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 A B S T R A C T

In this study, we revisit classical Hertzian contact theory through a novel experimental approach that enables 
in situ 3D imaging of contact mechanics using laboratory-based X-ray tomography. By employing a model 
contact system — a PDMS sphere indented into a PMMA plane — we measure the 3D displacement field 
within the deforming elastomeric PDMS sample during indentation using digital volume correlation (DVC). We 
introduce multiple methods to experimentally evaluate the stress field beneath the contact surface and directly 
compare it to the predicted Hertzian stress distribution. Our approach leverages DVC-based finite element 
simulations, where boundary conditions are fully derived from the experimentally measured displacement 
field. This eliminates reliance on contact assumptions or numerical contact algorithms, ensuring that the stress 
field is determined solely by experimental data. To our knowledge, this work presents the first experimentally 
driven characterization of a full-field stress distribution beneath the contact surface, demonstrating qualitative 
agreement with classical contact models. However, our findings also indicate that achieving quantitative 
agreement will require the development of more complex models, which do not currently exist, as well as 
advancements in DVC regularization schemes to account for surface-specific behaviors. While this paper focuses 
on normal loading conditions, the experimental setup and methodology are fully adaptable to any type of 
contact loading scenario.
1. Introduction

The mechanics of Hertzian contact is now more than 140 years 
old, with the original formulation of the theory of contact by Hertz 
[1], which considers the normal contact between two linearly elastic 
spheres, in the absence of friction or adhesion. A few decades later, Hu-
ber [2] was the first to establish the corresponding stress field inside 
the bulk of the contacting solids. Cattaneo [3] and Mindlin [4] derived 
the tangential stress field at the contact interface during the partial-
slip-based incipient sliding, when an increasing shear load is imposed, 
under the assumption of a Coulomb-like friction law. Hamilton and 
Goodman [5] then Hamilton [6] later established the equations for 
the stress field in the bulk of the deformable body under fully sliding 
spherical contact and Coulomb friction.

These pioneering theories have been validated and extended later 
to various contexts, including for example the one of adhesive contact 
(Johnson et al. [7], Derjaguin et al. [8], Maugis [9]). However, despite 
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the significant number of analytical or numerical contact models avail-
able today in the literature (see Müser et al. [10] for a comparison of 
models and Vakis et al. [11] for a review), the experimental measure-
ment of the quantities at play during contact remains a challenging 
topic. This is due to the difficulty in accessing the confined contact 
region and the inside of the deforming bodies in contact. Most in-situ 
experimental techniques to date have been using optics-based methods, 
looking at contact from the top, exploiting the optical transparency 
of at least one of the two materials in contact. They focused on two 
main aspects of the contact: the contact area using e.g. binarization of 
the contact images (see examples in Dieterich and Kilgore [12], Sahli 
et al. [13], Acito et al. [14], Lengiewicz et al. [15], Zhang et al. 
[16]) and the interfacial in-plane displacement field using e.g. Digital 
Image Correlation (see examples in Prevost et al. [17], Tuononen [18]) 
or Particle Tracking Velocimetry (see examples in Chateauminois and 
Fretigny [19], Chateauminois et al. [20]).
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Recently, the advent of non-destructive 3D imaging techniques such 
as X-ray computed tomography (XRCT) [21,22] offered new perspec-
tives to overcome the limits of optics-based techniques in the analysis 
of contact. Kriston et al. [23] used XRCT and image processing to 
analyze the rough contact area of rubber with various counter-surfaces 
under normal loading. Zhang et al. [24] and Zhang et al. [25] similarly 
used XRCT to analyze contact area and contact surface separation 
for non-transparent, rough metallic surfaces. In our previous study 
(Acito et al. [26]), we tried to quantify the limits of XRCT to measure 
the real contact area and extract the 3D surface displacement field 
in a model sphere-on-plate contact system. These 3D measurements 
were compared to the predictions of most used models of adhesive 
contact [27,28].

While the experimental efforts introduced above remained mostly 
focused on the measurement of quantities related to contact area or 
to the interfacial in-plane displacements, the recent extension of the 
digital image correlation (DIC) technique to 3D XRCT images [29] of-
fers additional perspectives towards the non-destructive measurement 
of mechanical fields not just at the very interface, but inside the bulks of 
the deformable bodies. This was recently explored in Lachambre et al. 
[30], where digital volume correlation (DVC) was used to measure the 
displacement and strain fields in the bulk of a flat rubber sample with 
10% silica particles, indented by a much stiffer polycarbonate sphere. 
These experimental fields (displacement and strain, noting the absence 
of stress measurement) were successfully compared to the predictions 
of an axisymmetric finite element model of contact.

Parallel to the development of XRCT and digital image/volume cor-
relation, experimental techniques based on photoelasticity have been 
developed for materials exhibiting the proper birefringent properties, 
loaded under Hertzian contact conditions [31,32]. Setups based on 
photoelasticity constitute so far, to the best of the authors knowledge, 
the only published experimental studies allowing full-field assessment 
of bulk stresses in the context of Hertzian contact mechanics. They 
are however limited to birefringent materials and require moreover 
particular stress states such as plane stress or axisymmetry.

The objective of the present study is to establish an experimental 
workflow, as a proof of concept, allowing to perform three-dimensional, 
non-destructive measurements of sub-surface mechanical fields in the 
context of Hertzian contact mechanics. The goal is to enable direct, 
quantitative comparison of the fields measured experimentally with 
the ones available in the Hertzian theory of contact, taken here in the 
form of Hamilton’s explicit equations for stresses beneath the contact 
surface [6]. To this end, we will first present the model sphere-on-plane 
contact system investigated, based on an elastomeric PDMS hemisphere 
in contact with a stiff PMMA plate. We will then introduce the in situ
tribometer designed for this work, which allows to perform normal 
contact experiments within a laboratory X-ray tomograph. Details of 
the digital volume correlation procedure will then be given, before 
presenting the strategies adopted to assess the 3D strain and stress fields 
thanks to DVC. Systematic comparisons of the displacement, strain and 
stress fields between Hertzian theory and experiments will finally be 
carried out and discussed.

