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Capsules consist of droplets enclosed by a membrane with shear resistant properties

especially when fabricated by interfacial cross-linking. In many applications, the protec-

tion and release of the internal medium need to be strictly controlled. It is possible to tune

the membrane mechanical properties by changing the physico-chemical conditions of the

fabrication process, but a good control of the production requires their characterization,

which is a scientific challenge, since the objects are a few tens of microns in size at most.

One advantageous approach is to resort to microfluidic techniques. We study the transient

response of capsules having a cross-linked human serum albumin (HSA) membrane, as

they flow through a sudden expansion. We determine the characteristic time scales of the

capsule relaxation and compare them to the ones predicted by a full numerical model of

the relaxation of a capsule flowing in a rectangular channel, for which the membrane is

assumed to be purely elastic. We show that the membrane is viscoelastic and that the

relaxation is solely a function of the ratio of the relaxation time to the convective time.

& 2015 Published by Elsevier Ltd.
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1. Introduction

Capsules, which are liquid droplets enclosed by a thin elastic

membrane, are widely found in nature (red blood cells, fish

eggs). Among all their industrial and clinical applications, one

can highlight their extensive use in cosmetics and the great

potential they offer in bioengineering and in medicine: by

encapsulating drugs, genetic material or cells, capsules have

found applications in targeted drug delivery and in the devel-

opment of bioartificial organs and biosensors (Orive et al.,

2004; Lam and Gambari, 2014). The deformable membrane that

separates the internal and external liquids controls the
potential diffusion and degradation of the internal substance,
as well as its rate of release when it occurs.

Artificial capsules can be obtained through gelation or
interfacial polymerization of a liquid droplet. The current
fabrication processes tend to lead to approximately spherical
particles enclosed by a thin membrane with mechanical
properties that depend on the fabrication procedure. The
membranes can be made of natural constituents such as
alginate, poly-L-lysine and proteins (Kühtreiber et al., 1999;
Edwards-Lévy, 2011), or of synthetic polymers such as poly-
amid and polysiloxane (Walter et al., 2000; Koleva and
Rehage, 2012). Poly-L-lysine and alginate membranes rely
on electrostatic interactions between negatively and
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positively charged ions and consist of a gel. Protein and
synthetic polymeric membranes are in contrast produced
through interfacial cross-linking, which generates covalent
bonds across molecules. The resulting membranes thus differ
in mechanical properties. Cross-linked membranes have
been shown to be more resistant to external constraints
(Kühtreiber et al., 1999).

The motion and deformation of flowing capsules depend
on the mechanical properties of the membrane. The behavior
of artificial spherical capsules with a cross-linked membrane
has been observed under steady simple shear flow (Walter
et al., 2000; Koleva and Rehage, 2012; Chang and Olbricht, 1993;
Rehage et al., 2002) and planar hyperbolic flow (Chang and
Olbricht, 1993; Barthès-Biesel, 1991; de Loubens et al., 2014).
Experimental studies show that the capsule takes in both
cases an approximately ellipsoidal shape, which depends on
the ratio between the flow strength and the membrane elastic
resistance to deformation. The difference is that, in simple
shear flow, the flow vorticity leads to membrane rotation
around the steady capsule deformed shape.

The influence of confinement has been studied more
recently by flowing millimetric or micrometric size capsules
through cylindrical tubes (Risso et al., 2006; Lefebvre et al.,
2008; Chu et al., 2011) or through square section microfluidic
pores (Leclerc et al., 2012; Hu et al., 2013). In all the cases, the
particle is deformed by the flow and reaches a steady-state
shape, for which the membrane (and thus the inner fluid) is
immobile within the reference frame of the flowing capsule.
The capsule then takes the form of a slug or has a parachute
shape at the rear depending on the confinement, flow
strength and capsule rigidity.

One practical application of experiments of flowing capsules
is to measure the mechanical properties of the membrane. Their
identification requires comparing the experimental steady-state
results with a suitable fluid–structure interaction model that
simulates the same conditions as those prevailing in the experi-
ment. The shear flow experiments can be analyzed with the
asymptotic model of Barthès-Biesel and Rallison (1981), when the
deformation is small to moderate. The pore flow experiments
are analyzed by means of a full numerical model of the set–up,
where the capsule membrane is assumed to have purely
hyperelastic properties (Lefebvre et al., 2008; Hu et al., 2012).
Since the membrane is motionless at equilibrium, the model is
also appropriate to represent the equilibrium deformation of a
capsule with a viscoelastic membrane. It has been shown that
such models allow to correlate the membrane mechanical
properties of cross-linked ovalbumin membranes to the physi-
cochemical conditions of the capsule fabrication and thus to the
cross-linking degree (Chu et al., 2011).

