
Introduction

Microcapsules have received increased interest in recent
years and are nowadays applied in a wide range of
products including food, pharmaceutical, agrochemical
and cosmetic formulations [1]. Most of these applica-
tions are associated with the controlled release of active
ingredients under well-de®ned conditions. Detailed
knowledge of wall properties, such as stability, is
essential to design special types of capsules with tailor-
made release properties. Mechanical forces induced by

swallowing (101±102 s)1), stirring (101±103 s)1) or
spreading (104±105 s)1) are often linked to undesired
deformation and breaking processes of the capsules [2].

Polyamide microcapsules are ideal model systems on
grounds of their simple synthesis and de®ned structure.
Many of these systems have already been extensively
studied. Mathiowitz and Cohen [3, 4] analyzed capsules
of various amine and acid chloride monomers with
respect to their controlled release properties, placing
special emphasis on membrane characterization. Janssen
and coworkers [5±7] focussed on capsules which were
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Abstract The application of micro-
capsules for technical, cosmetic and
pharmaceutical purposes has at-
tracted increased interest in recent
years. The design of new capsule
types requires a profound know-
ledge of their mechanical properties.
Rheological studies provide inter-
esting information on intrinsic
membrane properties and this
information can be used to avoid
premature release of encapsulated
compounds due to the action of
external mechanical forces (stirring,
swallowing, spreading). In this pub-
lication we report a systematic study
of polyamide microcapsules. These
particles were synthesized by react-
ing 4-aminomethyl-1,8-diaminooc-
tane and sebacoyl dichloride at the
interface between silicone oil and
water. Two di�erent experiments
were performed to get information
on the mechanical properties of the
capsule walls. First of all, we used an
optical rheometer (rheoscope) to

observe the capsule deformation and
orientation in shear ¯ow. The
polymerization kinetics, relaxation
properties, the regime of linear-
viscoelastic behavior and the shear
modulus of the ¯at membranes were
independently measured in an inter-
facial rheometer. Both experiments
gave complementary results. It
turned out that the two-dimensional
elongational modulus was about 3±4
times larger than the shear modulus.
This result is in fairly good agree-
ment with a theoretical model
recently proposed by BartheÁ s-Biesel.
Due to the simple synthesis and well-
de®ned structure, polyamide micro-
capsules can also serve as simple
model systems to understand the
complicated ¯ow properties of red
blood cells.
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prepared by interfacial polycondensation of terephtha-
loyl dichloride and diethylene triamine. These authors
developed a simple model for membrane growth and
permeability. The mechanism of nylon-6,10 formation
was carefully analyzed by Enkelmann and Wegner [8, 9],
who studied the basic mechanisms of surface gelations.

All these structural characterizations are important
but are not su�cient because microcapsules can show a
broad range of di�erent membrane features, ranging
from purely viscous to elastic properties. Available
methods to measure these phenomena are membrane
aspiration [10], capsule-squeezing techniques [11] and
the determination of capsule orientation or deformation
in shear ¯ow [12]. Another experimental technique
consists of observing the particle in a spinning-drop
tensiometer [13]. Additional results can be obtained by
measuring the rheological properties of the ¯at mem-
branes using an interfacial rheometer [14]. Each of these
measurements gives complementary ®ndings, but in
order to get more comprehensive information on the
constitutive law of the cross-linked membranes, one
has to combine several experimental techniques. In this
publication, we focus on two rheological methods:
capsule deformation in shear ¯ow and rheological
measurements of the ¯at membranes. The objective is
to ®nd new correlations between these independent types
of experiments.