2. Materials and methods

Contact system and 3D imaging. We investigate in this work a sphere-
on-plane contact system made of a soft elastomeric hemisphere (de-
formable body, Young’s modulus 𝐸 ∼ 1.5 MPa, radius of curvature 
𝑅 = 9.42 mm) in contact with a stiff plate made of PMMA (polymethyl-
methacrylate, 𝐸 ∼ 3 GPa). The deformable body has a cylindrical base 
(diameter 𝑑 = 12 mm) and a total height ℎ = 6 mm. It is made of 
PDMS (Sylgard 184 silicone, Dow Corning) filled with 3 vol% aluminum 
powder particles of typical size between 16 μm to 24 μm (eConduct 
Aluminum 202000, Eckart), the latter being solely used as markers in 
the 3D images to be acquired by XRCT. The smooth spherical contact 
surface was fabricated using a two-step pouring process of liquid PDMS 
2 
into a 3D-printed cylindrical mold, in which a smooth concave glass 
lens was embedded. First, a small droplet of particle-free PDMS was 
spin-coated onto the lens surface, creating a thin layer (∼ 30 μm thick) 
of pure PDMS. This step ensures that the contact interface remains 
free from potential alterations caused by the presence of particles. 
Subsequently, the remaining particle-seeded PDMS was poured into the 
mold before curing, as [33]. Further details on the sample preparation 
procedure can be found in Acito et al. [26].

The laboratory tomograph used in this work is a V|TomeX (Phoenix 
X-ray GmbH) with a 2520 V detector from Varian (1920 × 1536 
pixel matrix) and an X-ray source operated at 80 kV and 280 mA. At 
each contact loading step, 900 radiographs with an exposure time of 
999 ms each were taken during the 360◦ rotation of the specimen. 
Reconstruction of the 3D volumes was performed with the filtered back-
projection algorithm Feldkamp et al. [34] implemented in the software 
available with the tomograph. The configuration adopted here allows 
to reach a voxel size of 4 μm.

A new in situ tribometer was developed on purpose in this work, 
with the objective of performing contact experiments under normal 
loading in the tomograph. Figs.  1.a and 1.b show the details of the 
system, involving a 3-axis load sensor (2 mN accuracy), a linear trans-
lating stage, only used for shear experiment, and two goniometers for 
alignment, mounted on the upper end of a 30 mm PMMA tube. The 
latter connects the tribometer to the lower part of a conventional in situ
tension/compression rig designed for XRCT analysis [35], mounted on 
the motorized stage of the tomograph. The inset in Fig.  1.b shows a 
radiograph of the contact system fitted in the in situ tribometer. In this 
work, we focus on a displacement-driven normal contact experiment, 
where the normal displacement is incrementally increased, resulting 
in an increase in the normal load 𝑃 , while the shear displacement — 
and thus the shear load 𝑄 — remains zero. Fig.  1.c shows the loading 
curve recorded during the test. Each incremental step consists of an 
initial loading phase, followed by a 5 min relaxation period and a 
subsequent 20 min XRCT scan. A slight relaxation of the normal load 
𝑃  can be observed during each loading step. Seven loading steps were 
carried out in total, imposing incremental normal indentation depths 
𝛿𝑐 of: 16 μm, 56 μm, 95 μm, 135 μm, 174 μm, 215 μm and 252 μm. 
The stabilized maximum reaction force on the load cell in the last 
step was 1.48 N. Due to the long duration of the experiment and 
the large amount of subsequent analysis, only one test was conducted 
under these conditions. Therefore, it should be considered a proof of 
concept, and small changes in the sample formulation, geometry, or 
loading conditions are expected to produce different responses from 
the viscoelastic PDMS body. However, it was verified with the present 
sample on a separate opto-mechanical device [26] that the 5 min 
relaxation period before scanning was sufficient to stabilize the contact 
area.

Fig.  2 shows a detailed XRCT view of the contact system. The fine 
dispersion of white aluminum particles is visible in Fig.  2.a, correspond-
ing to the middle 𝑋𝑍 slice in the reconstructed XRCT volume at step 
0 (initial state). Fig.  2.b shows the same slice at step 7 (indentation 𝛿𝑐
252 μm), where the establishment of a contact radius 𝑎 can be observed, 
along with the upward movement of individual particles in PDMS. 3D 
renderings of the PDMS deformable body are depicted in Fig.  2.c (step 
0) and Fig.  2.d (step 7).

The application of Digital Volume Correlation (DVC), as used in 
this work to compute the displacement field from the successively 
reconstructed volumes, is illustrated in Fig.  3. The analysis employs 
the global DVC procedure implemented in the open-source software 
pyFEDIC, developed at INSA Lyon by Lachambre [36]. Fig.  3.a shows 
the finite element mesh discretizing the region of interest (ROI) within 
the PDMS body. The selected mesh size of 96 μm — significantly larger 
than the typical particle size — ensures sufficient contrast from the 3D 
markers throughout the entire mesh.