Thanks to the rapidly growing microfluidic technologies it
is possible to design devices that are more complex than a
straight uniform pore. Owing to fabrication constraints, the
tubes usually have a square or rectangular cross-section. The
objective of the paper is to investigate the feasibility of using
a microfluidic channel with a sudden expansion to study the
relaxation of a population of capsules subjected to varying
flow conditions in order to detect whether there is any
membrane viscosity. Very few experimental studies have
investigated the membrane viscosity of artificial capsules.
Chang and Olbricht (1993) considered 2 to 4-mm size capsules
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with nylon membranes and followed their transient shape
and orientation under Couette flow. They obtained an esti-
mate of the membrane viscosity and elastic Young modulus
from a comparison of the experimental deformation to the
one predicted by the small-deformation theoretical model of
Barthès-Biesel and Sgaier (1985). A larger number of experi-
mental techniques have, however, been developed in the
1970s and 1980s to determine the membrane viscosity of red
blood cells. They involve quite complex experimental setups
based on the time-dependent recovery after the removal of
micropipette aspiration (Chien et al., 1978) or of an elongating
traction force (Hochmuth et al., 1979), or else on the measure-
ment of the tank-treading frequency (Tran-Son-Tay et al.,
1984). Recently, Tomaiuolo et al. (2011) have measured the
transient deformation of red blood cells flowing in a micro-
fluidic diverging channel. Using a Kelvin–Voigt model for the
global deformation of the cells, they obtained an estimate of
the membrane viscosity.

In the present study, the transient behavior of artificial
capsules with a diameter of the order of 120 μm will be
investigated in a microfluidic channel composed of a square
section tube followed by a co-axial rectangular one. The
experimental results will be compared to a numerical simu-
lation of the relaxation of a capsule from a square channel to
a rectangular one in the case of a purely hyperelastic capsule
membrane. The capsule will be released into the rectangular
channel with the deformed shape that it takes at steady state
in the square channel. By comparing the characteristic times
of relaxation obtained in the numerical and experimental
cases, we will be able to determine whether the capsule
membrane is viscoelastic or purely elastic.
2. Materials and methods

2.1. Preparation of capsules suspensions

Capsules are prepared from an emulsion of droplets of
aqueous buffered human serum albumin (HSA) solutions
(pH 8) suspended in cyclohexane, in which are added a
surfactant (sorbitan trioleate) and the cross-linking agent
(terephthaloyl chloride). Two mass concentrations of HSA
are considered: [HSA]¼20% and 30% (weight/volume), which
correspond to 20 or 30 g of solute dissolved in 100 mL of the
aqueous solution (these concentration units are the ones that
are classically used in chemistry and biology). In the follow-
ing, the two capsule populations will be denoted HSA20 and
HSA30. The reaction time is 30 min and the stirring speed is
1700 rpm. The diameters of the investigated capsules lie in
the range 110–124 μm, with an average value of 119 μm. After
fabrication, the capsules are rinsed successively in an aqu-
eous solution of polysorbate, and thrice in pure water. They
are then transferred into glycerol for storage.

2.2. Microchannel

The microchannel is fabricated by molding liquid polydi-
methylsiloxane (PDMS) onto a silicon master mould, baking it
and peeling it off. The PDMS replica is then bonded onto a glass
lamella by air plasma (Plasma cleaner, Harrick). The channel
and relaxation of microcapsules with a cross-linked human
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Fig. 1 – Geometry of the microsystem consisting of a square
section (2ℓ� 2ℓ) channel opening in a co-axial rectangular
(4ℓ� 2ℓ) channel.

Fig. 2 – Successive profiles of a capsule: t2�t1 ¼ 84 ms,
t3�t1 ¼ 202 ms, t4�t1 ¼ 332 ms.
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consists of two co-axial parts: a square tube of side 2ℓ followed
by a rectangular tube of cross-section 4ℓ� 2ℓ. As indicated in
Fig. 1, x¼0 corresponds to the location where the cross-section
changes from square to rectangular. In practice, a typical
microsystem used to conduct the experiments has a square
channel of height h¼ 10571 μm and width w1 ¼ 10771 μm,
and a rectangular channel of the same height h¼ 10571 μm
but width w2 ¼ 20671 μm. The aspect ratio is thus w2=h¼ 1:96
in the present case. The characteristic channel dimension ℓ

can then be defined as 2ℓ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w1 � h

p
¼ 106 μm.

