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a Nantes Université, Ecole Centrale de Nantes, CNRS, GeM, UMR 6183, F-44000 Nantes, France
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A B S T R A C T

“Buckle Gum” refers to elastomer matrix composites filled with hollow thermoplastic microspheres (HTM). These 
particles are attracting particular attention for applications involving pressure, since they are capable of 
reversible deformation, unlike their glass counterparts usually used in syntactic foams. This work provides direct 
evidence of this deformation under in situ conditions, using an experimental hydrostatic compression set-up 
embedded in a tomograph. The HTMs buckle at a certain critical pressure, beyond which shrinkage and loss 
of sphericity are observed, characteristic of a post-buckling regime. The resulting volume change across the 
microsphere population appears independent of volume fraction up to 10 bars, and is predominantly governed by 
the response of the largest particles. This observation corroborates hydrostatic compression tests conducted on 
the composite, analysed using an alternative imaging technique. Upon return to ambient pressure, nearly all 
HTMs recover their initial shape and volume without exhibiting damage. Our inverse modelling approach, 
supported by both tomographic and macroscopic experiments, reproduces the microspheres response for pre- and 
post-buckling regimes thanks to two complementary model branches based on the Composite Spheres Assem
blage theory. Even though they cannot yet be unified, they provide a consistent framework for future modelling 
investigations.

1. Introduction

Polymer syntactic foams are innovative materials that have been on 
the rise for a few decades now. Their range of application span many 
industrial sectors, where they offer significant enhancements: improved 
corrosion resistance in automotive parts, lighter structures in aero
nautics, increased buoyancy for offshore purposes, and acoustic stealth 
for a variety of applications including medical and defense [1,2,3,4,5,6]. 
Most studies in the literature have primarily focused on hollow glass 
microspheres (HGM) particles. As the first ones incorporated into syn
tactic foams, they continue to be predominantly used, due to the 
maturity of their manufacturing process and the affordability of their 
raw materials [7,8]. The markedly higher stiffness of glass micro par
ticles results in improved mechanical strength of the composite material. 
In this context, the mechanical behaviour of HGM composites has been 
extensively studied across various matrix materials and under different 
loading conditions [9,10]. Among these, uniaxial and hydrostatic 

compression have received particular attention, through numerous 
experimental investigations [9,11,12,13], supported by FE modelling 
[14,15,16]. These studies revealed that the fragile glass shells fail above 
a certain critical pressure, as observed in situ by X-ray tomography 
[9,17,18,19]. From a macroscopic point of view, this failure manifests as 
a densification plateau in the pressure–volume response once the critical 
pressure is reached [20,21]. The associated damage is irreversible and 
the material does not recover its original properties upon unloading to 
ambient pressure.

Recently, new types of micro-particles have emerged: hollow ther
moplastic microspheres (HTM). These micro particles, whose leading 
manufacturer is Expancel®, are made from an isobutane-expanded tri
polymer [22]. They are particularly relevant when embedded in an 
elastomer matrix, as their use contributes to weight reduction and 
resource efficiency – similarly to HGM [23]. Their distinct mechanical 
response sets them apart from their glass counterparts under severe 
conditions: where HGMs fail above a certain critical pressure, HTMs will 
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buckle. This complex phenomenon manifests as deformation of the 
spheres surface, according to pressure-dependent buckling modes 
[24,25,26]. This behaviour during pressurization, reportedly remaining 
unobserved in-situ for now, provides HTM a significant advantage: the 
microspheres can now undergo cyclic loading beyond their critical 
buckling pressure, without irreversible damage.

Within the elastomer matrix composite, or “Buckle Gum”, this 
reversible behaviour has been observed in uniaxial tension, shear, as 
well as in uniaxial, confined and hydrostatic compression 
[27,28,29,30,31]. Constitutive models describing these materials 
remain scarce and generally fall into two categories. On the one hand, 
phenomenological models were developed for compressible elastomers, 
without specific consideration of HTM composites and the buckling 
phenomenon [32,33]. On the other hand, models integrating the buck
ling of spheres in a continuous (hyper-)elastic medium have been 
developed [34,35,36,37], and compared with experiments [38,39]. The 
main result indicates that the polydispersity in microsphere sizes, along 
with their potential interactions, pose significant challenges to a 
detailed understanding of buckling and the determination of the corre
sponding critical pressures [40,41]. Therefore, progress in modelling 
requires bridging the scales by relating the macroscopic pressur
e–volume response of the material to the buckling of individual 

microspheres.
In this article, we propose to reconcile these scales during a hydro

static pressure cycle, thanks to an X-ray tomography set-up with in situ 
observation, as well as a custom test bench for macroscopic hydrostatic 
tests. As shown in Fig. 1, three steps are considered: the initial state 
before testing, the pressurization, and finally the return to ambient 
pressure. For each of these stages, the response is analysed at the indi
vidual microsphere level, for the collective HTM population, and for the 
composite material as a whole. Finally, thanks to the Composite Spheres 
Assemblage theory of Hashin [42] we present initial attempts to model 
the material response, focusing on pre- and post-buckling regimes and 
their contribution to the composite mechanical behaviour.

2. Experimental methods

2.1. Materials and samples

The materials are polyurethane elastomers filled with various vol
ume fractions of hollow thermoplastic microspheres (HTM). The matrix 
is obtained by polymerization of toluene diisocyanate and polyester 
polyols monomers. The HTM are supplied by Expancel®, and their 
volume fractions specified by the formulator are 5, 10, 15, 20 and 25 %. 

Fig. 1. Methodology to reconcile the material behaviour at all scales.
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For simplicity, the materials will be named after the specified volume 
fractions, even though their effective volume fraction is determined 
subsequently.