Determination of mechanical properties of a single
microcapsule in simple shear ¯ow is a ®eld of research
which has been treated extensively using di�erent types
of theory [15, 16]. Unfortunately there are only very
few experiments which can be used to test these
theoretical models. Chang and Olbricht [12, 17] were
probably the ®rst to con®rm the theoretical predictions
by means of ¯ow-induced capsule deformation exper-
iments. These authors investigated diethylene triamine/
sebacoyl dichloride polyamide capsules. In addition to
these experiments investigations were also performed
with capsule-squeezing techniques. In order to gain
more insight into the mechanical stability of the
enclosing membranes, we have focussed on the shear
rheological properties of the ultra-thin ®lms. The
present studies were performed with chemically cross-
linked polyamide ¯at membranes and microcapsules.
These systems were synthesized by interfacial polycon-
densation of 4-aminomethyl-1,8-diaminooctane and
sebacoyl dichloride.

Experimental

Materials

4-Aminomethyl-1,8-diaminooctane (Fluka), sebacoyl dichloride,
97% (Aldrich), silicone oil DC 200 with a viscosity of 964 mPas
(Fluka) and anhydrous sodium carbonate p.a. (Fluka) were used
as received. Sebacoyl dichloride was stored under an argon
atmosphere. Aqueous solutions were prepared using tridistilled
water.

Polyamide microcapsules

Preparation

Spherical microcapsules were synthesized following a modi®cation
of the interfacial polymerization procedure introduced in Ref. [18].
Special requirements of the optical ¯ow cell regarding the solvent
phase had to be taken into account. A solution of 10 mmol/l
4-aminomethyl-1,8-diaminooctane in 10 mmol/l aqueous sodium
carbonate was quickly emulsi®ed in silicone oil containing 1 mmol/
l sebacoyl dichloride. The solution remained unstirred and the
capsules were allowed to sediment slowly. After distinct polymer-
ization times, the capsules were carefully transferred to an optical
¯ow cell which contained pure silicone oil as a solvent phase.

Apparatus

The rheoscope consisted of a ¯ow cell (Fig. 1) which was inserted
into an inverse microscope.

The ¯ow cell had Couette geometry: two concentric motor-
driven cylinders formed an annular liquid-®lled gap. The radii of
the cylinders were 42.4 and 41.0 mm. This resulted in a gap width
of 1.4 mm. The outer cylinder had glass windows which allowed
particles within the annular gap to be observed. Detailed analysis
of particle deformation and orientation was performed with a high-
speed video camera (Kodak Motion Corder Analyzer SR Ultra).
By rotating the cylinders in opposite directions, a linear shear ®eld
was induced in the gap. Simple shear ¯ow requires small Reynolds
numbers, thus avoiding turbulence. This is achieved by using
a highly viscous solvent phase and low rotational speeds of the
concentric cylinders. As a response to the shearing forces, the
microcapsules tend to deform and align themselves with respect to
the streamlines. Records of capsule deformations and data ®les
containing the corresponding shear rates were taken with a
maximum frequency of 250 frames per second. The capsule images
were digitized and analyzed employing special routines of
OPTIMAS 6.0, an image-treatment software.

Flat polyamide membrane

Preparation

A su�cient amount of 10 mmol/l 4-aminomethyl-1,8-diaminooc-
tane in 10 mmol/l aqueous sodium carbonate was poured into the
outer cylinder of the Rheometrics spectrometer. The measuring
plate was carefully brought into close contact with the water air
surface. Special attention was needed to avoid the formation of air
bubbles. The aqueous phase was afterwards covered with 30 ml of
a fresh solution of 1 mmol/l sebacoyl dichloride solved in highly
viscous silicone oil.

Apparatus

The interfacial rheometer (Fig. 2) was based on a conventional
Rheometrics Scienti®c RFS II rotational spectrometer. We devel-
oped special measuring tools in order to analyze two-dimensional

Fig. 1 Schematic drawing of a microcapsule in the ¯ow cell
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®lm properties. The outer cylinder consisted of a glass cup ®rmly
attached to the motor unit. The measuring tool consisted of a
biconical titanium plate which was placed exactly at the interface
between the oil and the water. All polymerized ®lms adhered to the
glass cup and the measuring plate. Measurements and polymeriza-
tion procedures were always started simultaneously.