2.3. Capsule flow observation

A dilute suspension of capsules is prepared by re-suspending
a volume of the stored HSA20 or HSA30 capsules in pure
glycerol (e.g. 40 μL in 2 mL).

The suspension is dilute enough to ensure that the
capsules will not interact with one another in the micro-
channel. The temperature of the experiment is monitored in
order to get a precise value of the viscosity μ of the suspend-
ing fluid. Its viscosity is measured to be μ¼ 1:19 Pa s at 20 1C
(Couette viscometer Thermo Haake 1). The use of a very
viscous bulk fluid is dictated by the substantial capsule
deformation that has to be induced in order to characterize
the membrane mechanical properties. The channel length is
as short as possible (� 1 cm) to minimize the large hydraulic
resistance while ensuring that steady Poiseuille flow condi-
tions are established over a long enough tube portion to make
meaningful experiments (Lefebvre et al., 2008). The micro-
system and tube connections have also been designed to
resist 4–5 bars of internal pressure. No subsequent variation
of the channel width could actually be measured: it is
prevented by the thick lateral walls, the microchannel being
imprinted in a PDMS patch about 2.5 cm in width and 4 cm in
length. Even though it existed, the deviation of the square
section channel from a pure square shape is assured to
remain well below 5%: under this limit, Sévénié et al. (2015)
have found no loss in accuracy of the inverse analysis
technique.

A 1 mL glass syringe (Fortuna Optima) is filled with the
suspension, taking care that no air bubble remains in either
the syringe or the silicon connection tube to minimize
throughput variations. The suspension is injected into the
microfluidic system by means of a syringe pump (KDS100, KD
Scientific) at different flow rates Q ¼ 0:05–0:3 mL=h. The
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experiments are run continuously over one hour or more
depending on the set flow rate. Measurements of the capsule
deformation and velocity are taken when the flow conditions
in the microsystem are established. The mean velocity of the
suspending fluid is considered as an unknown and deter-
mined by inverse analysis from the capsule deformation and
velocity measured in the square channel.

The capsules are observed with a �20 magnification
transmission microscope (Leica DM IL LED), which is con-
nected to a high resolution high-speed camera (FASTCAM
SA3 Photron) through a �1 C-mount (Leica). The microscope
is focused on the channel center plane. The capsule profile is
observed in the xy-plane. The images are recorded at 5000
frames per second, with an exposure time of 0.05 ms and an
observation field of 256� 768 pixels. The calibration scale is
0.425 μm/pixel. The observation field is far enough from the
entrance (about 3 mm, i.e. 50ℓ) to consider that the capsule
has reached a steady state in the square tube.

Fig. 2 shows successive experimental images of a HSA20
capsule. Because of the too low contrast of the image, it has
not been possible to do an automatic extraction of the
capsule deformed shapes: the profiles are extracted manually
from the images by placing about hundred points at the
center of the dark line of the capsule contour using ImageJ. In
the square section, the geometrical quantities that are deter-
mined from the capsule shapes are the surface S of the
profile, the maximum longitudinal length Lx and the axial
length La (from which we can deduce the parachute depth
Lx�La); the capsule velocity vc is obtained from two succes-
sive images. In the rectangular section, we measure the
maximum longitudinal length Lx and the transversal length
Ly as functions of time (Fig. 2). All the lengths are measured
with an accuracy of 71 pixel, which corresponds to 70:5 μm.

2.4. Determination of the membrane elastic shear
modulus

For each capsule, an inverse analysis can be performed on its
deformed profile in the square channel to yield the surface
shear elastic modulus of the membrane. The method was
developed by Hu et al. (2013) and is briefly presented here.

