
Eur. Phys. J. Spec. Top.
https://doi.org/10.1140/epjs/s11734-025-01920-5

THE EUROPEAN
PHYSICAL JOURNAL
SPECIAL TOPICS

Regular Article

Measuring adhesion of soft elastic shells
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Abstract Adhesion of soft materials is commonly measured through the classical JKR framework where
a full elastic hemisphere is slightly compressed on a flat plane. However, this technique is not suitable for
highly compliant materials or structures for which deformations become non-linear. Here we experimentally
explore an alternative approach, inspired from the compliance method originally developed for fracture
mechanics and based on the measurement of the work of adhesion during an indentation cycle. We illus-
trate this technique with elastomeric hemispherical shells and propose an extension to non axisymmetric
shapes. Although the involved forces are of the same order of magnitude as in a standard JKR test, the
corresponding displacements are much larger and can thus be more easily controlled. Precise measurements
of adhesion then become possible on samples of arbitrary shape or internal structure and materials with
non-linear elastic response.

1 Introduction

Étienne Guyon deeply enjoyed human interactions and scientific discussions. After a dense carrier in prestigious
institutions, Étienne chose to return to the PMMH lab he founded in the late 1970s. He then shared a cosy
office with our colleague Michel Barquins (1941–2024), a brilliant specialist in adhesion and friction with a lively
personality. Discussions with Étienne and Michel certainly partly inspired the following work. Étienne was also
very involved in making connections and diffusing physics across oceans. He was particularly involved in the
development of scientific programs on non-linear physics in Chile, promoting regular exchanges between Paris and
Santiago. Two of the authors of this work illustrate the deep value of such exchanges. Finally, Étienne also made
a point that things and scientific concepts should be named properly. When co-writing a book on the physics and
mechanics of Hidden Wonders around us, he insisted that adherence and adhesion are two different concepts [1].
The latter is discussed in the present paper: we explore a simple method based on basic force and contact area
monitoring to assess adhesion energy of highly compliant structures.

Indentation tests are commonly used to measure adhesion between materials. The standard “JKR” test consists
in extracting the adhesion energy from a measurement of the force resulting from the indentation of an elastic
sphere on a rigid plate [2]. This method is based on a theoretical description of the process through linear elasticity,
which assumes small deformations. However, many adhering strategies found in Nature rely on highly compliant
substrates, which enhances contact between adhering surfaces and thus promotes good adhesion. For instance,
flexible setae present at the extremities of geckos toes are responsible for their remarkable adhesive properties [3].
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Similar flexible adhesive structures are also present on the legs of various species of insects or spiders [4]. These
adhering strategies have motivated the development of novel bio-inspired microstructured materials with the aim
of improving the adhesive strength of engineered systems such as dry adhesives tapes [5–8] or clamps for soft
robots [9, 10]. Beyond animal locomotion, adhesion of soft tissues or membranes also plays a crucial role in life
science, such as the adhesion of vesicles [11, 12] or of cells [13–16].

Although the JKR framework has been reviewed and extended to account for large deformations and non-
linear elasticity [17–19], probing very soft materials, such as biological tissues remains delicate. Similarly, adapting
this standard test to slender structures such as adhesive loops [20] or shells is a difficult task due to both the
large deformations, buckling and, more generally, geometrical non-linearities involved in indentation [21–25]. Most
methods derived from the JKR framework rely on the analytical or numerical modelling of the elastic energy stored
in the samples during indentation or release, which requires to know the mechanical properties of the material
and to carefully take into account the details of the geometry of the experiment [26–28]. In contrast, the technique
discussed in the present work does not require analytical or numerical developments involving the constitutive law
of the material or structure probed. However, it requires to measure the contact area precisely.

We experimentally revisit an alternative approach to infer the adhesion energy, inspired from the compliance
method [18] which relies on a graphical method proposed by Berry [29] and later popularised by Maugis [30]. It
has been previously studied, both experimentally and theoretically to assess fracture energy of full solid spheres
[31] and fibrillar surfaces [32], and only theoretically for slender structures [33]. Here we explore and verify the
validity of these concepts with the indentation of thin hyperelastic hemispherical shells.