2.2. X-ray micro tomography experimental setup and procedure

The experimental setup, shown in Fig. 2, is composed of a tailored 
mechanical testing machine directly embedded in an X-ray tomograph.

The mechanical part consists in exerting hydrostatic pressure on 
material cubes of 2 mm edge length. The samples are glued on a support 
in a water-filled chamber. By controlling the displacement of a trans
lating motor, a piston compresses the water surrounding the elastomer, 
thus exerting an isotropic pressure measured by a sensor located at the 
top of the water column. This assembly is attached to the rotating table 
of the tomograph to image the samples volumes.

In situ volumetric microscopic observations are performed using a GE 
Phoenix v/tome/x s X-ray tomograph. Images are captured by 1200 
projections within 360◦, with a 3 μm3 voxel size at 80 kV tube voltage. 
For these experimental parameters, the acquisition time lasts 15 min per 
pressure level. Exploitable pressure levels differ depending on the ma
terial HTM volume fraction; particularly extensive tests have been per
formed on the 20 %-filled material, up to 40 bars. Image analysis and 
post-processing are detailed in Appendix 1.

2.3. Properties at individual and population scales

Once the HTM are segmented, their volume is calculated from the 
volume of their constitutive voxels. The equivalent diameter ∅eq of a 
HTM follows the hypothesis of perfect spheres: it is the diameter of the 
sphere that has the same volume V, 

∅eq =

̅̅̅̅̅̅̅
6 V
π

3

√

. (1) 

Uncertainties regarding the volume determination have been considered 
under the hypothesis that the uncertainty of voxel detection prevails 
over the voxel resolution one. An isotropic detection uncertainty of ±
0.5 vx has been chosen. Python package PyVista [43] has also been used 
for finely visualising the post-buckling of individual particles.

The distributions of properties among the particles population have 
been chosen to be volume-weighted, to lend weight to the larger mi
crospheres, as the latter occupy a greater volume fraction. A complete 
derivation is documented in [41].

2.4. Density measurement

Materials’ actual volume fractions were determined in a prior work 
[28].

2.5. Macroscopic hydrostatic experiments

Macroscopic hydrostatic experiments have been performed in a prior 
work with a custom experimental set-up [31]. It consists in a gas pres
surization chamber fitted with a digital camera filming the samples. 
Images are then processed using 2D digital image correlation. The ma
terial being considered isotropic, the change in volume is measured 
during pressurization up to 8 bars. These results serve as comparison 
between properties at the “material” and “population” scales.

3. Results and discussion

This section is structured following the methodology depicted in 
Fig. 1. First, an initial characterization of the material at ambient pres
sure sets the ground for deeper analyses. Second, the behaviour of the 
material is examined at all scales, during pressurization. Finally, an 
observation back at ambient pressure allows for assessing reversibility.

3.1. Materials characterization at ambient pressure

The materials are first characterized under ambient pressure. While 
this section does not reveal any unusual findings, which are, however, 
consistent with observations reported in previous studies, it remains a 
necessary step prior to increasing the pressure.

3.1.1. “Individual” scale
Our investigations begin by imaging the microspheres in a sample of 

20 % HTM material, placed in the tomograph before the apparatus is 
pressurized. The 26,544 microspheres of the sample useful area are 
segmented and sorted by increasing volume. Fig. 3 presents a 3D 
reconstruction of one individual per volume decile. The polydispersity 
of sphere sizes is particularly visible, as the smallest particles consist of 
only a few voxels, with volumes more than 1000 times smaller those of 
the largest ones.

3.1.2. “Population” scale
For the 20 % HTM material, Table 1 presents descriptive statistics of 

Fig. 2. In situ tomographic experimental setup.
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the equivalent volumes and diameters for this sample at ambient pres
sure. The particles median diameter, 41.1 μm, is close to the value 
specified by the HTM manufacturer (40 μm) determined by low angle 
laser light scattering [22]. The distribution of particles diameters can be 
found in Fig. 4a, where a histogram depicts the volume weighted 
occurrence frequencies inside 5 μm diameters ranges. The shape of the 
histogram and cumulative frequency curve indicate a normal distribu
tion, which aligns with previous statistical investigations [27,41]. Pa
rameters of a normal law are then fitted for each HTM volume fraction, 
and the corresponding distributions are plotted in Fig. 4b; it reveals that 
the volume fraction has a limited impact on the distribution parameters. 
Moreover, these results are in striking agreement with the ones of Curd 
et al. [41], although their HTM grade is slightly different.

3.1.3. “Material” scale
The actual volume fraction fv of the materials were measured in 

[28]. The results are reported in Table 2. It is important to note that 
these measurements were performed on specimens significantly larger 
than those used for tomography (over 105 larger in volume). As such, 
they fully represent the volume fraction at the scale of an actual part, but 
may differ from the values obtained from smaller tomography samples. 
Overall, the measurements exhibit an acceptable repeatability, with 
values slightly lower to the nominal specifications. This minor discrep
ancy may arise from losses during the manufacturing process.

3.2. Raising the pressure

The behaviour of the HTM material during the pressure ramp is 
analysed with a particular attention paid to the individual scale, in order 
to investigate the buckling phenomenon. Subsequently, the analysis 

progresses to the population scale, and ultimately to the composite 
material as a whole.

3.2.1. “Individual” scale
To visualise the effect of hydrostatic pressure on HTM, four indi

vidual microspheres from Fig. 3 are tracked during the pressure ramp. 
They are chosen to belong to four different deciles of the microsphere 
population, respectively 90–100 %, 70–80 %, 50–60 % and 20–30 %. 
Their morphological transformation is presented in Fig. 5 as a function 
of applied pressure. Qualitatively, a reduction of the particles size can be 
seen, as well as a clear change in shape.