The Digital Volume Correlation (DVC) scheme employed here
closely follows the approach detailed in Lachambre et al. [30], re-
ferred to as ‘‘conventional DVC with initialization’’ in Fig. 7 of [30]. 
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Fig. 1. (a) 3D geometry of the designed XRCT in situ tribometer. (b) Picture of the tribometer installed in the tomograph, the inset showing a radiograph of the 
investigated sphere-on-plane contact system. (c) Loading curves (normal and tangential forces, 𝑃  and 𝑄) acquired during the in operando contact experiment, 
focusing here on the compression part (no tangential loading of the contact system is imposed).
Fig. 2. Slices of the reconstructed volumes in the central 𝑋𝑍 plane (𝑌 = 0) before (a) and after (b) the application of indentation, 𝛿𝑐 = 252 μm. The red (resp. 
blue) arrow shows the apparition of a contact area of radius 𝑎 (resp. normal force 𝑃 ). (c) and (d) depict the corresponding 3D views of the deforming PDMS 
sample, where the undeformed shape appears in transparency.
In this conventional DVC framework, the displacement field at step 
𝑖 is consistently computed relative to the initial volume at step 0. 
Note however that the resolution of the displacement field at step 𝑖
is initialized using results from image correlation performed at two 
coarser scales, using downsized (binned) volumes. This allows us to 
calculate a fast approximation of the DVC displacement fields. The first 
approximation is obtained with a coarse finite element mesh (element 
size 4×96 = 384 μm). It is refined in a second step with an intermediate 
mesh (element size 2 × 96 = 192 μm), which is finally used to initialize 
the displacement field in the iterations of the DVC algorithm at the 
target 96 μm element size. The latter was selected as a compromise 
between a fine FE discretization of the deforming body and a low 
uncertainty of the calculated DVC displacement. In this configuration, 
the uncertainty of the DVC displacement field was estimated to be 
3 
0.086 voxels for a prescribed rigid body translation of the sample by 
one voxel. Further details on the evaluation of DVC uncertainty can 
be found in Lachambre et al. [30]. The conventional DVC scheme 
with initialization allows to achieve a rather low level of correlation 
residuals everywhere in the mesh up to the last deformation step, as 
illustrated in Figs.  3.c and 3.d. The correlation residuals represent the 
misfit between the initial image and the deformed image corrected from 
the computed displacement field. The boxplots in Fig.  3.c demonstrates 
that the correlation residuals remain consistently below a maximum 
of ∼ 8% of the image dynamics across all compression steps. The 
3D rendering of residuals in Fig.  3.d indicates that their maximum is 
achieved at the bottom and top (contact) surfaces of the PDMS sample.

In this work, no regularization of the mechanical fields was applied 
during the iterative process of the DVC algorithm to determine the 
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Fig. 3. Digital Volume Correlation and evolution of the investigated region of interest (ROI). (a) Central 𝑋𝑍 slice of the initial FE mesh with the underlying 
markers in the bulk of the PDMS sample. (b) Deformed image and FE mesh at the end of compression (step 7). (c) Boxplot of the evolution of correlation residuals 
during compression. (d) 3D view of the residual field at step 7 (𝛿𝑐 = 252 μm) in the bulk of PDMS.
 

displacement field. As detailed in Réthoré et al. [37] or Mendoza 
et al. [38], regularization would act as a mechanical filter on the DVC 
displacement field, assuming a for example a linear elastic constitutive 
behavior of the material. Since the behavior of PDMS is a priori more 
complex than linear elasticity (namely hyperelastic and viscoelastic) 
and the contact surface presumably experiences some adhesion, turning 
off regularization allows us to obtain the most accurate displacement 
field possible for describing the sample’s deformation, regardless of the 
underlying contact physics or material mechanics. Nevertheless, the 
displacement field obtained from DVC is smoothed using a median filter 
during each iteration. In fact, both the overall low level of correlation 
residuals and the accuracy of the deformed shape in Fig.  3.b — closely 
matching the deformation flow of the PDMS, including at the contact 
surface — suggest that the obtained displacement field is realistic.
Establishment of a stress field. The primary objective of this article is 
to compare theoretical predictions of displacement, strain, and stress 
fields with experimentally derived fields computed directly from Digital 
Volume Correlation (DVC) measurements. Particular emphasis is placed 
on the stress field, without relying on numerical contact algorithms. 
To evaluate these fields, we consider the three methods detailed in the 
following. The first one is based on Hertzian theory, while the last two 
methods are based on DVC measurements.

1. The first method is based on theoretical predictions using the 
Hamilton elastic model [6] in the particular case where the 
tangential force is considered zero (and thus the loading is 
purely normal) and will be referred to as ‘‘Hamilton’’ in the 
results presented in Section 3. Hamilton’s explicit equations for 
stresses allow us to assess the stress field under the assumption 
of an equivalent linear elastic material behavior. Notably, these 
explicit equations are derived for stresses — not displacements 
or strains — and inherently satisfy the equilibrium equations: 
div(𝜎𝑖𝑗 ) = 0 (1)

or equivalently expressed over the tree axes 𝑥, 𝑦, 𝑧:
𝜕𝜎𝑥𝑥 +

𝜕𝜎𝑥𝑦 +
𝜕𝜎𝑥𝑧 = 0 (2)
𝜕𝑥 𝜕𝑦 𝜕𝑧

4 
𝜕𝜎𝑥𝑦
𝜕𝑥

+
𝜕𝜎𝑦𝑦
𝜕𝑦

+
𝜕𝜎𝑦𝑧
𝜕𝑧

= 0 (3)

𝜕𝜎𝑥𝑧
𝜕𝑥

+
𝜕𝜎𝑦𝑧
𝜕𝑦

+
𝜕𝜎𝑧𝑧
𝜕𝑧

= 0 (4)