The apparatus worked according to the Couette principle: a
sinusoidal load was applied to the outer cup and the biconical plate
measured the induced torque. From the phase di�erence between
strain and stress and the amplitudes of these functions the two-
dimensional storage modulus G¢ and the loss modulus, G¢¢, could be
calculated. Three di�erent types of measurement were carried out:
a time-sweep experiment allowing the process of surface gelation to
be followed, a frequency-sweep experiment, which gave informa-
tion on the relaxation properties of the cross-linked structure, and
a strain-sweep experiment, which allowed the regime of linear
viscoelastic response to be calculated. The last experiment was also
performed to gain information on ®lm rupture processes.

Results

Microcapsules

The behavior of a capsule in linear shear ¯ow can be
characterized by three experimentally observable pa-
rameters [19]:

· The deformation, D, which is de®ned as the ratio of
the major axis length, L, and the minor axis length, B,
of the ellipsoidally deformed particle.

D � Lÿ B
L� B

�1�
· The orientation of the capsule in the direction of ¯ow,

de®ned by the angle h between the principal axis of
the microcapsule and the undisturbed streamlines.

· The membrane rotation velocity, xT, determined by
attaching tracer particles to the surface of the
surrounding membrane.

Owing to the experimental setup of the rheoscope, these
quantities were all determined within the shear plane.

The behavior of an initially spherical microcapsule in
linear shear ¯ow is described by the ratio of deforming
and restoring forces. This parameter is often denoted as
the capillary number, C.

C � lGA
Es

�2�

Here l describes the viscous resistance of the solvent
phase. G is the applied shear rate and A is the radius
of the undeformed capsule. The viscosity ratio of the
internal and outer (solvent) phases is usually de®ned as
k. The constant Es describes an e�ective elastic modulus
which is composed of two modes of deformation,
namely pure shear and area dilatation.

There are some basic restrictions for the following
theoretical approach. First of all, the capsule is required
to be freely suspended in a Newtonian incompressible
liquid with viscosity l. The particle is ®lled with an
incompressible Newtonian liquid of viscosity kl and is
surrounded by a three-dimensional volume-incom-
pressible membrane of the Mooney±Rivlin type. Buoy-
ancy e�ects are neglected and the Reynolds number of
the ¯ow based on the capsule dimensions is assumed to
be much smaller than unity.

The capsule membrane can display di�erent types of
behavior, ranging from purely elastic to viscous prop-
erties [20]. In the case of an initially spherical capsule
undergoing small deformations (C � 1) the results can
be obtained by a perturbation method. For a purely
elastic membrane, D is a linear function of C, which
mainly depends on the shear rate. According to the
theory of BartheÁ s-Biesel, the orientation angle of the
microcapsule remains constant under these conditions.

D � Lÿ B
L� B

� 25C
4
� O C2

ÿ � �3�

h � 45� �4�
Here, the second term, O(C2), is much smaller than the
®rst. It denotes a more complicated expression, which
can be calculated from the theory of BartheÁ s±Biesel [21].
For a viscoelastic membrane D increases with shear rate,
but approaches an asymptotic limit at D1 = C/2b =
5lA/2ls, with b referring to the Deborah number and ls

representing the membrane viscosity. The orientation
angle decreases with increasing shear rate from 45° to 0°.

If elastic e�ects are negligible and the membrane is
purely viscous, no steady deformed state is attained, but
the membrane continuously in¯ates and de¯ates. As a
consequence the orientation angle oscillates between
)45° and 45°.

Due to the nature of the interfacial polycondensation,
the synthesized polyamide membrane is not in®nitely
thin, but instead has an asymmetric structure with ®nite
thickness. It consists of a smooth primary layer on the
aqueous side and a porous secondary layer on the

Fig. 2 Sideview schematic drawing of an interfacial rheometer
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organic side [5]. Despite knowledge of the existence of
a more complicated molecular structure the membrane
behavior during ¯ow is just characterized by a single
elastic modulus. This constant can be obtained as the
product of the bulk Young's modulus, E, and the
thickness of the membrane, h, [20].

