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Precise measurements of capsule mechanical proper-
ties using indentation†

Joseph D. Berry,∗ab‡ Srinivas Mettu,ab and Raymond R. Dagastineab¶

Application of elastic theory to experimental data of cap-
sule and particle compression under-predicts the value of
material properties such as the Young’s modulus by up to
100% when the effect of the rigid substrate is neglected, as
is commonly done in the literature. Results of numerical
simulations, spanning the range from thin-shelled capsules
to solid particles, are presented in terms of correction fac-
tors that account for the substrate. In addition, the scaling
relationship between indentation force and displacement is
characterised for arbitrary shell thicknesses and indenter
radii.

The elasticity of materials is of fundamental importance to a
wide range of engineering applications. The resistance of a ma-
terial to elastic deformation is known as the “Young’s modulus”,
denoted by E, a quantity defined in the 18th century by Euler
and first used experimentally by Riccati in 17821. A common re-
peatable and non-destructive method of determining the Young’s
modulus of materials is the indentation test2,3, whereby the ma-
terial is subjected to a prescribed load, the subsequent indenter
displacement is measured, and E is calculated from the force-
indentation data. Indentation of O(mm) thick films is carried
out by macroscale indenters. However, with miniaturization of
technologies, the need for controlled indentation of micron-scale
objects such as particles and capsules has arisen.

Atomic Force Microscopy (AFM) has been used with great suc-
cess to measure the moduli of microscale objects4,5. Cells6, mi-
croparticles7, or microcapsules8 are indented by a distance of
nanometres using either nano-indenters, colloidal probes, or AFM
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cantilever tips to determine material properties. This type of mea-
surement is of fundamental importance in many biological, phar-
maceutical, personal-care products and food processing applica-
tions. Accurate measurements of stiffness are crucial to determine
if drug-delivery capsules are bio-compatible, or to define robust-
ness in various processes associated with pressure sensitive adhe-
sives, fragrance or flavour delivery and newer technologies such
as self healing materials9. In particular, stiffness has been corre-
lated to the disease state of a cell10 and cells have been shown
to be extremely sensitive to the stiffness, and hence the modulus,
of materials11,12. Further, softer particles have been shown to
be able to circulate longer within the bloodstream, due to their
ability to deform through narrow vessels, and also evade immune
system phagocytosis more effectively than stiffer particles13.

In most cases, calculation of the stiffness and associated elastic
moduli of thin-shelled micro-capsules and particles is analysed
using the theory of Reissner14. and Hertz15 respectively. For a
given indentation δ (less than the shell thickness h), the force
F on a thin shell capsule of radius R, Young’s modulus E and
Poisson’s ratio ν is defined using Reissner’s formula as

F =
4Eh2δ

R
√

3(1−ν2)
(1)

The application of Equation 1 is appropriate for capsules with
shell thickness ratio h/R < 1/2016. Similarly, the force on a par-
ticle as a function of (small) applied indentation was defined by
Hertz in 1882 as

F =
4ER̄

1
2 δ

3
2

3(1−ν2)
(2)

Here R̄ = RpR/(Rp +R) is the effective radius of the probe radius
Rp and the particle radius R. Equation 2 is valid when the Young’s
modulus of the indenter Ep is much greater than E, otherwise the
effective Young’s modulus must be used17.

Almost all analysis of experimental force-indentation data con-
ducted in the literature neglects to account for the indentation
of the particle or capsule due to the presence of the solid sub-
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Fig. 1 Schematic showing a typical experimental setup for the
indentation of a capsule using Atomic Force Microscopy. A capsule of
radius R, shell thickness h, Young’s modulus E, and Poisson’s ratio ν is
indented by a distance δafm with a probe of radius Rp attached to a
cantilever. The deflection of the cantilever is used to calculate the force
F exerted on the capsule. The substrate on which the capsule rests
indents the capsule by a distance δs. The effective indentation
experienced by the capsule can be calculated from δeff. = δafm −δs,
where δs can be determined by measuring the distance moved by a
point on the centreline of the capsule.

strate. As shown in Figure 1 the compression of a capsule or
particle leads to deformation at both the top of the capsule or
particle as well as at the bottom adjacent to the substrate. Thus,
the indentation measured via the AFM cantilever deflection, des-
ignated as δafm, is the sum of both the indentation caused by the
substrate δs and the effective indentation δeff.. The AFM measure-
ment alone does not provide sufficient information to separate
the two components of the deflection. The substrate indentation
δs can be determined a posteriori by measuring the distance the
capsule or particle moves during the indentation process (also δs),
commonly by choosing a point along the centreline of the capsule
or particle.