A full numerical model of the motion of an initially
spherical capsule with radius a in a square section channel
of side 2ℓ has been designed under Stokes flow conditions
(Hu et al., 2012). The external and internal fluid viscosities are
equal and denoted μ. The mean flow velocity in the channel is
V1. The capsule membrane is assumed to very thin and
devoid of bending resistance. It is treated as a hyperelastic
and relaxation of microcapsules with a cross-linked human
r of Biomedical Materials (2015), http://dx.doi.org/10.1016/j.
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Table 1 – Determination of the membrane elastic mod-
ulus for HSA20 capsules flowing in the square channel.

a=ℓ Ca1 Gs (mN/m) ΔGs=Gs (%) vc (mm/s) V1 (mm/s)

1.10 0.054 33.14 15 1.79 1.52
1.11 0.050 44.01 16 2.13 1.80
1.11 0.055 34.44 12 1.88 1.58
1.11 0.056 40.37 15 2.20 1.87
1.14 0.047 53.81 17 2.42 2.12
1.15 0.050 28.78 14 1.35 1.16
1.16 0.042 57.80 17 2.36 2.08

Table 2 – Determination of the membrane elastic mod-
ulus for HSA30 capsules flowing in the square channel.

a=ℓ Ca1 Gs (mN/m) ΔGs=Gs (%) vc (mm/s) V1 (mm/s)

1.03 0.062 118.2 21 7.00 5.84
1.05 0.058 108.5 18 6.00 5.06
1.07 0.055 119.6 19 6.25 5.33
1.09 0.058 102.0 14 5.84 4.90
1.10 0.051 97.9 16 4.73 4.04
1.11 0.048 127.3 19 5.74 4.92
1.12 0.044 129.3 22 5.20 4.61
1.13 0.047 182.6 18 7.99 6.87
1.14 0.046 128.7 18 5.58 4.84
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surface with surface shear elastic modulus Gs (N/m). Different
constitutive laws, strain-softening or strain-hardening, can
be assumed for the membrane. Previous studies have inves-
tigated which law was the most adequate for albumin
capsules, whether the membrane is made of ovalbumin
(Chu et al., 2011) or human serum albumin (Hu et al., 2013).
Strain-hardening laws, such as the Skalak et al. law (Skalak
et al., 1973), have been shown in both cases to fail reprodu-
cing the measured capsule deformation. The latter is, how-
ever, well reproduced by the neo-Hookean law, which
provides good results for the capsules whether they are
subjected to small or moderate deformation. The study of
de Loubens et al. (2015) indicates that compressibility effects
in the membrane material may start playing a role, when the
HSA capsules are subjected to large deformation. Since no
such flow conditions are considered here (the elongational
ratio is on average 1.04 with 1.07 as maximum value) and
since all the constitutive laws reduce to the Hooke's law in
the small deformation regime, the strain-softening neo-Hoo-
kean law was selected in the numerical model.

Apart from the membrane constitutive law, the main
problem parameters are the confinement ratio a=ℓ and the
relative flow strength as measured by the non-dimensional
capillary number Ca¼ μV=Gs, which compares the viscous
friction force of the capsule in the external flow to the
membrane deformation force. In the square channel, the
mean velocity V of the external flow is V1.

The problem is solved by coupling a boundary integral
method to compute the fluid flow and a finite element
method to compute the membrane mechanics. The equa-
tions are solved in a reference frame moving with the capsule
center of mass, so that the capsule remains centered in the
tube domain. The advantage of the procedure is that only the
boundaries of the flow domain (channel wall, entrance and
exit sections, capsule surface) are discretized and meshed. At
steady-state, the membrane and thus the internal fluid are
motionless.

The model outputs are the capsule centroid velocity vc and
the steady deformed capsule shape as quantified by S, Lx and
La. Since experimentally, all that can be observed is the
projection of the deformed profile in the xy-plane, we define
an apparent capsule radius aapp ¼ ð2SℓÞ1=3 and compute
numerically the ratio aapp=ℓ. A database has been designed
that relates S=ℓ2, Lx=ℓ, La=ℓ, aapp=ℓ and vc=V1 to Ca and a=ℓ.
The principle of the inverse analysis then consists of mea-
suring the experimental values of Lx=ℓ, La=ℓ, S=ℓ2 and search-
ing the database for the values of a=ℓ and Ca for which we get
the same numerical values of the geometrical parameters
within some tolerance due to the experimental errors. From
these values of a=ℓ and Ca, the database provides the
corresponding velocity ratio vc=V1. The surface shear elastic
modulus is then given by

Gs ¼ μvc
Caðvc=V1Þ

ð1Þ

where μ and vc are measured experimentally. The capillary
number is thereafter denoted Ca1 in the square channel (and
Ca2 in the rectangular channel respectively). The procedure
works best when the capsule and the channel have compar-
able cross dimensions to ensure a sufficient deformation of
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the particle (Hu et al., 2013). Note that another by-product of
the inverse procedure is the estimation of the mean flow
velocity V1 in the square channel.