The method is based on the integration of the force-displacement curves during hysteretic indentation cycles.
Provided there is no energy loss through plasticity or snapping instabilities, the adhesion energy is inferred from
the increment of the corresponding mechanical work between successive cycles.

2 Experimental

Soft elastic shells are fabricated by following the technique proposed by Lee et al. [34]. Preparations of 1:1 liquid
“base” and “catalyst” of vinyl-polysiloxane (Elite Double 8 from Zhermack, referred to as VPS08) are poured
on smooth solid spheres of radius R ranging from 5 to 25 mm. After a curing time of typically 20 min at room
temperature, the sphere is removed, leaving a hemispherical shell of almost uniform thickness h ranging from 80
to 250µm (see Fig. 1). Prior to experiment, potential dust particles are removed from the shells with a standard
adhesive tape. The shells were then cleaned with isopropanol, as well as the glass plate used as indenting substrate.

Fig. 1 Description of procedure used to produce the hemispherical shells. a Two concentric annular plates (A and B)
support a solid sphere over which liquid uncured polymer is poured. b Final solid shell, plate B has been removed as well
the solid sphere when the cross-linking reaction is finished. c Picture of a typical shell used in our experiments. Its thickness
is on the order of 100µm. d Experimental setup. In the center of the image, an inverted hemispherical shell pointed by the
yellow arrow is supported on an acrylic plate. This plate is mounted on the load cell of a force-displacement machine. Side
and bottom view images are recorded during the complete indentation process with a typical interval of 3 s
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Fig. 2 a Sketch of the shell indentation experiment. A hemispherical shell (radius R, thickness h) is approached at a
constant velocity V towards a glass plate. When both surfaces get into contact, the resulting force F and the contact radius
a are monitored as a function of the imposed indentation δ. b Force vs displacement curve for an adhesive shell with Young
modulus E = 220 ± 1.1 kPa, R = 7.0 ± 0.1 mm, h = 98 ± 4µm and V = 0.1 mm/min. c Side views of the shell at different
stages O, A, B, C, D, E (white scalebar 2 mm)

The support holding the soft shell is mounted on the load cell of a force-displacement machine (Instron 5865)
as illustrated in Fig. 1d. Indentation is performed at controlled displacement, sometimes referred to as fixed-grips,
with a sensitivity 10–100 nm and at a constant velocity V between 0.01 and 1 mm/min. During the indentation
process, the instantaneous force F on the shell is monitored as a function of the imposed displacement δ. The radius
of the contact region is simultaneously recorded by imaging the contact with a camera placed under the glass plate.
Although the work of adhesion of elastomers is known to vary with the peeling front velocity at the contact line [35],
preliminary tests indicate that the force-displacement curves did not vary significantly within the experimental
range of indentation velocity. All following indentation tests were thus conducted at a velocity V = 0.1 mm/min.
In parallel to shells, solid spheres of the same elastomer are prepared to conduct standard JKR tests as described
in Appendix A. For the same indentation velocity, we measure a work of adhesion of γ = 0.100 ± 0.050 J/m2 for
VPS08 on glass, which is a typical value for the relatively weak van der Waals intermolecular adhesion of silicone-
based elastomers on glass [36–38]. Additionally, the Young modulus of the cured elastomer was also measured as
E = 220± 1.1 kPa, which is coherent with a previously reported value obtained using a tensile test on a strip [39].

We present in Fig. 2b a force vs displacement plot for a typical shell. Once the contact is established (point A),
the force increases monotonically between points A and B. The contact area is circular and the shell is slightly
deformed (but does not buckle) on the non-contacting zone. The maximal indentation δm ∼ 1 mm is reached at
point B. After a dwell time of 3 min, the shell is pulled out. Initially the force decreases, mostly relaxing the elastic
energy stored in the deformed shell, but with a constant contact area. Beyond point C, a local peeling process
along the perimeter of the circular contact area is observed. The force continues to decrease, passes through zero
and becomes negative as the shell gets under tension. The force eventually reaches a minimum value (point D).
The shell finally detaches from the plate (point E) and the force suddenly jumps to zero.