To further explore this behaviour, light is shed on a single HTM: the 
one presented in Fig. 5a. The 3D surface of its constituent voxels is 
reconstructed using a hexagonal mesh via PyVista. In parallel, a volume- 
equivalent sphere is generated based on the particle voxel volume at 
ambient pressure, and centred on the microsphere centre of mass. Both 
representations are superimposed in Fig. 6. For each pressure level, the 
particle is colour-mapped according to the distance between its surface 
and the reference sphere at ambient pressure. While this distance is 
sensitive to the segmentation quality and the degree of smoothing 
applied during surface reconstruction, it remains sufficiently robust to 
observe deformation features. Readers are encouraged to refer to the 

Fig. 3. An HTM individual representative from each decile of the 20 % HTM material.

Table 1 
Descriptive statistics of microspheres volumes and diameters for the 20% HTM material.

Minimum 1st quartile Median Mean 3rd quartile Maximum

Volume V (μm3) 513 19,521 36,396 55206.2 64,557 972,756
Diameter ∅eq (μm) 9.9 33.4 41.1 42.5 49.8 122.9

Fig. 4. (a) Equivalent diameter distribution for the 20 % HTM material. (b) Fitted normal distributions of equivalent diameter, for all volume fractions.

Table 2 
HTM volume fractions.

Specified volume 
fraction (%)

5 10 15 20 25

Volume fraction fv (%) 4.6 ±
0.1

9.3 ±
0.3

13.5 ±
0.2

17.5 ±
0.1

23.2 ±
0.2
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Fig. 5. HTM morphology during pressure ramp: an individual from (a) 90–100 %, (b) 70–80 %, (c) 50–60 % and (d) 20–30 % deciles of the 20 % HTM material.

Fig. 6. Distance of particle reconstructed surface towards the reference equivalent sphere surface at ambient pressure, during the pressure ramp.
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supplementary materials, which contain a 3D animated version of Fig. 6. 
In this version, the particles are rendered as hollow objects, offering a 
more realistic representation of HTM, in contrast to the filled rendering 
used in the paper to enhance visibility in 2D projections.

As pressure increases, the microsphere undergoes a gradual and non- 
uniform shrinkage, with its surface progressively deviating from the 
reference sphere. The deformation is significant, with the volume 
decreasing by over 75 % at 40 bars. Moreover, under pressure, the shape 
of the microsphere deviates from the perfect sphere, as shown in Fig. 7, 
where this time the reconstructed sphere maintains the same volume as 
the microsphere throughout the pressure ramp. A 3D animated version 
of Fig. 7 is also provided in supplementary materials.

To the best of our knowledge, this represents the first in situ obser
vation of HTM deformation in such a material. Yet, can it truly be 
identified as buckling?

To try answering this, we propose to consider the work of Fok & 
Allwright [34]. Based on an energy method with a Rayleigh-Ritz trial 
function, they derived the critical pressure at which the buckling of a 
sphere takes place, 

p(X, n) =
2 Es

3

(
1 + νm

1 − νm

)(

1+
Em(1 − νs)

Es X (1 + νm)

)
(
p1(n)X3 +p2(n)X2 + p3(n)

)
,

(2) 

connecting the microsphere thickness/mean radius ratio X, Young 
modulus Em, Es and Poisson ratios νm and νs, respectively of the matrix 
and the shell, the buckling mode n, and the applied pressure p. The 
functions p1(n), p2(n) and p3(n) are defined as follows: 

p1(n) =
n(n + 1) − (1 − νs)

12 (1 − νs2)
, (3) 

p2(n) =
2

(n − 1)(n + 2)(1 + νs)
, (4) 

p3(n) =
Em

Es

(2n3 − n2 + 3n − 2) − νm(2n3 − 3n2 + 5n + 2)
(n − 1)2

(n + 2)(3n + 2 − 2νm(2n + 1))(1 + νm)
. (5) 

Application of Eqs. (2)-(5) to the microsphere from Fig. 6 involves data 
from a precedent paper, and literature. Both matrix Young modulus Em 
and Poisson ratio νm were determined in [28]. Although the shell 
thickness was not measured, studies on grades similar to the one 
investigated suggest a typical thickness of approximately 0.29  μm 
[23,39], with little dependence on particle size [41]. This facilitates the 
implementation, since the equivalent diameter ∅eq can be used directly 
instead of the ratio X. Microspheres Poisson’s ratio νs and Young’s 
modulus Es have also been proposed in [41]. Table 3 summarizes the 
parameters values, their sources used for substitution into Eq. (2).

Buckling takes place when the minimum pressure, called critical 

Fig. 7. Distance of particle reconstructed surface towards its own equivalent sphere surface, during the pressure ramp.

Table 3 
Parameters values and sources.

Parameter Value Source

Em 6.00 E6 Pa [28]
νm 0.495
Es 1.83 E9 Pa [41]
νs 0.24
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pressure pc, defined as 

pc = arg
p

(
∂p
∂n

= 0
)

, (6) 

is reached. By plotting pc as a function of ∅eq in Fig. 8, it is possible to 
relate the critical pressure and mode of a microsphere to its equivalent 
diameter. Since the predicted critical pressure and mode are sensitive to 
the shell thickness, we allowed it to vary, as commonly done in studies 
on syntactic foams [44,45,46,47]. Specifically, the thickness varies be
tween 0.22 and 0.36, thus encompassing the standard deviation of the 
experimentally measured thickness reported by Curd et al. [41]. Critical 
pressure decreases with increasing microsphere diameter, whereas 
critical mode increases.