Here, we evaluated the displacement field corresponding to 
Hamilton’s stress field by computing the integrals of the har-
monic stress functions, 𝛹 (𝐸, 𝜈, 𝑃 , 𝑎, 𝑥, 𝑦, 𝑧) and 𝛺(𝐸, 𝜈, 𝑃 , 𝑎, 𝑥, 𝑦, 𝑧),
from which the displacement field is derived under normal 
contact conditions. The Python code implementing this approach 
is available in a GitHub repository [40].
From a practical standpoint, our method involves identifying 
the equivalent Hertzian material, best fitting the experimental 
deformed shape of the sample. Specifically, we determine the 
optimal Young’s modulus (𝐸) and Poisson’s ratio (𝜈) to use in 
the Hamilton prediction in order to minimize the misfit between 
the experimental and Hamilton’s displacement fields at the ROI 
boundary surfaces (including the contact area). This process is 
illustrated in Figs.  4.a and 4.b. Considering a range of tentative 
values of 𝐸 and 𝜈 to use in Hamilton’s equations, we define 
an error function that weights equally: (i) the misfit in contact 
radius, the magnitude of displacement misfit at the lateral sur-
face (ii), as well as at the bottom surface (iii) and at the top 
surface (iv) of the ROI. These misfits are normalized by their 
maximum over the investigated range of 𝐸 and 𝜈. Fig.  4.b shows 
the resulting map of the normalized error as a function of 𝐸 and 
𝜈. The optimized configuration, shown in Fig.  4.a, corresponds 
to 𝐸 = 1.55 MPa and 𝜈 = 0.49, where the misfit displacement 
remains below 32 μm across all boundary surfaces.

2. The second method is based on DVC experimental measurements 
and will be referred to as ‘‘DVC’’ in the results presented in 
Section 3. This method consists in directly computing the strain 
field from the DVC displacement field, 

𝜀𝑖𝑗 =
1
2

(

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
𝜕𝑥𝑖

)

(5)

and the stress field using Lamé equations for the equivalent 
linear elastic isotropic material: 
𝜎 = 𝐸 ( 𝜈𝛥 + 𝜀

)

(6)
𝑖𝑖 1 + 𝜈 1 − 2𝜈 𝑖𝑖
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Fig. 4. Establishment of stress fields from XRCT experiments and DVC analysis. (a) Central 𝑋𝑍 slice of the deformed XRCT volume at step 7 together with the 
ROI subjected to the analytical displacement field of Hamilton [6] (𝑃 = 1.48 N, 𝑄 = 0 N, 𝐸 = 1.55 MPa, 𝜈 = 0.49). (b) Normalized error map of the Hamilton 
displacement field at the ROI boundary surfaces for a range of Young’s moduli and Poisson’s ratios. The white point represents the chosen optimum, 𝐸 = 1.55 MPa, 
𝜈 = 0.49. (c) Experimental DVC displacement field at step 7. (d) Finite Element simulation setup where the ROI mesh is subjected to the DVC displacement field 
at the boundary surfaces. The constitutive behavior of PDMS is described as an hyperelastic Arruda–Boyce behavior [39] depicted in the inset. The color code in 
(a) and (c) corresponds to the magnitude of the displacement field.
for normal stresses, with 𝛥 = 𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧 the dilation, and 

𝜎𝑖𝑗 =
𝐸

1 + 𝜈
𝜀𝑖𝑗 (7)

for shear stresses. One should point out that this stress field is 
not guarantied to be at equilibrium (div(𝜎𝑖𝑗 ) = 0) in the absence 
of a proper regularization scheme in the DVC algorithm.

3. The third method is also based on DVC experimental measure-
ments and will be referred to as ‘‘DVC-FEM’’ in the results 
presented in Section 3. This method aims to determine a stress 
field that ensures stress equilibrium in the deforming material 
while strictly adhering to the boundary displacements of the 
ROI’s outer surfaces, as measured by DVC. This approach as-
sumes an actual hyperelastic constitutive behavior for PDMS. We 
chose to transition from purely elastic models (methods 1 and 2) 
to a hyperelastic model, as the latter is known to better capture 
the behavior of PDMS [15,41]. To achieve this, we employ finite 
element (FE) analysis within the Abaqus environment, assuming 
an Arruda–Boyce hyperelastic behavior where the boundary con-
ditions are fully driven by the DVC surface displacement field. 
Importantly, no contact assumptions or numerical FE contact 
parameters are involved in establishing the stress field. Figs.  4.c 
and 4.d illustrate the experimental displacement field and its 
application to the boundary surfaces of the mesh in the FE simu-
lation. The Arruda–Boyce (AB) parameters of the present PDMS 
sample are 𝜇 = 0.489 MPa, 𝜆𝑚 = 1.917 and 𝐷 = 0.067 𝑀𝑃𝑎−1, the 
latter corresponding to a ratio of the initial bulk modulus to the 
initial shear modulus of 50 or equivalently to a 0.49 Poisson’s 
ratio.

Finally, it is possible to perform the full FE simulation of the test 
using the idealized geometry of the contact system and a FE numerical 
contact algorithm. Since this is not the main scope of the present paper, 
we will only briefly discuss this option in the Discussion section. We 
used in that case the hard contact algorithm of Abaqus, with a 2.0 
coefficient of friction and the default penalty friction formulation.
5 
All FE simulations are performed with the implicit solver of Abaqus, 
using 8-node brick elements, reduced integration and hybrid formu-
lation with constant pressure (C3D8RH). Hybrid formulation helps 
accounting for the incompressible, non-linear behavior of PDMS. Note 
that we have checked that the reaction force of the simulated contact 
system matches the stabilized force of Fig.  1.c at the seven imposed 
indentation levels with these parameters.