This procedure is applied to a population of 7 HSA20 and
9 HSA30 capsules in the size range a=ℓA ½1:03;1:17� with
results shown in Tables 1 and 2. The maximum uncertainty
on the value of Gs is around 20%, which is within the
experimental uncertainties. Variations are most likely due
to the fabrication process or to the transfer into glycerol. The
next to last capsule of Table 2, however, has a high value of
Gs, for which we have no explanation. We have still kept the
capsule having no good reason to exclude it. The capsule
membrane rigidity increases significantly with the HSA con-
centration. Indeed, for the same size, the HSA20 capsules
have a mean surface shear elastic modulus Gs¼42 mN/m,
while the corresponding modulus of the HSA30 capsules is
roughly three times larger at Gs¼124 mN/m.
3. Analysis of the capsule relaxation

Typical relaxation curves giving the time evolution of the
longitudinal Lx and transversal Ly lengths of the capsule are
shown in Fig. 3. At time t¼0, the nose of the capsule is at x¼0
(i.e. at the junction between the square and rectangular
sections). When the capsule enters the rectangular section,
it is compressed in the axial direction because the flow is
slower than in the square section: this phenomenon is
apparent from the decrease of Lx. After a time of order ℓ=vc,
the capsule nose has advanced by ℓ into the rectangular
section and the lateral expansion begins, as is apparent from
the sudden increase of Ly. At time t¼ te, the rear of the
and relaxation of microcapsules with a cross-linked human
r of Biomedical Materials (2015), http://dx.doi.org/10.1016/j.
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Fig. 3 – Time evolution of ðLx; LyÞ. The cross symbols
represent the experimental data and the lines the fit with
Eq. (2). The experimental data are fitted from time te
onwards, when the rear of the capsule exits the square
channel.

Table 3 – Transient lateral response times for HSA20
capsules when they exit the square channel and enter
the rectangular channel.

V2 (mm/s) τx (ms) τy (ms) τxV2=ℓ τyV2=ℓ

0.81 56 26 0.84 0.39
0.96 50 21 0.89 0.38
0.84 48 28 0.75 0.43
1.00 43 21 0.80 0.39
1.13 45 20 0.94 0.42
0.62 70 37 0.82 0.43
1.11 38 18 0.78 0.37

Table 4 – Transient lateral response times for HSA30
capsules when they exit the square channel and enter
the rectangular channel.

V2 (mm/s) τx (ms) τy (ms) τxV2=ℓ τyV2=ℓ

3.11 15 9 0.87 0.50
2.70 18 9 0.89 0.43
2.84 18 9 0.92 0.49
2.61 19 10 0.93 0.47
2.15 17 6 0.67 0.25
2.62 17 9 0.80 0.45
2.45 14 8 0.62 0.38
3.66 12 6 0.84 0.43
2.58 15 9 0.74 0.42
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capsule exits from the square pore: the lateral expansion and
overshoot of Ly are mostly due to the transient flow in the
sudden expansion. The subsequent decrease of Ly and
increase of Lx correspond to the adaptation to the steady
flow conditions in the rectangular section.

We note that Ly reaches a stationary value much faster
that Lx, which is not quite at equilibrium at the end of the
visualization window. The reason for the slow time relaxa-
tion of Lx is linked to the behavior of the capsule rear, which
has to adapt its curvature to the new flow conditions. This
phenomenon takes time because the shear stress is very low
in the middle of the channel: the capsule is thus mainly
subjected to small pressure forces. Furthermore, the mem-
brane tensions in the reverse curvature area are small, so that
elastic shape recovery forces are small. This phenomenon is
visible on the last picture of Fig. 2, where we can see that the
rear parachute is still present. It is thus difficult to follow the
full axial relaxation of the capsule experimentally, since this
would mean increasing the observation field of the micro-
scope, and thus decreasing the magnification to the detri-
ment of precision.

For tZte, the time responses of Lx and Ly are fitted with a
linear-exponential function classically used to model the
current intensity response to a potential step in a critically
damped RLC circuit:

LiðtÞ ¼ ½Lið0Þ�Li1�αiðt�teÞ�e�ðt� teÞ=τi þ Li1; i¼ ðx; yÞ; ð2Þ

where Li1 is the long-time asymptotic value of Li. The
parameters αi, τi and Li1 are determined using a least square
fit between the experimental curve and the correlation
equation (2). This correlation law allows us to capture the
overshoot and the exponential decrease.