For the considered “Sphere a” from Fig. 6, we find a critical pressure 
of 4.2 bars, associated with mode n = 41. The thickness variation leads 
to a 20 % range in critical pressure, and a critical mode spanning from n 
= 35 to n = 55. This means that theoretically, the geoid at 5 bars in Fig. 6
has already undergone buckling, in a mode of high order implying the 
presence of about 20 wrinkles from pole to pole. As explained in the 
following remark, the resolution of the tomography is insufficient to 
clearly visualize such fine-scale deformation at this pressure.

Remark on the detectability of buckling patterns. Building upon 
Hutchinson and Koiter’s work [25,48], the “wavelengths are of the order 
of Λ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∅eqH/2

√
and small compared with ∅eq for thin shells”, with H being 

the shell thickness. In our case, for the largest microsphere diameter and 
the smallest thickness (representing the most favourable scenario), the 
predicted buckling wavelength is Λ = 4.27 μm, which already violates 
the Shannon–Nyquist criterion, as our sampling wavelength is 3 μm (>
Λ/2). More critically, resolving the buckling wrinkles would require a 
tomographic resolution finer than the wrinkle amplitude at the micro
sphere surface, referred to as the deflection in Hutchinson’s work: “much 
of the essential buckling behaviour of thin shells plays out in the range of 
deflections of the order of several shell thicknesses” with amplitudes typi
cally up to five times the shell thickness. Applied to our case, this cor
responds to an approximative amplitude of 1.5 μm, for which our 
sampling wavelength again exceeds the Shannon–Nyquist limit.

For the smallest microspheres, as shown in Fig. 8, the critical buck
ling pressures are higher, and the corresponding buckling modes are of 
lower order, resulting in fewer but thicker wrinkles, which is favourable 
for visual observation of buckling onset. Unfortunately, due to their 
small size, these microspheres also fall below the effective resolution of 
the tomography. Therefore, our analysis is best focused on the largest 
microspheres, which offer the most favourable compromise between 
shrinkage visibility and imaging resolution.

As the pressure ramp progresses, increasingly pronounced surface 
wrinkling is observed in Fig. 6. In fact, for every pressure level above 
ambient pressure, the microsphere is already in a post-buckling state. 
Thus, we observe the in situ post-buckling response of an individual 
microsphere embedded in an elastomer matrix, a configuration that has 

Fig. 8. Critical buckling pressure and mode associated with a given equivalent diameter.
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rarely been explored. This regime is known to be highly complex, as 
transitions between different buckling modes can occur, leading to 
phenomena such as “cascades of buckling thresholds” or “snap buckling” 
[25,36,49]. Moreover, in this non-linear domain, the buckling mode is 
not uniquely defined for a given applied pressure. It is influenced by 
several factors, including the evolution of the microsphere natural cur
vature, the presence of shell imperfections, and interactions with 
neighbouring microspheres [25,26,40]. It is therefore not possible to 
establish a direct correspondence between the geoids in Fig. 6 and an 
ideal spherical mode; however, the post-buckling deformation can still 
be clearly visualized.

3.2.2. “Population” scale
In this section, the influence of pressure on diameter and volume 

change of the whole HTMs population is examined statistically. Then, 
building on the previous section, it is investigated whether all micro
spheres contribute equally to the properties of the population or if 
certain individuals dominate the overall response.

Pressure influence on microsphere size and shape.
The change in equivalent diameter ∅eq during the pressure ramp is 

examined for a single HTM rate of 20 %, shown in Fig. 9a. The diameter 
distribution is represented using box plots, with the box edges indicating 
the first and third quartiles, along with markers for the median and 
mean. All these indicators clearly show a decrease in ∅eq during the 
pressure ramp, which aligns with visual observations in Fig. 6. This 
decrease is accompanied by a narrowing of the interquartile range, thus 
concentrating the distribution around the median. Attention can be paid 
on the median diameter, while extending the scope to all HTM rates, as 
shown in Fig. 9b. The evolution of this characteristic with increasing 
pressure appears consistent across all formulations, suggesting that it is 
independent of the volume fraction up to 10 bars. As detailed in Ap
pendix 2, regarding the microspheres shape, a plateau in sphericity is 
observed, with changes only above 15–20 bar while sphericity remains 
high, in accordance with Fig. 7.

Pressure influence on change in volume.
The volume ratio V/V0 of the microsphere population is considered 

during the pressure ramp. For the 20 % HTM material, Fig. 10a shows a 
monotonic decrease in this ratio, explained by the loss of volume by 
shrinkage of the spheres. The intensity of this change is significant: it 
reaches less than 75 % of the initial volume, which is consistent with 
observations made in Fig. 6. This behaviour is clearly independent of the 
volume fraction up to 10 bars, as shown in Fig. 10b.

Nevertheless, Fig. 9 and Fig. 10 exhibit an inflection of the curve: 
there is a relatively slow variation at low pressures followed by an 
increasing slope, with a smooth transition. This behaviour evokes the 
post-buckling transition of spheres, beyond which the change in volume 
would intensify. As the transition appears to occur around 5 bars, which 
according to Fig. 8 corresponds to the magnitude of critical pressures for 

the largest microspheres encountered in this sample, a key question 
arises: do all the microspheres contribute equally to the changes in 
material properties under pressure, or do certain microspheres, partic
ularly the largest ones, dictate the overall response?

Which microspheres drive the change in volume?
Respective contributions of each volume decile to microspheres total 

volume are examined throughout the pressure ramp. They are shown in 
Fig. 11, where each shade of orange corresponds to the volume pro
portion occupied by a decile. 10 % of the largest spheres represent 40 % 
of the volume; it rises to 87 % if the 50 % largest spheres are considered. 
These proportions are fairly stable as the sample is pressurized, although 
the contribution of the largest spheres decreases slightly at high pres
sure. Thus, the total change in volume appears to be primarily governed 
by the largest spheres in the sample.