3. Results

Contact area. The first quantity of interest that can be easily deter-
mined from the deformed DVC meshes of Fig.  3 is the contact area. The 
surface profiles of Fig.  5.a show how the hemispherical PDMS surface 
is being flattened on the PMMA plane in the course of deformation. 
To capture the evolution of the contact area at each loading steps, we 
define a threshold of 2 degrees relative to the vertical (𝑍) axis. This 
threshold is applied to filter surface elements of the mesh based on 
the 𝑍-component of their normals (i.e., only elements whose normals 
deviate by less than 2◦ from the vertical are retained as belonging to the 
contact area). The resulting evolution of the contact region throughout 
the loading process is illustrated in Fig.  5.b. It shows the expected 
circular shape upon increasing indentation for such sphere-on-plane 
contact system under normal loading. Fig.  5.c plots the corresponding 
evolution of contact radius 𝑎 as a function of the normal load 𝑃 . One 
can see that the contact radius determined by XRCT and DVC follows 
rather closely the evolution of the one predicted by the Hertzian theory 
(orange dashed line), simplifying in the present case to: 

𝑎𝐻 =
(

3𝑃𝑅(1 − 𝜈2)
4𝐸

)1∕3

(8)

where 𝑅 = 9.42 mm, and we use the optimized values 𝐸 = 1.55 MPa and 
𝜈 = 0.49 obtained from the ‘‘Hamilton’’ method, as detailed in the previ-
ous section. The blue curve in Fig.  5.c shows an additional confirmation 
of the evolution of contact radius as measured separately (on the same 
sample) using an optomechanical device looking at the contact surface 
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Fig. 5. Determination of contact radius from the DVC deformed surface. (a) PDMS surface profile in the central 𝑋𝑍 plane at increasing indentation 𝛿𝑐 . (b) 
Contact area extracted from the DVC deformed meshes. (c) Evolution of the determined contact radius (black disks) as a function of normal load, compared to 
the reference optomechanical experiment [26] (blue solid line) and to the prediction of Hertz theory with 𝑅 = 9.42 mm, 𝐸 = 1.55 MPa and 𝜈 = 0.49 (orange 
dashed line).
from the top. This device and the corresponding experimental protocol 
is described in details in Lengiewicz et al. [15] and Acito et al. [26].

It is worth noting that the current procedure for determining the 
contact radius, 𝑎, — based on X-ray computed tomography (XRCT) and 
deformed surfaces obtained via Digital Volume Correlation (DVC) — 
effectively addresses many of the challenges highlighted by Acito et al. 
[26]. Specifically, this approach mitigates the tendency to overestimate 
the contact area when using 3D images with finite voxel resolution. 
This improvement stems from the higher accuracy of the DVC dis-
placement field, which is finer than the voxel size (as demonstrated 
by Lachambre et al. [30] for a similar experimental setup). Unlike tra-
ditional methods, our procedure does not rely on image segmentation 
or marching cube algorithms for surface extraction, thereby avoiding 
associated inaccuracies.

Displacement field. Fig.  6 shows the normalized displacement field 
(𝑈𝑖∕𝛿𝑐) beneath contact in the middle 𝑋𝑍 plane of the PDMS sample 
at step 7, i.e. 252 μm indentation. The experimental DVC fields of 
Figs.  6.a (𝑈𝑦∕𝛿𝑐), 6.b (𝑈𝑧∕𝛿𝑐) and 6.c (𝑈𝑥∕𝛿𝑐) can be compared to the 
ones obtained with the DVC-FEM procedure (Figs.  6.d, 6.e and 6.f) 
and with the Hamilton model (Figs.  6.g, 6.h and 6.i). DVC, DVC-FEM 
and Hamilton displacement fields look rather similar, both qualitatively 
and quantitatively, for the three components of the displacement. For 
a better comparison, the color map of each column in the figure is 
identical. 𝑈𝑥 component shows an antisymmetric distribution reversing 
at 𝑥 = 0, with an absolute maximum around 𝑥 = 𝑎 and 𝑧 = 0.5𝑎. 
The antisymmetry observed in the middle 𝑋𝑍 plane arises from the 
axisymmetric geometry of the sample and the axisymmetric loading 
conditions about the 𝑍 axis. 𝑈𝑦 is close to zero everywhere in the 
middle 𝑋𝑍 plane as expected by the axisymmetry. 𝑈𝑧 exhibits the 
same axisymmetry, with an absolute maximum around 90% of 𝛿𝑐 at 
the lateral surfaces of the ROI.
6 
Strain field. The strain fields, as derived from the displacement fields 
of Fig.  6 at step 7 using the three methods presented in Section 2, 
are illustrated in Fig.  7. Figs.  7.a, 7.b and 7.c depict the three main 
components of the strain tensor obtained by DVC in the middle 𝑋𝑍
plane, namely 𝜀𝑥𝑥, 𝜀𝑥𝑧 and 𝜀𝑧𝑧. They can easily be compared to the 
strain fields obtained with the DVC-FEM method (Figs.  7.d, 7.e and 7.f) 
and to the ones derived from the equations of Hamilton (Figs.  7.g, 7.h 
and 7.i). Again the colormaps are identical for a given column in this 
figure. It is noteworthy that the strain fields obtained from DVC and 
DVC-FEM exhibit good agreement with the axisymmetry of the sample 
and loading conditions, which are inherently reflected in the analytical 
fields derived from the Hamilton model. This gives us confidence in the 
global alignment of the in situ setup and in the DVC displacement fields 
from which these strain fields are computed.