Using the effective indentation rather than the measured inden-
tation in the analytical formulae of Hertz and Reissner gives the
correct solution. Two examples of this are shown in Figure 2a)
& b) for a thin-shell capsule and a solid particle respectively, cal-
culated using a numerical simulation of the indentation process
(see Supporting Information for further details of the numerical
simulations). It is clear that both the capsule and the particle
appear softer than they actually are if the measured indentation
is used in the analysis. As a consequence, naïve application of
Reissner or Hertz theory in the analysis of experimental force-
indentation data results in significant under-estimation of shell
and particle material properties. Correction factors that account
for the substrate indentation have been derived analytically for
soft micro-particles17 (h/R = 1), defined in terms of the indenter
radius ratio Rp/R as

C =
δeff.

δafm

=
[(Rp/R)+1]

1
3

[(Rp/R)+1]
1
3 +(Rp/R)

1
3
. (3)

A derivation of this expression is included in the Supporting Infor-
mation. However, correction factors for capsules (h < R) are not
amenable to theoretical analysis. Hence, in this communication
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Fig. 2 Applied force as a function of measured indentation δafm (closed
symbols) and effective indentation δeff. (open symbols) for a) a thin
capsule of radius R = 10 µm and shell thickness h = 100 nm (h/R = 0.01)
and b) a solid particle (h/R = 1) of radius R = 10 µm. c) Normalised
force-indentation curves for fixed indenter radius ratio Rp/R = 0.1 for
various values of shell thickness ratio h/R. The analytical solutions of
Hertz (Equation 2) and Reissner (Equation 1) are shown with dashed
lines. The material properties are Young’s modulus E = 1.9 GPa and
Poisson’s ratio ν = 0.4.
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we use numerical simulations to characterise the correction fac-
tors required to calculate the effective indentation from the mea-
sured indentation over the range of shell thicknesses from thin
shell capsules to solid particles, spanning the gap between the
two limits of Reissner (h/R � 1) and Hertz (h/R = 1). In addition,
we determine the appropriate variation of force with indentation
necessary to obtain precise estimates of material properties.

It is important to recognise that Reissner and Hertz theories
are solutions at the two opposite limits of the shell thickness ratio
h/R. Indeed, the Reissner and Hertz formulae can be written in
non-dimensional form as

F
√

3(1−ν2)

(h/R)3 4ER2
=


δ/h for h/R � 1

(R̄/R)
1
2 (δ/h)

3
2√

3(1−ν2)
for h/R = 1

(4)

Figure 2c) shows the transition from thin shell capsule indenta-
tion (Reissner solution) to solid particle indentation (Hertz solu-
tion) as h/R increases from 10−2 to 1, for the indenter radius ratio
Rp/R = 0.1.

We can rewrite Equation 4 in a more general, and more useful,
form:

F
√

3(1−ν2)

(h/R)3 4R2
= Eβ

(
Cδafm

h

)α

, (5)

noting that Reissner’s solution (h/R � 1) gives β = 1 and α = 1,
and, Hertz’s solution (h/R= 1) yields β = (R̄/R)

1
2 /
√

3(1−ν2) and
α = 3/2. Equation 5 can be used to calculate the Young’s modulus
of a capsule of arbitrary shell thickness ratio h/R from experimen-
tal force-indentation data, using appropriate values of the correc-
tion factor C, coefficient β , and scaling exponent α. Through
numerical simulation, we now proceed to outline how these (in-
dependent) parameters vary as functions of shell thickness ratio
h/R, indenter radius ratio Rp/R, and Poisson’s ratio ν . We found
that the Poisson’s ratio had very little effect on the three parame-
ters (Figure S3 in the Supporting Information). Consequently, for
clarity we present the results for a fixed Poisson’s ratio ν = 0.4.