Es � Eh �5�
According to this de®nition, Es denotes the two-
dimensional elastic modulus.

Equation (3) can now easily be modi®ed

D � 25lGA
4Eh

� O C2
ÿ � �6�

This di�erence between the two- and three-dimensional
material constants does not a�ect the analysis of the
experimental data.

For all measurements, the Reynolds criterion was
carefully examined and linear ¯ow conditions were
applied. The viscous resistance of the solvent phase was
0.964 Pas and the viscosity ratio was adjusted to 0.001.
The densities of the solvent and the internal phases were
almost equal, with the latter being slightly denser. The
microcapsule radii varied between 150 and 250 lm and
the applied shear rates ranged from 0 to 80 s)1.

The deformation behavior of polyamide microcap-
sules in linear shear ¯ow is demonstrated in Fig. 3.

These images show a capsule in its quiescent state and
under the action of shear forces. The deformed capsule
has obtained an ellipsoidal shape and a distinct orien-
tation with respect to the streamlines.

In a series of measurements microcapsules were
polymerized for 5±60 min. Typical results of the ¯ow-
induced deformation and orientation angles are sum-
marized in Figs. 4 and 5.

Figure 4 shows a linear relationship between defor-
mation and shear rate. From the slope, b, of this line, the
elastic modulus can be calculated using the following
equation:

Es � Eh � 25lA
4b

: �7�

The values determined for di�erent polymerization times
are represented in Fig. 9. Figure 4 indicates a slight
deviation from linearity for elevated shear rates, but
there is no indication of an impending asymptotic
deformation limit. This points to the existence of a
purely elastic sheet with small viscous contributions.

The broad distribution of deformation values corre-
sponding to one value of the shear rate is caused by a
shape oscillation phenomenon.

The shear-induced orientation process of a micro-
capsule is summarized in Fig. 5. It is easy to see that in
the range of the shear rates applied the angle remains
nearly constant. This observation supports the elastic
wall model, the small decrease can be attributed to

O(C2) e�ects [20] and marginal viscous properties. The
large scattering of orientation angles is again caused by
the oscillation phenomenon of the capsules.

The membrane rotation velocity, xT, was found to be
directly linked to the shape oscillation angular frequen-
cy, xosc

xT � xosc

2
: �8�

Fig. 3 Photographs of a microcapsule subjected to shear rates of 0,
34 and 66 s)1

Fig. 4 Capsule deformation as a function of shear rate: t = 20 min;
A = 222 lm
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Flat membrane

The formation of the ¯at polyamide membrane takes a
long time. The cross-linking reactions are terminated as
soon as G¢, has reached a ®nite plateau value. In the
present case, the evolution of G¢ starts immediately, but
the plateau value is reached after a reaction time of
about 15 h (Fig. 6).

This contradicts postulations that the reaction is
immediately quenched because the newly formed mem-
brane serves as a di�usion barrier. As it is possible to
stop the polycondensation reaction by exchanging the
solvent at any instant, we can use Fig. 6 to predict the
elastic properties of membranes which were only poly-
merized for ®nite time intervals. For microcapsules, we
used typical polymerization periods of about 20 min.
In order to get more information on the relaxation
properties of these cross-linked structures, we measured
the storage modulus and the loss modulus as a function
of the angular frequency. Relevant data are summarized
in Fig. 7.

G¢ turns out to be almost independent of the
frequency. This points to the existence of a rubber
elastic, cross-linked membrane. It is interesting to note
that G¢¢ is about one decade smaller than G¢. The viscous
properties are, therefore, not so important as the
mechanism of energy storage.

The stability of the polyamide membrane polymer-
ized for 20 min can be deduced from Fig. 8.