The DVC, DVC-FEM, and Hamilton analytical fields exhibit strong 
qualitative similarities, although local variations in the intensity of 
the strain components are observed. 𝜀𝑧𝑧 shows a compressive strain 
beneath contact, close to −0.10 around {𝑥 = 0, 𝑧 = 0.5𝑎} and slightly 
positive at the surface, outside of the contact area. The compressive 
𝜀𝑧𝑧 is counter-balanced by tensile 𝜀𝑥𝑥 beneath contact (|𝑥| < 𝑎), 
which becomes slightly compressive for |𝑥| > 𝑎 as a response of the 
surrounding bulk. Indeed, lateral and bottom surfaces are not free 
surfaces, as opposed to the top surface outside of contact area. 𝜀𝑥𝑧 is 
antisymmetric with an absolute maximum close to |𝑥| = 𝑎 beneath the 
surface. Computing the trace of the DVC strain tensor field yields a 
median volume variation 𝛥𝑉 ∕𝑉  of 0.2% in the elements, and globally 
less than 1%. Such low variation of volume is in agreement with the 
expected nearly incompressible behavior of PDMS.
Stress field. The displacement and strain fields beneath the contact, 
now accessible through DVC (as illustrated above), enable us to explore 
various experimentally-driven assessments of the stress field. In Fig.  8, 
we present the invariants of the stress tensor for the three methods 
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Fig. 6. Normalized displacement field in the bulk of the deforming PDMS sample at step 7 (𝛿𝑐 = 252 μm, 𝑃 = 1.48 N), in the 𝑋𝑍 central plane. (a)–(c) Experimental 
DVC fields. (d)–(f) DVC-FEM fields. (g)–(i) Hamilton’s analytical fields (𝑅 = 9.42 mm, 𝐸 = 1.55 MPa, 𝜈 = 0.49). (a), (d), (g): 𝑈𝑥∕𝛿𝑐 component. (b), (e), (h): 𝑈𝑦∕𝛿𝑐
component. (c), (f), (i): 𝑈𝑧∕𝛿𝑐 component.
Fig. 7. Strain field in the bulk of the deforming PDMS sample at step 7 (𝛿𝑐 = 252 μm, 𝑃 = 1.48 N), in the 𝑋𝑍 central plane. (a)–(c) Experimental DVC fields. 
(d)–(f) DVC-FEM fields. (g)–(i) Hamilton’s analytical fields (𝑅 = 9.42 mm, 𝐸 = 1.55 MPa, 𝜈 = 0.49). (a), (d), (g): 𝜀𝑥𝑥 component. (b), (e), (h): 𝜀𝑥𝑧 component. (c), 
(f), (i): 𝜀𝑧𝑧 component.
described in Section 2. For clarity, all stress values are normalized by 
the maximum pressure at the center of the contact predicted by Hertz 
theory: 

𝑝0 =
3𝑃
2𝜋𝑎2

(9)

Shear stresses are represented in Fig.  8 by the normalized Mises param-
eter √𝐽2∕𝑝0, where 𝐽2 is the second invariant of the deviatoric stress 
tensor. The pressure field is represented by the opposite of the mean 
stress normalized by 𝑝 , −𝜎 ∕(3𝑝 ).
0 𝑖𝑖 0

7 
Figs.  8.a, 8.d and 8.g show that the normalized Mises stress is qual-
itatively similar between DVC, DVC-FEM and Hamilton models with a 
maximum of up to 0.36𝑝0 around {𝑥 = 0, 𝑧 = 0.5𝑎} in the deformed 
configuration. Here, to our knowledge, we observe for the first time 
in three dimension the classical result in tribology, which states that 
the maximum shear stress occurs beneath the surface at 𝑧 = 0.5𝑎. This 
specific location is widely recognized as the most favorable point for 
the initiation of plasticity under contact loading. However, in the case 
of PDMS, whose behavior remains purely elastic, this observation is of 
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Fig. 8. Normalized stress fields in the bulk of the deforming PDMS sample at step 7 (𝛿𝑐 = 252 μm, 𝑃 = 1.48 N), in the 𝑋𝑍 central plane. All stresses are 
normalized by the Hertzian maximum contact pressure 𝑝0 = 0.238 MPa. (a)–(c) Experimental DVC fields. (d)–(f) DVC-FEM fields. (g)–(i) Hamilton’s analytical 
fields (𝑅 = 9.42 mm, 𝐸 = 1.55 MPa, 𝜈 = 0.49). (a), (d), (g): Normalized Mises parameter √𝐽2∕𝑝0. (b), (e), (h): Normalized pressure −𝜎𝑖𝑖∕(3𝑝0). (c), (f), (i): Boxplots 
of the divergence of the stress field over the 𝑋, 𝑌  and 𝑍 directions.
course not directly relevant. The normalized pressure is however quite 
different between the models in Figs.  8.b, 8.e and 8.h. Hamilton’s pres-
sure field (Fig.  8.h) reaches 𝑝0 in the center of contact area (Hertzian 
distribution) and is positive (compressive) everywhere in the bulk. 
The DVC-FEM pressure field (Fig.  8.e) exhibits a distribution similar 
to that predicted by the Hamilton model. However, it displays an a 
priori unrealistic shift toward tension (i.e., negative pressure) outside 
the immediate vicinity of the contact region. Further discussion on this 
observation is provided in Section 4. The direct elastic stress, derived 
from the DVC strain field (Fig.  8.b), exhibits significant scattering, with 
local minima and maxima approaching ±𝑝0. Numerical computation of 
the divergence of stress fields over the {𝑋, 𝑌 ,𝑍} axes confirms that the 
DVC stress field is not at equilibrium in the bulk of PDMS (Fig.  8.c), 
while the two others are (Figs.  8.f and h).

4. Discussion

The in situ X-ray computed tomography (XRCT) setup presented in 
this work enables, for the first time, the experimental assessment of the 
3D stress field beneath a contact using the displacement field provided 
by Digital Volume Correlation (DVC). Unlike recent studies in the field 
of photoelasticity (e.g., Mitchell et al. [32]), it is important to highlight 
that XRCT and DVC techniques do not require any a priori assumptions 
regarding the nature of the mechanical fields, such as plane-stress 
or axisymmetry, although the contact system investigated here does 
exhibit axisymmetry due to purely normal loading. The ability to 
acquire these fields in 3D, in situ, and non-destructively opens new per-
spectives and challenges in the field of contact mechanics. Specifically, 
it is now possible to explicitly compare and evaluate the validity of 
pioneering theories, such as those proposed by Hertz [1], Huber [2] or 
Hamilton [5,6], against the corresponding full-field experimental data. 
Additionally, the availability of experimental 3D data will facilitate the 
evaluation of different formulations of numerical contact algorithms, 
which are widely used in finite element (FE) simulations. However, this 
topic is beyond the scope of the present paper.