To substantiate this observation, Fig. 12 reproduces Fig. 10a by 
isolating the respective contributions of each decile. The black curve 
replicates the global response from Fig. 10a, while the coloured curves 
corresponding to each decile are superimposed, allowing a direct com
parison of their individual influences. The behaviour differs depending 
on the considered decile, as microspheres of small volumes have a less 
pronounced evolution than the larger ones. This is easily explained in 
light of the critical pressures exhibited in Fig. 8: the smaller the size of 
the spheres, the later the buckling occurs, resulting in a more gradual 
volume change. Conversely, as the microspheres size increases, the 
volume loss under pressure becomes more abrupt, with the response 
increasingly resembling the global curve: the largest spheres dictate the 
overall behaviour of the material. Nevertheless, the inflection observed 
in Fig. 9 and Fig. 10 can now be confidently attributed to the buckling of 
the larger microspheres. This transition is smooth because of the poly
dispersity of HTM sizes, whose critical buckling pressure is spread over a 
range of pressures.

Having understood the effects and implications of the transition from 
the pre-buckling to the post-buckling regime at the HTM population 
scale, we now aim to bridge the gap between the scales by comparing the 
previous results with mechanical tests conducted on the Buckle Gum.

3.2.3. “Material” scale
Results of volume change at HTM population scale, obtained in 

Fig. 10, are plotted in Fig. 13 as coloured triangles for each volume 
fraction. They are compared with the results obtained on a custom test 
bench, in which hydrostatic compression is also performed, but using a 
different imaging technique [31]. In this test, digital image correlation 
provides the macroscopic response of the (matrix + HTM) composite. 
The longitudinal εxx and transverse εyy small strain tensor components 
are measured on the end-surface of a composite sample (2D measure
ments). The corresponding change in volume is then estimated from the 
trace of strain tensor (see [31] for technical details) 

Fig. 9. (a) Descriptive statistics of equivalent diameter during pressure ramp for the 20 % HTM material. (b) Median equivalent diameter change as a function of 
pressure, for all volume fractions.
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Ṽ
Ṽ0

= 1+
3
(
εxx + εyy

)

2
. (7) 

However, in this case, the composite volume change cannot be directly 
compared with that obtained from the tomography. Indeed, the left- 
hand side ratio in Eq. (7) encompasses the volumes of both the matrix 
and the microspheres. To isolate the contribution of the microspheres, 
we assume an incompressible matrix, thereby attributing the entire 

volume change to the one of the microspheres. Under this assumption, 
the normalized volume change δ is 

δ = 1+
3
(
εxx + εyy

)

2fv
, (8) 

where the volume fraction fv has already been given in Table 2. Data 
associated with each fv is shown as curves in Fig. 13, where δ can be 
compared with the volume change of the microspheres obtained in to
mography. Despite some deviations, both types of tests reveal similar 
trends, with a decrease in the ratio, along with an intensification 
occurring before reaching 5 bars. The normalized volume change 
measured on the composite therefore closely follows that of the micro
spheres for all investigated volume fractions, suggesting that, within this 
pressure range, attributing the deformation solely to the microspheres is 
a relevant assumption.

3.3. Returning back to ambient pressure

Quantitative volume measurements of the microspheres before and 
after the pressure cycle are provided in Table 4. Volume changes remain 
below –5% for individual spheres and decrease to –2.3 % when 
considering the entire population, indicating limited overall variation. It 
is highly likely that these differences decline further if the material re
laxes at ambient pressure before measurement (which was not the case 
here). This is consistent with the visual examination presented in Ap
pendix 3, that does not reveal any notable difference in microspheres 
shape before and after pressurization. Nevertheless, it must be 
acknowledged that the present analysis focuses on the remanent volume 
change of the microspheres only, without accounting for the 

Fig. 10. HTM total volume change during pressure ramp for (a) the 20 % HTM material, and (b) all volume fractions.

Fig. 11. Deciles volume share in the total HTM volume, as a function of pressure, for the 20 % HTM material. Dashed lines are guides for the eyes.

Fig. 12. Volume change of each decile during pressure ramp, confronted with 
total HTM volume change, for the 20 % HTM material.
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microsphere–matrix interface. Investigating the potential interfacial 
damage under repeated pressure cycles will be the subject of future 
work.

These results demonstrate an exceptional reversibility in the 
response of HTM, which are able to recover their entire volume without 
damage, despite the severe post-buckling observed in Fig. 6 and Fig. 7. It 
aligns with the high elastic recovery already evidenced for similar ma
terials [30,50].

4. Preliminary modelling investigations

While several models have been proposed in the literature, only a 
few have been compared with experimental data, especially at the mi
crospheres scale. In the following, we propose some insights for the 
mechanical modelling of the Buckle Gum.

As shown above, the volume change of the thermoplastic spheres is 
in agreement with the response of the composite during the pressure 
ramp. During this loading sequence, microspheres experience three 
successive deformation regimes: pre-buckling, buckling and post- 
buckling. While the change in volume could, in principle, be modelled 
independently within each regime, combining these contributions into a 
unified model for a polydisperse composite remains a considerable 
challenge. In the following, preliminary modelling developments for 
pre- and post-buckling regimes are proposed separately.

As illustrated in Fig. 14, the Buckle Gum can be considered as a 

Fig. 13. Volume change during pressure ramp for all volume fractions, by means of two independent experimental protocols.

Table 4 
Microspheres change in volume after the pressure cycle.