The global shape of the curve is reminiscent of the standard JKR case of the solid sphere with a strong hysteresis
between the loading and unloading regimes. However, although the amplitude of the force remains of the same
order in both configurations, the corresponding indentation displacement is 2 orders of magnitude larger in the
case of the shell.

3 Discussion

Can adhesive properties be inferred from a simple indentation test on a shell? In contrast with the case of the solid
hemisphere, the deformation of the shell is highly non-linear and the work of adhesion cannot be readily estimated
through an analytic expression as in the JKR framework. We experimentally explore an alternative technique
based on the comparison of different loading cycles, as inspired by the theoretical framework developed by Hui
and Long [33]. Consider a set of indentation cycles with increment of the maximum displacement Δδm = 100
µm, as shown in Fig. 3a. Each cycle starts with a quasi-static loading phase where contact progresses everywhere
(from the starting point S to B). The contact area increases monotonically and reaches a maximum Am, involving
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Fig. 3 a Comparison of indentation cycles for VPS08 material on glass (E = 220 kPa, R = 7.0 mm, h = 98±4µm, V = 0.1
mm/min, Δδm = 100µm). S is the starting point of all cycles and B indicates the point of maximum contact area, at which
displacement is reversed during the cycle. The irregular behavior of the last cycles corresponds to a buckling transition
of the shell. Similar data for shells of different radii and thicknesses are shown in Appendix B. b Work inferred from the
integration of the force-displacement curve over cycles of increasing amplitude as a function of the maximum contact area,
for shells of various radii and thicknesses. The indentation velocity is V = 0.1 mm/min for all experiments. The slope of
the best fit to the data gives us the work of adhesion for the systems VPS08/glass (γ � 0.1 N/m), and it is shown to be
independent of geometry. The data points corresponding to buckling (hollow symbols) are clearly off this linear trend and
have been disregarded

a gain of adhesion energy γadvAm. During the release phase, contact recedes (from B back to S) and the system
absorbs the adhesion energy γrecAm. We assume that during the quasi-static phases of a cycle, the energy loss in
the system arises solely from the difference in adhesion energies γadv and γrec. In particular, large values of the
peeling angle during the unloading process ensure that the shell barely slides along the substrate, so that losses
by friction can be neglected [40–43]. During loading, part of the work done by the apparatus is stored into elastic
deformations of the shell. Most of it is returned during unloading, except for a small part that could be dissipated
during the final snap-off event. This excess dissipation could occur during the final debonding process, this phase
is common to all cycles. Thus, the work W =

∫
F (δ)dδ provided to the system during a cycle reads

W = (γrec − γadv)Am + W0 (1)

where W0 is a small offset common to all cycles and associated to the release of elastic energy during the final
detachment which depends on the geometrical and mechanical properties of the sample. The interfacial processes
involved in the loading and release phases usually correspond to adhesion energies γadv and γrec of very different
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amplitudes. We thus assume γadv � γrec as it is the case in most practical cases [18]. This hypothesis is further
confirmed with a test conducted on shells covered with talc powder, which suppresses adhesion and hysteresis in
the cycles. Finally, the work provided to the system over one cycle is

W = γAm + W0 (2)

where γ � γrec is the adhesion energy per unit surface, also referred to as “work of adhesion”.
To validate this theoretical approach, we show in Fig. 3b that W grows linearly with the maximal contact area

Am for the different loading cycles. The data follows a straight line of slope γ = 0.100 ± 0.002 N/m except for
the largest indentation data points, where the shell has undergone a buckling instability (open circles in Fig. 3b).
The buckling instability observed for high loads is presented in more details in Appendix B (see Fig. 7). This
measurement of the work of adhesion is thus in good agreement with independent estimates from a classical JKR
test on a solid sphere, which give γ = 0.100 ± 0.050 N/m (see Appendix A). It is also much more precise, thanks
to the large displacements involved upon indentation of such very soft thin shells.