The correction factor C as a function of shell thickness ratio
h/R is shown in Figure 3, for four different indenter radius ratios.
Slight variation of the correction factor C was observed with in-
creasing measured indentation δafm (Figure S2 in the Supporting
Information). The results here are presented for fixed normalised
measured indentation δafm/R = 0.05, with no loss of generality.
The solid green line indicates the constant correction factor of
C = 0.5 for an indenter radius ratio Rp/R = ∞, corresponding to a
symmetric compression between two parallel plates. The dashed
lines depict the analytical solution for a solid particle (h/R= 1) for
the indenter radius ratios shown17. For small shell thickness ra-
tios the correction factor is insensitive to the probe radius magni-
tude, in agreement with the independence of the Reissner theory
to indenter radius. Interestingly, Reissner derived the relation-
ship assuming a concentrated point load, but it has been shown
that the theory is valid for any indenter radius18. For small shell
thickness ratios the correction factor is of size C ∼ 0.5. As h/R in-
creases the indenter radius ratio begins to become important, and
the correction factor increases above 0.5. For h/R = 1 the simula-
tion results match the analytical solution of Glaubitz et al. 17 for
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Fig. 3 Correction factor C = δeff./δafm as a function of shell thickness
ratio h/R for indenter radius ratios Rp/R = 0.02, 0.1, 1, and ∞. The solid
green line indicates the constant correction factor of C = 0.5 for
Rp/R = ∞. The normalised measured indentation is δafm/R = 0.05. The
dashed lines at h/R = 1 are the analytical solutions of Glaubitz et al. 17

(Equation 3) for solid particles for the indenter radius ratios depicted.

solid particles. An interesting observation is that the correction
factor is sensitive to indenter radius ratios Rp/R . 1, but is close
to the high indentation radius limit value of C = 0.5 for indenter
radius ratios greater than unity.

Figure 4 shows the variation of the coefficient β and the scal-
ing exponent α with shell thickness ratio h/R, for three different
indenter radius ratios. Also shown are the experimental results of
Sarrazin et al. 19 , measured using oil-filled polymer (poly(lactide-
co-glycolide), PLGA) microcapsules. The scaling exponent α in-
creases monotonically from 1 to 1.5 as the shell thickness ratio
increases from 0.01 to 1, in agreement with the two limits posited
by Reissner and Hertz respectively, with slight dependence on the
indenter radius ratio. Good agreement is also evident with the ex-
perimental results of Sarrazin et al. 19 . The coefficient β is ∼ 1 for
shell thickness ratios Rp/R . 0.1, in agreement with the Reissner
formula. At h/R = 1, β approaches the Hertz solution, which is
dependent upon the indenter radius ratio (and to a lesser extent
the Poisson ratio). For a fixed shell thickness ratio above 10−1,
the coefficient increases with increasing indenter radius ratio.

To validate our numerical calculations, in Figure 5 we show
three examples of existing experimental force-indentation data
from the literature, presented in the form given by Equation 5.
The first two examples are polylactide capsules of different sizes
and fixed shell thickness ratio h/R = 0.015, compressed between
two flat plates (Rp/R = ∞). Experimental parameters are listed
in Table S1 in the Supporting Information. With the appropriate
values of correction factor C, scaling coefficient β , and scaling
exponent α, chosen based on the geometry of the measurement,
the measured Young’s modulus of the shell agrees well with the
established literature value of E ≈ 3.7−4.1 GPa22. The third ex-
ample is a silica capsule with h/R= 0.06, compressed with a nano-
indenter of radius < 20 nm. Again, with the appropriate parame-
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Fig. 5 Experimental validation using the data of Glynos et al. 20 and
Zhang et al. 21 for polylactide and silica capsules respectively. The blue
symbols represent the uncorrected indentation data fitted using
Reissner’s equation, and the red symbols represent the corrected
indentation data, calculated using Equation 5. The fitting parameters
used are: a) & b) β = 0.636, α = 1, C = 0.5, and c) β = 0.52, α = 1.2,
C = 0.6. The black symbols in c) represent the fit used in Zhang et al. 21

(Reissner’s formula with a correction factor of C = 0.5). The
experimental parameters are given in Table S1 and the raw data is
shown in Figure S4 in the Supporting Information.
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ters, Equation 5 gives an accurate measurement of Young’s mod-
ulus in comparison to the established value of E ≈ 72−76 GPa23.
Notably, Zhang et al. 21 do account for the indentation due to the
substrate when fitting the experimental data using Reissner’s the-
ory, albeit with a correction factor C = 0.5 instead of the correct
value of C = 0.6.

We have demonstrated conclusively that analysis of experimen-
tal data of capsule and particle compression under-predicts mate-
rial properties such as the Young’s modulus by up to 100% if the
indentation due to the presence of the rigid substrate is not taken
into account. Counter-intuitively, if the effect of the substrate is
not accounted for, indentation of particles and capsules against a
substrate leads to an underestimation of the material properties,
in contrast to the overestimation of material properties during in-
dentation of thin films24.