While this paper does not aim to draw conclusions regarding the 
adequacy or inadequacy of Hertzian theories in representing our 3D 
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experimental data, the systematic comparison of all forms of these 
fields — from displacements to strain and stress fields — has revealed 
several key observations, which are discussed below.
Direct comparison of displacement, strain or stresses. Widely used im-
age correlation techniques in modern experimental mechanics provide 
direct access to displacement fields (from which strain fields can be 
derived), but not to stresses. This contrasts with many mechanical 
theories, such as the Hertz or Hamilton equations (considered here 
for pure normal loading), which are originally formulated in terms 
of stress fields. Consequently, comparing theoretical predictions with 
experimental results is challenging, as it requires postulating a consti-
tutive behavior to convert displacement and strain fields into stresses. 
To address this issue, we computed the underlying displacement field 
associated with Hamilton’s equations [40]. This approach may serve 
as a valuable tool for future research aiming to establish a direct 
dialogue between experiments and Hertzian contact theories for linear 
elastic solids. Additionally, this paper adopts a complementary ap-
proach by using a finite element (FE) solver to compute the equilibrated 
stress field within the bulk of the deforming sample. This method 
incorporates the Arruda–Boyce hyperelastic constitutive behavior of 
PDMS, combined with the experimentally measured boundary surface 
displacements obtained via DVC.

Figs.  6 (displacement), 7 (strain) and 8 (stress) depict an increasing 
discrepancy between the different methods to assess the mechanical 
fields beneath contact. Stress fields, which are experimentally difficult 
to access, appear here to be most discriminant when it comes to the 
decision on whether or not measured mechanical fields are likely to be 
realistic (or admissible) ones.

The differences between the methods used to assess the stress fields 
are further detailed in Fig.  9, which presents stress profiles at the 
contact surface (𝑦 = 𝑧 = 0) or at the vertical below the contact center 
(𝑥 = 𝑦 = 0). Hamilton’s profiles (green lines) confirm the parabolic, 
Hertzian distribution of the normalized pressure, −𝜎𝑖𝑖∕(3𝑝0), at the 
contact surface (see Fig.  9.a), while the normalized Mises parameter, 
√

𝐽2∕𝑝0, remains close to zero (see Fig.  9.b). The DVC-FEM profiles (or-
ange lines) exhibit a distribution similar to Hamilton’s, but with a shift 
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Fig. 9. Stress profiles at step 7 (𝛿𝑐 = 252 μm, 𝑃 = 1.48 N), in the 𝑋𝑍 central plane. All stresses are normalized by the Hertzian maximum contact pressure 
𝑝0 = 0.238 MPa. (a) Normalized pressure −𝜎𝑖𝑖∕(3𝑝0) and (b) normalized Mises parameter 

√

𝐽2∕𝑝0 at the contact surface (𝑦 = 𝑧 = 0). (c) Normalized pressure 
−𝜎𝑖𝑖∕(3𝑝0) and (d) normalized Mises parameter 

√

𝐽2∕𝑝0 beneath the contact center (𝑥 = 𝑦 = 0). Colors refer to different calculations, see legend on panel (d).
toward tensile stresses outside the contact radius for the pressure and 
an amplification of the Mises parameter. Notably, the DVC-FEM Mises 
parameter is non-zero within the contact area. The unequilibrated DVC 
stress field (blue lines), particularly for the pressure distribution, shows 
an erratic evolution in the contact region. This confirms that, despite 
being the most direct and simplest method, it is far from the most 
appropriate for deriving the stress field. Figs.  9.c and 9.d illustrate 
the respective evolutions of pressure and Mises parameter, along the 
vertical axis passing through the contact center. All curves (except for 
the DVC method) exhibit expected qualitative trends, though without 
quantitative agreement. In Fig.  9.d, the maximum shear stress is again 
observed beneath the contact at approximately 0.5 times the contact 
radius inside the bulk of the PDMS. The final profiles in Fig.  9 cor-
respond to the contact FEM case (red lines), using the Abaqus hard 
contact algorithm with a friction coefficient of 2.0 and the full geometry 
of the PDMS sample (diameter 𝑑 = 12 mm, height ℎ = 6 mm, radius 
of curvature 𝑅 = 9.42 mm) in contact with an analytical rigid PMMA 
plane. These profiles show a global evolution similar to Hamilton’s for 
the pressure distribution within the contact area, but with slight shifts 
or amplifications for the Mises parameter. In this case, the shear stress 
is non-zero within the contact area, and all stress components vanish 
at the free surface outside the contact area.

Identifying the exact origin of the quantitative discrepancies ob-
served between the theoretical models and the experimentally derived 
DVC stress fields is beyond the scope of this paper. However, it is 
evident that none of the models used — whether for measurements 
or comparisons — are sufficiently sophisticated to fully capture the 
behavior of PDMS. PDMS is a viscoelastic, highly adhesive, and highly 
frictional material, which does not align with the assumptions of Hamil-
ton’s calculations (purely elastic material with no adhesion or friction) 
or our FEM simulations (hyperelastic material with no adhesion). Addi-
tionally, PDMS is nearly incompressible, leading to convergence issues 
in FEM computations and to direct stress components 𝜎𝑖𝑖 that are 
extremely sensitive to potential local fluctuations of the dilation 𝛥, 
as highlighted in Eq.  (6) (Section 2) in the linear elastic case with 
the denominator approaching zero as 𝜈 tends towards 0.5. This is 
a problem near the surface where the DVC residuals are maximal, 
added to the potential effect of adhesion on the stress state close 
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to the surface. Adhesion would indeed promote the development of 
tensile stresses at contact surface. To enable a quantitative comparison 
between experiments and models in future work, more complex models 
or materials with simpler mechanical behaviors may be required.