The measurements for shells of various radii and thicknesses lead to curves of similar slopes (Fig. 3b), which
further confirms the modeling hypothesis. Note that in these measurements, we have taken special care in measuring
adhesion on fresh samples a few minutes after curing the elastomer. Aging over hours tends to decrease the value
of γ to typically 0.080 N/m both in JKR and thin shell measurements.

We also probed substrates of different adhesion energies. We first grafted trichloroperfluorooctylsilane molecules
following the standard technique described in detail by Mettu and Chaudhury [44]. A second set of experiments
was conducted with a glass plate coated with a very thin layer of the same VPS08 polymer. This film is obtained
by spin coating a small quantity of the uncrosslinked polymer at 3000 rpm for 30 s. The thickness of the coating
is on the order of 10 µm, i.e. typically ten times thinner than the shell, so that the substrate remains essentially
undeformed during the experiments. The results obtained with the different substrates are compared in Fig. 4.
We observe an increase of the work of adhesion for the silanized surface (γ = 0.160 ± 0.003 N/m). Conversely, the
VPS08/VPS08 contact displays a lower work of adhesion γ = 0.040±0.007 N/m, which is in qualitative agreement
with classical experiments conducted with polydimethylsiloxane substrates [36].

In order to explore the generality of this approach, we have conducted experiments with non-axisymmetric
shells. To produce such shells we poured the liquid polymer on ellipsoidal objects instead of regular spheres. The
thickness of the resulting shells is not uniform, which should nevertheless not affect the estimate of the work
of adhesion as the theoretical procedure does not depend on the actual geometrical properties of the shells. We
tested two different shapes. A first specimen was obtained by pouring the liquid polymer on an ovoid template
leading to a prolate ellipsoid of semi-axes of 9.5 and 7.5 mm and a height of 7.5 mm. The radius of curvature at
the axisymmetric apex is 5 mm. A second specimen was obtained by molding a capsule (a cylinder with rounded
ends), leading to an oblate shell of semi-axes of 5 and 10 mm and a height of 5 mm (insets in Fig. 5). Both shells
have a thickness on the order of 100µm. In Fig. 5, we plot the evolution of work furnished during a series of
indentation cycles as a function of the maximal contact area. Both curves follow the same line. We estimate the
work of adhesion from a linear fit γ = 0.08 ± 0.02 [N/m]. Both measurements are consistent, independently of the
shell geometry, and we interpret the minor mismatch with measurements in Fig. 3 (γ is on the order of 10–20%
lower here) as a consequence of aging of the polymer for about 2 weeks before performing the adhesion test.

Fig. 4 Comparison of the
integrated force for glass
plates with different surface
properties. The geometry of
the VPS08 shell is fixed
(R = 7.5 mm, h = 113±
4 µm). While the variation
of W with Am remains
linear, we measure an
increased work of adhesion
with a glass plate grafted
with a fluorinated silane
(γ = 0.160 ± 0.003 N/m)
and a lower value for a plate
coated with a thin layer of
the same VPS08 material
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Fig. 5 Work under the
curves W calculated using
the indentation experiments
in non-axisymmetric shells
of VPS08 (E = 220 kPa,
h = 100µm, at V = 0.1
mm/min). Prolate (Ovoid)
(green squares) and oblate
(capsule) shapes (red
circles) and, γ = 0.08 ± 0.02
N/m given by the black
curve slope. Upper insets:
view of the contact areas.
Bottom insets: side view of
the shells

4 Conclusion

As a conclusion, we have proposed a versatile procedure to measure the interfacial work of adhesion for slender
structures or soft materials. This method simply consists in integrating the loading force during a standard inden-
tation cycle and plotting this work W as a function of the maximum contact area Am. Interestingly, the derivation
of the work of adhesion does not depend on the non-linear elastic response of the structure, nor on the constitutive
stress–strain law of the material. Although we have illustrated the validity of the technique for hemispherical
and ellipsoidal shells, this is, in principle, valid with any other type of geometry for a slender structure. As the
displacements involved in loading the specimens are typically two orders of magnitude higher than in conventional
JKR tests, the method does not require a very accurate vertical positioning of the probe, but needs a precise
monitoring of the contact area at maximal indentation.