Microsphere a b c d Population

Change in volume − 1.3 % − 4.3 % + 0.4 % − 2.3 % − 2.3 %

Fig. 14. Hashin’s “Composite Sphere Assemblage” [51], adapted for hol
low inclusions.
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distribution of “Composite Spheres (CS)” made of hollow thermoplastic 
shells of thickness H (dashed) embedded in elastomer spheres (plain 
white) of internal and external radii A and B, such that 

A/B = fv
1/3. (9) 

This construction, referred to as the “Composite Sphere Assemblage 
(CSA)”, was first introduced by Hashin for linear elastic matrices and 
inclusions [51]. In this model, all microspheres admit the same wall 
thickness ratio: 

X = H/A (10) 

4.1. Pre-buckling regime: A linear elastic composite

First, the focus is laid on the pre-buckling regime. Specifically, we 
aim to evaluate whether the averaged shell properties optimized from 
macroscopic hydrostatic measurements are in agreement with the ma
terial microstructure. If so, an equivalent monodisperse material can be 
defined to effectively represent the pre-buckling behaviour, providing a 
practical framework for design and prediction.

4.1.1. Bulk modulus
Case of thick spherical spheres: .H = A
In the particular case of solid inclusions, Hashin’s theory provides an 

exact analytical expression for the effective bulk modulus K*: 

K* = Km + (Ks − Km)
fv(3Km + 4Gm)

3[fv Km + (1 − fv )Ks ] + 4Gm
, (11) 

where Km and Ks are the bulk moduli of the matrix and solid spheres, 
respectively, and Gm is the matrix shear modulus. This expression is 
independent of the microsphere size distribution.

Case of hollow spherical shells:.H < A
The case of hollow inclusions, illustrated in Fig. 14, was later 

formulated by Lee and Westmann [52] as a straightforward extension of 
Hashin’s work, and reworked ever since [53]. The effective bulk 
modulus K* is then expressed as 

K* = Km
δms(1 + fvγm) + ks γm(1 − fv)

δms(1 − fv) + ks(γm + fv)
, (12) 

with 

γm =
4Gm

3Km
; ks =

4Gs

3Ks
+(1 − X)3

; δms =
4Gs

3Km

[
1 − (1 − X)3

]
, (13) 

where Gs is the shear modulus of the microspheres material.
Case of hollow spherical shells: H < A with incompressible matrix.
When the matrix is assumed incompressible, (Km→ + ∞), Eq. (12)

simplifies to 

K* =

4Gs
3

[
1 − (1 − X)3

]
+ 4Gm

3

[
4Gs
3Ks

+ (1 − X)3
]

(1 − fv)

[
4Gs
3Ks

+ (1 − X)3
]

fv

. (14) 

Finally, in the pre-buckling regime, the volume change of the composite 
can be calculated as 

Ṽ
Ṽ0

= 1 −
p
K*, (15) 

where p is the applied pressure and K* is given by Eq. (14).
In the following, the effective bulk modulus K* of Eq. (14) is used to 

determine optimized shell properties under the assumption of an 
equivalent monodisperse distribution of microspheres.

4.1.2. Estimated homogenized shell properties
The applicability of Eq. (14) must first be carefully inspected. As 

noted earlier, it is strictly valid only for a constant X, i.e. when shells 
thickness H scales proportionally with the internal radius A. However, as 
shown in [41] and discussed in Section 3.2.1, H exhibits little depen
dence on the particle size in the Buckle Gum. This implies that the model 
is effectively valid only for a fixed microsphere radius A, corresponding 
to a monodisperse approximation of the actual microsphere radius 
distribution.

Within this framework, homogenized shell properties can be esti
mated in two ways: either by fixing the shell thickness from Curd et al. 
[41] and adjusting the particle radius to match the bulk modulus from 
mechanical tests, or by using the particle radius from our tomography 
data and adjusting the shell thickness accordingly. Motivated by the 
work of Yousaf et al. for uniaxial tension and the Generalized Self- 
Consistent Method (GSCM, [38,41]), we adopt here the second 
approach, which leverages measured particle sizes and calibrates the 
shell thickness to reproduce the macroscopic bulk response.

Fig. 15 illustrates the determination of the homogenized shell 
thickness by plotting the bulk modulus K* as a function of the equivalent 
microsphere diameter ∅eq. K* values decrease with increasing volume 
fraction, reflecting that the combination of elastomer matrix and mi
crospheres moves the response away from a purely incompressible 
matrix. This trend is observed for both the experimental and the 
modelled values. Particular attention should be paid to the intersections 
between experimental and estimated K* curves: for a given volume 
fraction, this intersection reveals the (A, H) pairs for which the model 
reproduces the experimental results. In other words, it defines the shell 
properties for which the monodisperse model is mechanically equivalent 
to the real polydisperse composite. Remarkably, the intersections always 
fall within the light-shaded envelope, i.e., within one standard deviation 
around the median equivalent diameter ∅eq. As the shell thickness H 
varies, the intersect shifts, and for a moderate decrease of H, it ap
proaches ∅eq. This allows the determination of an optimal shell thick
ness Hopt, for which the experimental and estimated K* values match 
exactly at ∅eq. The corresponding values of K*, ∅eq and Hopt are reported 
in Table 5.

The optimized shell thickness is revealed independent of the 
microsphere volume fraction and ranges from 0.22 to 0.24 μm. This 
observation is consistent with expectations, since the shell thickness 
should primarily depend on the manufacturing process rather than the 
microsphere concentration. When compared to the experimental mea
surements of Curd et al. (Fig. 5 in [41]), our estimated values lie in the 
standard deviation, although slightly lower. In contrast, they are in 
striking agreement with the optimized shell thicknesses identified in 
uniaxial tension by Yousaf et al. [38].

Thus, the present Composite Sphere Assemblage monodisperse 
model calibrated against our macroscopic experiments provides a real
istic representation of the actual microsphere geometry and effectively 
captures the material response in the pre-buckling regime.