Through systematic numerical calculations over the parame-
ters of shell thickness ratio h/R, indenter radius ratio Rp/R and
Poisson’s ratio ν , we characterise the correction factors required
to calculate the effective indentation from the measured indenta-
tion, and determine the appropriate variation of force with inden-
tation necessary to obtain precise estimates of material proper-
ties. The analysis presented is based upon idealised behaviour of
the capsule, with homogeneous material properties and uniform
wall thickness. In practice imperfections in shell thickness and
material properties will be present, however the effect of these
imperfections on the correction factor will be minimal due to the
narrow range of values possible, 0.5 ≤ C ≤ 1, over the entire pa-
rameter space. Importantly, the analysis presented relies upon ac-
curate measurements of shell thicknesses, and indentations less
than the shell thickness (and much smaller that the particle ra-
dius), in order to obtain accurate material properties.

In capsule or particle compression studies where relative trends
in stiffness or modulus have been measured25, the implications
of the outcomes of this study are unlikely to affect the qualita-
tive trends for similarly sized capsules or particles with similar
shell thickness. However, studies where comparisons are made
with disparate capsule or particle size or shell thickness26, or in
comparison between a modulus obtained using AFM to a modu-

lus measured via different techniques, the analysis presented here
is expected to be critical. In the Supporting Information we pro-
vide tables and a simple MATLAB calculator giving the necessary
parameters for the accurate calculation of Young’s modulus for a
given experimental setup.

Future work will focus on the effect that adhesion between the
capsule and the indenter, and between the capsule and the sub-
strate, has on the accuracy of the measurement.
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SUPPLEMENTAL MATERIAL

Derivation of correction factor expression for microparticle compression

For sufficiently soft particles, the correction factor is a function of the indenter radius

ratio, as shown by Glaubitz et al. [1] for the particle case (h/R = 1). To elucidate this

further, consider a solid particle of radius R. Hertz theory shows that the force on a particle

due to indentation is linearly proportional to the contact radius and the indentation depth.

Thus, for a fixed force, increasing the contact radius will decrease the indentation depth, and

vice versa. In the particle reference frame, we have a spherical probe of radius Rp indenting

the top of the particle, and the flat substrate indenting the bottom of the particle (Figure

S1). If the correction factor C is equal to 0.5, then the indentation depths at the top and the

bottom of the particle will be equal. However, it is clear that the contact areas (and thus

contact radii) at the top and the bottom of the particle are not equal (unless the probe and

the substrate have the same radii). Further, the forces acting at the top and the bottom of

the particle are equal and opposite, meaning that the indentation depth at the top must be

greater than the indentation depth at the bottom due to the difference in contact radii of

the probe and the substrate. Consequently, the correction factor is not always 0.5, rather it

is a function of the indenter radius ratio, even if the probe and substrate are stiff compared
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to the particle.

The relationship between correction factor and indenter radius ratio can be analytically

derived as follows. In the reference frame of the particle, the probe indents the particle by

a distance δA and the substrate indents the particle by a distance δB. The force F is equal

and opposite for contact A & B, and can be defined using the Hertz equation as:

F =
4ER̄

1
2
Aδ

3
2
A

3(1− ν2)
(Contact A) (S1)

F =
4ER̄

1
2
Bδ

3
2
B

3(1− ν2)
(Contact B) (S2)

Combining equations S1 & S2 gives:

R̄
1
2
Aδ

3
2
A = R̄

1
2
Bδ

3
2
B (S3)

Thus, the indentation due to the substrate δB can be written in terms of the indentation

due to the particle δA with:

δB =

(
R̄A

R̄B

) 1
3

δA (S4)

In the laboratory reference frame the substrate is fixed in place and no indentation occurs,

whilst the probe indents the particle by a distance δA + δB. Using the notation of Figure 1

in the manuscript, this distance is the measured indentation δafm, and δA and δB are δeff. and

δs respectively. Thus:

δafm = δeff. + δs = δeff. +

(
R̄A

R̄B

) 1
3

δeff. = δeff.

[
1 +

(
R̄A

R̄B

) 1
3

]
(S5)

Because the substrate is flat the effective radius R̄B = R, where R is the radius of the

particle. Further, the effective radius R̄A = RpR/(Rp + R), where Rp is the radius of the

probe. Thus, Equation S5 becomes:

δafm = δeff.

[
1 +

(
Rp

Rp +R

) 1
3

]
(S6)

and the correction factor C can be written as:

C =
δeff.