The procedure relies on several assumptions: (i) the adhesion energy for an advancing front is negligible in
comparison with a receding front: γadv � γrec; (ii) while the material response can be non-linear, it must remain
elastic and should not involve any plasticity, visco-elastic dissipation or friction; (iii) during indentation cycles, the
boundary of the contact zone must first advance everywhere during indentation and then recede everywhere during
unloading. This last assumption may fail for the deepest indentations in our experiments: as the shell buckles,
the adhesion front may locally recede even though δ keeps increasing (see Fig. 7 in Appendix B). Visco-elastic
dissipation, or even self adhesion may also occur during this fast change of shape of the shell.

Finally, as this method is independent of the geometrical and mechanical properties of the two materials in
contact (homogeneity, anisotropy), it could be relevant to measure the adhesion energy between complex soft
objects which cannot be assessed through standard JKR tests.
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Appendix A Reference JKR tests on solid hemispheres

Before probing shells, standard JKR tests were conducted on solid hemispheres in order to extract the adhe-
sion energy of VPS elastomers on glass. These hemispheres were readily obtained by molding rigid acrylic shells
(commercial decorating balls). The protocol is composed of three steps:
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Fig. 6 Typical JKR indentation test with a plain shell of VPS 08 (R = 7.5 mm at V = 0.1 mm/min). a Force displacement
curves. Red plot: loading regime where adhesion is negligible as in Hertz classical law. Green plot: unloading regime where
adhesion results in a finite contact area at zero force. b F/a3/2 versus a function of a3/2 in the unloading regime. Following
JKR theory this plot corresponds to a straight line (black line) of slope 4E∗/3R and intercept −2

√
2π E∗γ. We can infer

from this data set the work of adhesion, γ = 0.1 ± 0.05 J/m2

(i) loading at a constant velocity V up to a maximum indentation δm,
(ii) dwelling time tw = 3 min during which the sample is maintained in contact with the substrate,
(iii) unloading at the same velocity V .

A typical force vs displacement plot is displayed in Figure 6a. Two behaviors are successively observed during the
test. In the loading regime, the force follows the classical Hertz law where adhesion is neglected:

FH(δ) =
4E∗

3R

(
δ

R

)3/2

(A1)

where R is the radius of the sphere and E∗ = E/(1 − ν2) is the reduced elastic modulus, with E the Young
modulus and ν the Poisson ratio.

A strong hysteresis is observed during unloading, as adhesion energy tends to retain the contact of the hemisphere
on the substrate. In this regime, the applied force is expected to follow the JKR model, which accounts for
adhesion [2]:

F (a) =FH(a) − 2
√

2πE∗γ a3/2, FH(a) =
4E∗

3R
a3, (A2)

δ(a) =δH(a) −
√

2πγ

E∗ a1/2, δH(a) =
a2

R
, (A3)

where a is the contact radius and γ the work of adhesion. The “H ” subscript refers to Hertz law which is recovered
by turning off the adhesion. Following JKR expression, a plot of F/a3/2 versus a3/2 corresponds to a line of slope
4E∗/3R and intercept −2

√
2π E∗γ. In Fig. 6b we show the result of the unloading process analyzed by using

this equation. We obtain E = 220 ± 1.1 kPa and γ = 0.1 ± 0.05 J/m2, for VPS-08 elastomer. In terms of order of
magnitude, typical values of the displacement and contact radius at no charge and of the maximum pulling force (in

absolute value) are respectively given by δ0 ∼
(

γ2R
E∗2

)1/3

∼ 10µm, a0 ∼
(

γR2

E∗

)1/3

∼ 200µm and Fmin ∼ γR ∼ 4
mN.