4.2. Post-buckling regime: A hyperelastic material with pores

As the applied pressure increases, each microsphere eventually rea
ches its critical buckling pressure pc. Similarly than in the model pro
posed by De Pascalis et al. [35], it is considered that beyond this pressure 
the microsphere has no more stiffness. Thus, the Composite Spheres 
Assemblage of Fig. 14 reduces to elastomer spheres surrounding pores. 
Following Hashin’s approach applied to large strain elastic material 
[54], after buckling of all microspheres the material behaviour is driven 
by the mechanical response of a thick spherical shell, of outer radius B and 
inner radius A = B × fv

1/3 (Eq. (9)), subjected to external hydrostatic 
pressure.

To derive this response, let first define the stretch ratios λa and λb at 
inner and outer radii, respectively, 
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λa =
a
A

, λb =
b
B
, (16) 

where a and b are the deformed inner and outer radii, respectively. 
Assuming incompressibility, stretch ratios are related by 

λa =

(
λb

3 − 1
fv

+ 1
)1/3

, (17) 

where fv now corresponds to the volume fraction of porosities. For 
the solution to remain physically admissible, λa should remain positive.

According to De Botton et al. [55], the relationship between the 
hydrostatic pressure above critical pressure, Δp = p − pc, applied on the 
elastomer sphere outer radius B and its deformation can be written as 

Δp =

∫ λb

λa

dW
dλ

1
λ3 − 1

dλ, (18) 

where λ is the circumferential stretch ratio in the elastomeric sphere, 
and W is the strain energy density of the elastomer matrix expressed in 
the special case of hydrostatic deformation. Here, the strain of the 
elastomer matrix being moderate, the neo-Hookean model is adopted for 

W. The shear modulus being denoted μ, the complete complete deriva
tion of Eq. (18), detailed in Appendix 4, yields to 

Δp = 2μ
[

1
λa

+
1

4 λa
4 −

(
1
λb

+
1

4 λb
4

)]

. (19) 

As emphasized above, Eq. (19) is only valid above the critical pres
sure pc. This implies that, in theory, this equation is valid from the 
deformed Composite Sphere Assemblage at the very end of the pre- 
buckling stage. In fact, determining this exact configuration is difficult 
because of the progressive buckling of the microspheres. In order to 
investigate the relevance of this post-buckling model, we adopt the 
hypothesis that the deformation due to pre-buckling is small enough not 
to be taken into account, thus that the “buckled state” has λa and λb so 
close to unity that it can be considered equal to the “initial state”, for 
which δ = 1. Note that this assumption is mandatory to directly apply 
the Composite Sphere Assemblage theory proposed in [54]. By doing so, 
the normalized change in volume reduces to 

δ = λa
3. (20) 

It is the change in volume of the inner elastomer radius, in other words 
the cavity with the buckled microsphere. By solving numerically Eq. 
(19), δ is calculated as a function of the change in pressure Δp. To 
determine the absolute pressure p, the curves δ vs. Δp must be shifted by 
the critical pressure. For this purpose, we rely on the work of [31], who 
identified the onset of buckling by detecting the maximum slope vari
ation of the continuous experimental curves. They report a critical 
pressure of approximately 4.0 bars for all volume fractions (see their 
Table 3), which remarkably coincides with our critical pressure calcu
lated for the largest spheres in Section 3.2.1. These values are used to 
horizontally shift the post-buckling curves so that the intersection with 
the pre-buckling regime occurs at 4 bars.

With this pressure shift, the model approaches the experimental 

Fig. 15. Bulk modulus as function of equivalent diameter for all volume fractions. For each volume fraction, a light-shaded envelope representing standard deviation 
σVf is drawn around the median diameter ∅eq determined from Fig. 4b. A darker, narrower, envelope encompasses a ± 1 % variation around this median value. Black 
horizontal dashed lines correspond to the experimental values of K* obtained from macroscopic hydrostatic tests on the composite materials, while the coloured 
curves represent the estimated K* values calculated from Eq. (14), with different linestyles corresponding to the tested thicknesses H.

Table 5 
Optimized monodisperse shell properties matching experimental bulk modulus.

Specified volume 
fraction (%)

Bulk modulus 
K* (MPa)

Median equivalent 
diameter ∅eq (μm)

Optimized 
thickness Hopt 

(μm)

5 429.9 40.3 0.22
10 229.2 41.4 0.24
15 148.2 41.7 0.23
20 113.9 41.1 0.23
25 82.7 41.7 0.22

H. Madeira et al.                                                                                                                                                                                                                                Materials & Design 260 (2025) 115234 

12 



curve at the onset of the post-buckling regime. However, as the pressure 
increases, the deviation between the model and the experimental data 
becomes more pronounced. In fact, this discrepancy arises because the 
model is a clear simplification of the post-buckling response. Especially, 
loss of spherical symmetry and influence of the pre-buckling regime 
were neglected, which are admittedly strong assumptions deserving 
deeper analysis.

4.3. The challenge of post-buckling onset

As shown in Fig. 16, if the pre-buckling satisfactorily reproduces the 
experimental curve, the post-buckling model fails to capture both the 
onset of this phenomenon and the corresponding critical pressure. 
Moreover, the compatibility of the predictions for both regimes should 
be discussed.

The pre-buckling model is based on a mechanically equivalent 
monodisperse material, for which buckling theoretically occurs at a 
single critical well-defined pressure, resulting in an abrupt slope change 
in the response curve. This is not what is experimentally observed: in 
reality the microspheres buckle progressively depending on their size 
ratio X , as shown in Fig. 8. As a consequence, the actual transition 
between pre- and post-buckling regimes is smooth, with a gradual 
change in curvature of the pressure–volume curves. This effect is 
induced by the microsphere distribution polydispersity, which renders 
difficult the definition of a precise critical pressure. In addition, the 
tomography resolution does not allow for a precise identification of this 
threshold neither, making it challenging to consistently unify the pre
dictions of pre- and post-buckling in the neighbourhood of the critical 
pressure.

