In the small deformation limit, higher-order terms are neglected, leading to the Neo-Hookean model:

W = Cyo(I, - 3), (B15)
U= ! J—1) (A16)
*DT( -1~

The material parameters of the Neo-Hookean model, C1o and D, are related to the shear modulus y and Poisson’s ratio v as:

3(1-2v)
I+vpu

u

Cio =5 D, =

(B17)

B.3. Arruda-Boyce model

The Arruda-Boyce model is a widely used constitutive framework that accounts for the finite extensibility of polymer chains in
rubber-like materials, and effectively predicts the elastic behavior of rubber-like materials over a wide range (Arruda and Boyce,
1993). The Helmholtz free energy of Arruda-Boyce model is:

Wap = pv/n {/Mchain ++/nln b } (B18)

sinhp|’

where y is the initial shear modulus, n represents the average number of links in a chain segment, Achain = 1/I1/3 is the chain stretch
ratio, and f is defined as follows:
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where 7! is inverse of Langevin function Z’(x) = cothx — 1/x.
The Helmholtz free energy of the Arruda-Boyce model can also be expanded as a polynomial series:
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Meanwhile, the parameter n can be replaced by locking stretch, which is defined as:

I = V1L (B21)
Substituting Eq. (B21) into Eq. (B20), the Helmholtz free energy becomes:
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B.4. Mooney-Rivlin model

General constitutive models of hyperelastic materials also take account of the influence of the second modified invariant, I,. For
example, the Mooney-Rivlin model, which has Helmholtz free energy as:

W = ClO(Il - 3) + Co] (72 - 3) (B23)

When Cj; = 0, Mooney-Rivlin model degenerates into neo-Hookean model.
To meet linear elastic model under small deformations, parameters must meet the requirement as follow:

4= 2(C1o+Co1). (B24)

The Mooney-Rivlin model, while capable of accurately fitting the mechanical behavior of rubber-like materials within a certain
range mathematically, has been shown to exhibit overly stiff behavior in three-dimensional large deformation problems (Boyce and
Arruda, 2000). As a result, it is now less commonly used in modeling elastomers. However, for materials such as metals and com-
posites, constitutive models that include the second modified invariant, I,, like the Mooney-Rivlin model, still need to be considered.
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C. Parameter analysis of material nonlinearity
C.1. Effect on crosslinking density

As the crosslinking density of polymer increases, the parameter n (or equivalently i, as defined in Eq. (B21)) in the Arruda-Boyce
model decreases, as discussed in Section B.3. Based on the physical significance of the model, n cannot be <2 for a polymer (i.e., A, >
1.4), which corresponds to each chain segment having at least two links. When A, — o0, the Arruda-Boyce model simplifies to the neo-
Hookean model. Typical values of Ay, range from 4 to 6 for rubbers (Arruda and Boyce, 1993), SMPs (Nguyen et al., 2008), and
hydrogels (You et al., 2023).

Fig. C.1a presents the contact force using the Arruda-Boyce model with various A, values of compression ratio §/R from 0 to 0.5.
When i, > 4, the deviation remains relatively minimal from the neo-Hookean model. Therefore, the influence of Ay, is negligible for
common polymers. However, deviations from the neo-Hookean model become noticeable for results of 1, < 3 when compression ratio
8/R > 0.3, meaning that material nonlinearity in the flattening problem should be taken into account for very stiff polymers.
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Fig. C.1. Influence of material parameters in common hyperelastic models on the contact force under extreme compressions. (a) Com-
parison of contact forces from FEA simulations using the Arruda-Boyce model with varying parameters Ap,. Results from the neo-Hookean model
(green circles), equivalent to the Arruda-Boyce model with 1, = oo are included for comparison. (b) Comparison of contact forces obtained from FEA
simulations using the Mooney-Rivlin (M-R) model with different model parameter sets. The Mooney-Rivlin model reduces to the neo-Hookean
model when Cjp = 0.50 and Cp; = O (green circles). Predictions from the proposed theory (orange solid line) and Hertz model (gray dashed
line) are also shown for reference.