Appendix B Buckling

The shells used in our experiments tend to buckle for large values of the indentation. Before buckling, we observe
that the maximum contact area Am varies linearly with the maximum indentation δm (Fig. 7a). This behavior
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Fig. 7 Post-buckling cycles. a Maximal contact area Am as a function of the maximal indentation depth δm for a given set
of cycles. The red line corresponds to the geometrical relation Am = 2πRδm. Note that the maximal contact area slightly
decreases at the onset of buckling. b Integrated work for successive cycles as a function of the maximal area (VPS 08
material: E = 220 kPa, R = 5.0 mm, h � 50µm, Δδ = 100µm, indentation rate V = 0.1 mm/min. Data away from the
straight line correspond to post-buckling cycles

can be described with a simple geometrical relation where adhesion is neglected:

δm = R

(

1 −
√

1 −
(am

R

)2
)

� a2
m

2R
for am � R

where am is the radius of the contact zone (in the absence of buckling). Considering area of contact Am = πa2
m,

we obtain:

Am � 2πRδm (B4)

This expression corresponds to the red dotted line in (Fig. 7a) and is in good agreement with experimental data
before buckling occurs. As a consequence of buckling, the evolution of the work integrated on a cycle does not
follow our theoretical prediction. Buckling induces additional dissipation such as visco-elastic effects during the
fast change of shape of the shell, self adhesion involving friction, heterogeneous adhesion front where some parts
may advance while the other recede (the contact zone may lose its circularity).

Buckling deformations thus constitute a limitation to our procedure. Nevertheless, the corresponding data points
can readily be identified, since the contact area tends to slightly decrease and saturate after buckling.
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27. A.G. Jiayi Shi, S. Müftü, K.-T. Wan, Adhesion of a cylindrical shell in the presence of DLVO surface potential. J. Appl.
Mech. 80, 061007 (2013). https://doi.org/10.1115/1.4023960

28. C. Zhao, X. Chen, W. Shan, K.-T. Wan, Adherence of a hyperelastic shell on a rigid planar substrate. Int. J. Solids
Struct. 236–237, 111351 (2022). https://doi.org/10.1016/j.ijsolstr.2021.111351

29. J.P. Berry, Some kinetic considerations of the Griffith criterion for fracture—I. Equations of motion at constant force.
J. Mech. Phys. Solids 8, 194–206 (1960). https://doi.org/10.1016/0022-5096(60)90038-7

30. D. Maugis, Contact, Adhesion and Rupture of Elastic Solids (Springer, Heidelberg, 2000)
31. S. Vajpayee, C.-Y. Hui, A. Jagota, Model-independent extraction of adhesion energy from indentation experiments.

Langmuir 24(17), 9401–9409 (2008). https://doi.org/10.1021/la800817x
32. W. Noderer, L. Shen, S. Vajpayee, N. Glassmaker, A. Jagota, C.-Y. Hui, Enhanced adhesion and compliance of film-

terminated fibrillar surfaces. Proc. R. Soc. A. Math. Phys. Eng. Sci. 463(2086), 2631–2654 (2007). https://doi.org/10.
1098/rspa.2007.1891

33. C.-Y. Hui, R. Long, Direct extraction of work of adhesion from contact experiments: generalization of JKR theory to
flexible structures and large deformation. J. Adhes. 88(1), 70–85 (2012). https://doi.org/10.1080/00218464.2011.611090

34. A. Lee, P.-T. Brun, J. Marthelot, G. Balestra, F. Gallaire, P.M. Reis, Fabrication of slender elastic shells by the coating
of curved surfaces. Nat. Commun. 7, 1–7 (2016). https://doi.org/10.1038/ncomms11155

35. K. Kendall, Thin-film peeling-the elastic term. J. Phys. D 8(13), 1449 (1975). https://doi.org/10.1088/0022-3727/8/13
/005

36. M.K. Chaudhury, G.M. Whitesides, Direct measurement of interfacial interactions between semispherical lenses and flat
sheets of poly (dimethylsiloxane) and their chemical derivatives. Langmuir 7(5), 1013–1025 (1991). https://doi.org/10.
1021/la00053a033

37. Y. Yu, D. Sanchez, N. Lu, Work of adhesion/separation between soft elastomers of different mixing ratios. J. Mater.
Res. 30(18), 2702–2712 (2015). https://doi.org/10.1557/jmr.2015.242
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