Finally, accurately capturing the progressive contribution of buckled 
microspheres, and integrating this progressive response with respect to 
their size remains a challenging task that will be addressed in future 
work.

5. Conclusions

In this article, the behaviour of the Buckle Gum, an elastomer matrix 

composite filled with hollow thermoplastic microspheres, was investi
gated: we observed the mechanical response of this material under hy
drostatic compression thanks to an experimental set-up embedded in a 
tomograph.

Owing to tomographic resolution, the observations were limited to 
the post-buckling regime, where in situ imaging revealed the deforma
tion of HTM under increasing pressure. This regime occurs after reach
ing a critical pressure depending on the geometry of the considered 
microsphere. It causes a gradual shrinkage of the particle and deviation 
from perfect sphericity. The buckling of an increasing number of mi
crospheres lead to volume change of the whole population. Among its 
constituents, the largest microspheres are responsible for the majority of 
the population volume, and thus dictate the overall behaviour. These 
tomography findings are consistent independently of the HTM volume 
fraction at least up to 10 bars, and are corroborated by macroscopic 
mechanical experiments on the composite material. HTMs exhibit a 
remarkable recoverability of their initial volume after a pressure cycle. 
Contrary to hollow glass microspheres, no persistent damage is reported 
for HTM when returned to ambient pressure, although potential inter
facial debonding should be further investigated.

The exceptional properties of the Buckle Gum hold significant po
tential for pressure-related applications. Whereas previous models have 
rarely been confronted with experimental data, our inverse modelling 
approach has been applied to Composite Spheres Assemblage models for 
both pre- and post-buckling regimes. It satisfactorily approximates the 
material response across all volume fractions for both regimes, but fail to 
predict the critical pressure. Future work will aim to unify these for
mulations and address the remaining challenges associated with 
microsphere polydispersity.
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Appendix 1:. Image analysis post-processing

Raw images at a given pressure level reconstruct a 1200 × 1200 × 1200 μm3 volume. They are post-processed to separate the HTM from the matrix 
and from each other. These operations, performed with Fiji [56], follow the flowchart presented in Fig. A1.

Fig. A1. Post-processing operations performed on tomographic images.

First, several pre-processing operations are performed to prepare the images thresholding. The volume is cropped to 500 × 500 × 500 μm3 to 
eliminate boundary effects, without affecting statistical representativeness. The grey histogram is stretched to enhance contrast, then a 3D median 
filter is applied to reduce noise, while conserving HTM edges. By the end of the pre-processing, thresholding is performed to convert greyscale images 
to binary ones. Second, binary operations are performed to refine the segmentation, starting with an opening and the filling holes operation. Finally, 
particles are separated from each other using MorphoLibJ’s 3D watershed algorithm with a city-block distance map [57]. Each HTM is labelled and its 

useful geometric properties are determined, namely the particle volume V, as well as the smallest encompassing ellipsoid volume V
⏜ 

and surface areaS
⏜
, 

calculated by Crofton’s method.

Appendix 2:. Pressure impact on sphericity at HTM population scale

Deviation from perfect sphericity is quantified using Wadell sphericity ψ calculated from the smallest encompassing ellipsoid volume V
⏜ 

and surface 

area S
⏜ 

of each individual microsphere:

ψ =
π1/3(6×V

⏜
)

2/3

S
⏜ . (A2-1).

The change in sphericity is plotted in Fig. A2a for the 20 % HTM material during the pressure ramp. A ψ plateau is observed, with an evolution that 
only seems to start from 15-20 bar, while remaining on high sphericity values. This seems fairly consistent with what can be observed qualitatively on 
Fig. 7, with particles starting to move away from perfect sphericity at similar pressures while remaining relatively spherical. Furthermore, the mean 
value appears to be distant from the other statistical indicators: this effect is likely due to the smallest microspheres (below first quartile), whose poor 
voxel resolution artificially lowers the mean. As shown in Fig. A2b, the values of ψ are similar whatever the volume fraction considered. As the 
experiments did not exceed 15 bars for the other formulations, it is difficult to discuss the independence of the sphericity drop towards volume 
fraction. 
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Fig. A2. (a) Descriptive statistics of sphericity during pressure ramp for the 20 % HTM material. (b) Median sphericity changes as a function of pressure, for all 
volume fractions.

Appendix 3:. Visualization of microspheres before and after pressure cycle

Fig. A3 shows the four microspheres already presented in Fig. 5, before and after the pressure cycle. Visual examination does not reveal any notable 
difference: the microspheres recover their initial shape.

Fig. A3. Individuals from the (a) 90-100 %, (b) 70-80 %, (c) 50-60 % and (d) 20-30 % deciles of the 20 % HTM material, before and after a pressure cycle.
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Appendix 4:. Derivation of eq. (18)

The Neo-Hookean strain energy density in the special case of hydrostatic deformation writes 

W =
μ
2

(

2λ2 +
1
λ4 − 3

)

, (A4-1) 

with μ the shear modulus of the material and λ is the circumferential stretch ratio. Hence, 

dW
dλ

= 2μ
(

λ −
1
λ5

)

, (A4-2) 

and partial fraction decomposition of Eq. (18) yields 

Δp =

∫ λb

λa

2μ λ6 − 1
λ5( λ3 − 1

) dλ . (A4-3) 

Integration of Eq. (A4-3) leads to Eq. (19).

Appendix 5. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.matdes.2025.115234.

Data availability

Because of the sensitive nature of the industrial application, authors 
do not have permission to share raw data. However, codes and image 
analysis macros will be made available on demand.
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