G¢ remains constant up to a value of 200% deforma-
tion. This is typical for rubber±elastic materials. The
decrease in the modulus is due to non-linear e�ects or it
can also be caused by network rupture.

Comparison of the shear modulus
of ¯at membranes and the elongational modulus
of microcapsules

In a series of experiments we measured the surface
Young's moduli of microcapsules for di�erent polymer-

Fig. 5 Orientation of the capsule as a function of shear rate:
t = 20 min; A = 222 lm

Fig. 6 Time-sweep experiment of a ¯at membrane (x = 2 rad/s,
c = 0.2%)

Fig. 7 Frequency-sweep experiment (c = 0.2%, polymerization time
20 min)

Fig. 8 Strain-sweep experiment (x = 2 rad/s, polymerization time
20 min)
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ization times from rheoscope measurements. These
moduli, denoted as Es, are plotted as a function of time
in Fig. 9. We also measured the shear moduli as a
function of the polymerization period and these values
are also plotted in Fig. 9.

Both plots take a parallel course, indicating similar
polymerization properties of curved and ¯at mem-
branes. The discrepancy of a factor of 3±4 is in good
agreement with a theoretical prediction recently pro-
posed by BartheÁ s-Biesel [15]. The discrepancy is caused
by the fact that the elastic modulus measured with the
rheoscope covers two modes of deformation (shear and
dilatation), whereas the interfacial rheometer measures
principally shear moduli.

A comparison of the two types of moduli obtained
experimentally is only feasible by taking into account
their di�erent underlying constitutive laws. For the
Mooney±Rivlin constitutive law, the shear modulus,
EMR
ss , is linked to the elastic modulus, EMR

s , by the
equation

EMR
ss �

EMR
s

3
: �9�

In case of pure shear and under the assumption of small
deformations this shear modulus is equal to the shear
modulus, EH

ss , based on Hooke's law, which is measured
by the rheometer. The values are related by the following
expression:

EMR
s

3
� EMR

ss � G0 � EH
ss : �10�

Consequently, the two moduli acquired experimentally
are predicted to di�er by about a factor of 3. In addition,

it is important to note that the Hooke shear modulus
correlates with the respective elastic modulus, EH

s ,
according to

EH
ss �

EH
s

2�1� ms� : �11�

For a Mooney±Rivlin-type material, which is volume-
incompressible, the Poisson ratio, ms, is 0.5, and using
Eqs. (10) and (11) we obtain

EMR
ss �

EMR
s

2�1� 0:5� �
EMR
s

3
; �12�

showing that in small deformations, the Mooney±Rivlin
law is a restriction case of the more general Hooke
constitutive law.

Conclusion

In this publication we have systematically compared
results for ¯at and curved polyamide membranes at
conditions of equal polymerization times. Both investi-
gations are consistent and give complementary results. It
turns out that the membranes are 1 order of magnitude
more elastic than viscous. The elastic moduli relate
to each other as predicted theoretically and thereby
underscore the validity of the theory. We observe, in
principle, the same relationship between the shear
modulus and Young's modulus as was observed from
previously performed spinning-drop experiments [13,
22]. Due to experimental restrictions like the onset of
turbulence, capsule measurements could not be carried
out up to rupture, but the ultimate stability of the cross-
linked membranes was investigated by strain sweep
experiments. The results show that the ultrathin ®lms at
the interface between oil and water can be deformed to a
large extent before nonlinear e�ects or breaking pro-
cesses occur. On close inspection one may also suppose
that the elastic modulus, measured in the rheoscope,
is not exactly equal to Young's modulus because it can
also contain contributions from shearing processes.
In order to test this assumption, we have started to
compare this constant with experimental data obtained
in the spinning-drop apparatus. This work is still in
progress and we hope that these experiments will lead to
more sophisticated theoretical models.
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Fig. 9 Comparison of time-dependent Es and G¢
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