Finally, it is striking to observe how different assumptions regarding 
boundary conditions and material constitutive behavior can produce 
similar deformed shapes of the contact sample, yet result in markedly 
different stress distributions within the bulk. This underscores the 
ill-posed nature of image correlation techniques, where multiple dis-
placement fields may yield comparable levels of correlation residuals — 
and thus similar accuracy in describing material deformation — while 
corresponding to distinct mechanical states. This highlights the well-
known challenge of mechanical regularization in image correlation, 
which we address below.
DVC regularization. In this study, we deliberately chose not to apply 
any mechanical regularization during the image correlation process. 
This decision allowed the DVC algorithm to determine a displacement 
field that best matches the deformation of the internal speckle pattern 
(aluminum particles) within the PDMS under loading. As shown in Fig. 
3, the deformed DVC mesh closely follows the deformation of the PDMS 
throughout the region of interest (ROI), including in the vicinity of the 
contact. The corresponding correlation residuals remain globally very 
low, with a median value of the order of 5 %. However, the stress 
field, computed under the assumption of a linear elastic equivalent 
material, is not in equilibrium, as illustrated in Fig.  8.c. Additionally, 
the correlation residuals are locally higher at the contact surface, as 
seen in Fig.  3.d. Recent advancements in DVC regularization schemes 
could address these issues by achieving a better balance between 
mechanically admissible displacement fields and the accuracy of sam-
ple deformation. For instance, the ‘‘complete regularization’’ scheme 
proposed by Mendoza et al. (2019) [38] was specifically designed to 
incorporate surface boundary conditions (either Dirichlet or Neumann 
type) during DVC regularization, in addition to bulk equilibrium con-
straints. This approach is not presently implemented in the pyFEDIC 
software used in this work (Lachambre [36]). It is nevertheless likely 
to improve both the convergence of the DVC algorithm and the level 
of correlation residuals, particularly at the contact surface, where the 
evolving contact boundary conditions are challenging to handle using 
standard bulk regularization techniques.
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Towards time resolved experiments. Beyond the challenge of obtaining 
an admissible experimental displacement field for comparison with 
contact theories lies the question of selecting a reasonable constitutive 
behavior assumption for the deforming material. The model contact 
system studied here employs a PDMS elastomer, with a Young modulus 
in the order of 1.5 MPa. This choice was motivated by the need to 
establish a large contact area at low force, easily observable under 
in situ X-ray computed tomography (XRCT). However, the loading 
curves in Fig.  1.c reveal significant stress relaxation, as expected for 
such a viscoelastic elastomeric material tested at room temperature 
(well into its rubbery state). To mitigate this effect, we implemented 
a 5 min dwell time before each tomography scan in Section 2, ensuring 
that no noticeable sample movement occurred during the ∼20 min 
scanning time. This relaxation provides clear evidence of the mate-
rial’s viscoelasticity, in addition to its hyperelastic behavior at finite 
strain. Given the relatively long scanning time associated with our lab-
based tomograph, the present experimental setup primarily captures 
the quasi-static response of the contact system. Nevertheless, it remains 
unclear how stress relaxation during the dwell and scanning times 
affects the measured displacement field and the inferred stress fields, 
whether assuming an equivalent linear elastic behavior or an actual 
hyperelastic strain energy potential. Previous work by Yoneyama et al. 
(1998) [31] demonstrated such stress relaxation beneath contact in 
polyurethane rubber using photoviscoelasticity. A promising avenue for 
future research would be to conduct similar in situ contact experiments 
using a synchrotron X-ray source, which would allow for much faster 
acquisition rates. This would allow us to move from the so called 
‘‘interrupted in situ’’ loading mode used in the present study, to a 
‘‘continuous in situ’’ loading mode (see Maire et al. [42] for more 
details). To achieve this, the displacement during the acquisition of 
one scan should be smaller than a pixel. This approach would enable 
the experimental quantification of viscoelasticity’s contribution to the 
establishment of the relaxed stress field beneath the contact.

5. Conclusions

In this work, we presented a novel experimental setup that enables 
3D, full-field, and non-destructive access to the mechanical fields be-
neath a contact. This setup was applied to a model sphere-on-plane 
contact system subjected to compressive loading. By using a PDMS 
elastomer embedded with aluminum particles, we created a 3D in-
ternal speckle pattern within the deforming body. This pattern was 
easily tracked using laboratory X-ray computed tomography (XRCT) 
and analyzed through digital volume correlation (DVC). We proposed 
multiple strategies to assess the 3D stress field beneath the contact, 
without relying on numerical contact models or their associated as-
sumptions and parameters. This approach allows for direct and explicit 
comparisons between the experimental fields and the corresponding 
Hertzian fields. Our results demonstrate that comparing stress fields 
between experiments and Hertzian theory is more discriminative than 
comparing strain or displacement fields. However, this will require in 
the future the use of more sophisticated models that account for the 
global behavior of the specimen, including elasticity, adhesion, friction, 
and other factors. This work highlights the need for adapted regular-
ization schemes in DVC algorithms, which should properly incorporate 
evolving contact boundary conditions to identify an admissible exper-
imental displacement field. Future perspectives for this experimental 
setup include sheared contact experiments and time-resolved in situ 
tomography. These advancements will help clarify the contribution of 
viscoelastic relaxation to the 3D contact fields observed in this study.
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