C.2. Effect of second invariant

When the constitutive model considers the second modified invariant, I, such as in the Mooney-Rivlin model (refer to
Appendix B.4), mechanical behavior under extreme deformations becomes sensitive to the constitutive model of materials. This section
investigates the influence of the parameter Cp; on the flattening problem using FEA. The initial shear modulus is fixed at 1 MPa, with
Cyp varying from 0.3 to 0.5, and Cy; is determined using Eq. (B24). The contact force results calculated with different model parameters
are shown in Fig. C.1b

The results indicate that when the compression ratio 5/R < 0.3, the FEA results show no significant difference between different
parameter sets. However, when §/R > 0.3, the results calculated using Cp; > 0 deviate increasingly from those obtained using the neo-
Hookean model (Cp; = 0) as 6/R increases. Moreover, the deviation shows a linear correlation with the value of Cp;.

Although the second modified invariant significantly impacts the flattening problem under extreme deformation, Cy;/C1o < 0.1 is
typical for rubber-like elastomers (Boyce and Arruda, 2000). Thus, insensitivity of material nonlinearity under extreme deformation
can generally be maintained for elastomers. However, if the second modified invariant contributes substantially to the material’s
Helmholtz free energy, it is necessary to consider material nonlinearity in flattening problem.

D. Preparation of Ecoflex spheres

The Ecoflex samples were prepared following the below steps: First, the A and B components of Ecoflex 00-30 was thoroughly
mixed in the baker using a glass rod and degassed in a vacuum oven to remove air bubbles. Then, the mixture was then injected into a
spherical mold with diameter of 10 mm and subjected to another round of evacuation to eliminate bubbles formed in injection process.
After resting for 5 h at room temperature, the Ecoflex 00-30 sphere was cured and demolded for testing.
E. Strain analysis of the flattening problem

To explain the observed similarity between our model predictions and that of the neo-Hookean and Arruda-Boyce models in Fig. 5,
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we examine the principal true strain within in the flattening problem during compression. Fig. E.1 illustrates the maximum value of the
maximum principal true strain (in absolute value) in an elastic sphere under a certain compression ratio. When compression ratio of
8/R < 0.5, the absolute value of the maximum true strain in the sphere does not exceed 1. At these strain levels, the nonlinear effects of
the material remain negligible (also see the inset in Fig. 5a. FEA results also indicate that the distributions of the maximum principal
strain (in absolute terms) are nearly identical when using the neo-Hookean model and the Arruda-Boyce model (1, = 5).
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Fig. E.1. FEA simulation results of the maximum principal true strain (absolute value) in the elastic sphere under extreme compression. Inserts

show the distributions of the maximum in-plane principal true strain (absolute value) of a neo-Hookean material sphere at compression ratios of 0.1,

0.3, and 0.5.

F. Validation of Force-Contact Radius Predictions

To further validate the proposed contact model, we evaluate the contact force vs. the contact radius for the flattening problem of an
incompressible neo-Hookean material. The predictions from the proposed model (obtained by solving Egs. (24), (27), and (37)) are
compared with FEA results and the classical Hertz theory, as shown in Fig. F.1. The figure shows that while Hertz theory agrees well
with FEA results at small deformations, it underestimates the contact force as the contact radius a/R > 1.5. In contrast, the proposed
model maintains excellent agreement with FEA results across the full deformation range, including under conditions of extreme
flattening.

E'D T T T Fa
o FEA _
Hr Hertz o 5
Thiz woik
_ 40 -
e
b
=18
20k ¥ E
10 k O ! o
e =Sl :
oo~ 0s 10 1.5 20

.:J'r"ff
Fig. F.1. Comparison of predicted contact force versus contact radius curves for the flattening problem obtained from the proposed model (this

work, orange solid line) and Hertz theory (gray dashed line), validated against the FEA results (blue circles). FEA simulations were performed with R
=1mm, y =1 MPa, and v = 0.5.
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