δafm

=

[
1 +

(
Rp

Rp +R

) 1
3

]−1
(S7)

or, as a function of the indenter radius ratio Rp/R as:

C =
δeff.

δafm

=
[(Rp/R) + 1]

1
3

[(Rp/R) + 1]
1
3 + (Rp/R)

1
3

. (S8)

This result is consistent with the derivation in Glaubitz et al. [1].
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Numerical method

The commercial software Comsol Multiphysics (5.2a) was used to carry out numerical

simulations of the indentation process. Briefly, the capsule is in mechanical equilibrium,

which is expressed mathematically as:

∂iσij = 0, (S9)

where σ is the stress tensor. Assuming that the behaviour of the material is linearly elastic,

the constitutive relationship between stresses σij and strains εij is given by Hooke’s law:

σij =
E

1 + ν

[
εij +

ν

1− 2ν
εkkδij

]
, (S10)

with E and ν the capsule Young’s modulus and Poisson’s ratio respectively. The strains are

defined in terms of the material displacement u as

εij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(S11)

Figure S2 shows an example of the axisymmetric geometry and mesh used to solve equa-

tion S9 for the unknown material displacements u. The indenter and the rigid substrate

were each specified as a material with Young’s modulus E0 � E. The indenter was set to

move with prescribed displacement δafm, and the substrate was fixed in position. The sub-

sequent movement of the capsule centreline δs was measured, as well as the force F exerted

on the indenter. The mesh size was typically 130,000 elements, with appropriate refinement

near the indentation regions (Figure S2).

The capsule was set to a nominal radius of 10 µm, and a nominal Young’s modulus

of 1.9 GPa. The indenter radius and shell thickness were then specified according to the

values of Rp/R and h/R being investigated. The resulting displacements δs and forces

F were measured for indenter displacements in the nominal nanometre range 0 < δafm <

min(150, 0.5h) , giving a non-dimensional range of 0 < δafm/R < min(0.015, 0.5h/R). The

resulting effective indentation δs was not quite a linear function of the applied indentation δafm

(Figure S3). The correction factors plotted in the main text are taken for fixed normalised

applied indentation δafm/R = 0.05, indicated in red on Figure S3.
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FIG. S2. Example of indenter, capsule & substrate geometry and mesh for indenter radius ratio

Rp/R = 0.1 and shell thickness ratio h/R = 0.1.
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FIG. S3. Variation of correction factor C = δeff./δafm with applied indentation δafm for indenter

radius ratios a) Rp/R = 0.02, and b) Rp/R = 0.1. The red symbols indicate the correction factors

used in Figure 3, for fixed applied indentation of 50 nm (δafm/R = 0.005).
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FIG. S4. Variation of correction factor C = δeff./δafm with Poisson’s ratio ν for different shell

thickness and indenter radius ratios.

TABLE S1. Experimental parameters for the capsule data shown in Figures 5 & S5.

Figure Material ν R (µm) h (nm) Rp (nm) h/R Rp/R

5c) Silica [2] 0.17 0.905 52 <∼ 20 0.06 <∼ 0.02

5a) Polylactide [3] 0.42 1.25 19 ∞ 0.015 ∞

5b) Polylactide [3] 0.42 2.4 36 ∞ 0.015 ∞

Interpolation tables and MATLAB calculator

In order to accurately determine the Young’s modulus E from experimental force-

indentation data, the data needs to be rescaled using Equation 5 in the manuscript:

F
√

3(1− ν2)
(h/R)3 4R2

= Eβ

(
Cδafm

h

)α
. (S12)

The parameters C, α & β are functions of the experimental parameters Poisson’s ratio ν, the

indenter radius ratio Rp/R, and the shell thickness ratio h/R. Interpolation tables for the

correction parameter C are presented as functions of shell thickness ratio and indenter radius

ratio in Tables 1A - 1D for Poisson’s ratios of ν = 0.1−0.4 respectively. Similarly, Tables 2A

7



- 2D present the scaling exponent α, and Tables 3A - 3D present the scaling exponent β, for

each Poisson’s ratio simulated. Note that the data is presented in terms of the logarithms

of h/R and Rp/R. A MATLAB calculator is also included in the .zip file associated with

this ESI that will generate appropriate parameters for a specific experimental dataset.
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FIG. S5. Raw experimental data of a) Glynos et al. [3] and b) Zhang et al. [2]. The experimental

parameters are listed in Table S1. The polylactide capsules are covered in a 10 nm thick layer of

albumen, and consequently the data within the first 10 nm is not used in the calculation of the

Young’s modulus for polylactide.
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