The results for HSA20 and HSA30 capsules are shown in
Tables 3 and 4. For HSA20 capsules, the transversal response
time τy (average value 24 77 ms ) is about half the axial
response time τx (average value 50710 ms). The same con-
clusion applies to HSA30 capsules, for which τy (average value
871 ms) is also half τx (average value 1672 ms). This
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corroborates the fact that the capsule takes a long time to
adapt its axial length and that it is just as efficient from the
experimental point of view to monitor only the transversal
response.

To account for differences in local flow conditions from
one capsule to the other and eliminate this effect, we
normalize the response time with the flow conditions and
compute τy ¼ τyV2=ℓ, where V2CV1=2 is the mean flow
velocity in the rectangular channel. As shown in
Tables 3 and 4, the non-dimensional response times τy are
almost equal and fall onto the same mean values,
τy ¼ 0:4070:02 and τy ¼ 0:4370:08 for HSA20 and HSA30 cap-
sules, respectively. The same conclusion applies to the
corresponding mean values of the non-dimensional axial
time, which are found to be τx ¼ 0:8370:07 and
τx ¼ 0:8170:11 for HSA20 and HSA30 capsules, respectively.
4. Numerical model of relaxation in a
rectangular channel

The numerical model of Hu et al. (2012), initially designed for a
square section channel, is adapted to a rectangular channel
with aspect ratio w2=h¼ 2. Once the geometry of the channel
has been defined, the only problem parameters are the con-
finement ratio a=ℓ and capillary number Ca2. We further
assume that the internal and external fluid viscosity is equal
and that the membrane follows the neo-Hookean law.

The surface of the capsule is discretized with 1280 triangular
curved P2 elements and 2562 nodes, which correspond to a
characteristic mesh size ΔhC ¼Oð0:1aÞ. We first generate the
and relaxation of microcapsules with a cross-linked human
r of Biomedical Materials (2015), http://dx.doi.org/10.1016/j.
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Fig. 4 – Successive profiles of a capsule suddenly immersed
into a rectangular channel (a=ℓ¼ 1:1, Ca2¼0.025). The ~x-axis is
defined so that the capsule centroid is initially located at ~x ¼ 0.

Fig. 5 – Time evolution of the transverse and axial lengths
for a=ℓ¼ 1:1 and Ca2¼0.025. The cross (Lx) and circle (Ly)
symbols represent the values found numerically in the
elastic case, and the full and dotted lines the corresponding
correlations obtained using Eq. (2).

Table 5 – Numerical response times in a rectangular
channel for Ca2¼0.025.

a=ℓ 1.0 1.1 1.2

τxnum 0.82 0.83 0.76
τynum 0.17 0.18 0.22
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two-dimensional geometry of the tube cross-section andmesh it
with unstructured triangular elements having a mesh size
ΔhS ¼Oð0:14ℓÞ. The corners of the rectangular cross-section have
been rounded with an arccircle (radius ΔhS) in order to avoid
corner effects when solving for the flow. The central section of
the tube (of length 4ℓ) has a more refined mesh (ΔhW ¼Oð0:14ℓÞ)
than the inlet and outlet tube sections (ΔhW ¼Oð0:22ℓÞ), each of
length 6ℓ. Altogether, the mesh comprises 1905 nodes and 3768
elements for the rectangular tube.

We first use the model to compute the steady deformed
profile that the capsule takes in the square channel of cross-
section 2ℓ� 2ℓ for various values of a=ℓ and Ca1. At time t¼0,
we release the deformed profiles at the center of the rectan-
gular channel 4ℓ� 2ℓ, and subject them to flow conditions
corresponding to a capillary number Ca2 ¼ Ca1=2 with the
same confinement ratio a=ℓ. We then follow the time evolu-
tion of the capsule profiles as they adapt to the new flow
conditions. Typical successive relaxation profiles are shown
in Fig. 4. The corresponding time evolutions of the non-
dimensional transversal Ly=ℓ and axial Lx=ℓ lengths are
shown in Fig. 5, together with the fits corresponding to Eq. (2).

For Ca1¼0.05 and thus Ca2¼0.025, which correspond to the
prevailing experimental conditions (Tables 1 and 2), we find
that the transversal response time τynum increases slightly
with a=ℓ. The axial time response is difficult to obtain as the
Please cite this article as: Gires, P.-Y., et al., Transient behavior
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correlation equation (2) cannot capture both the steep
decrease of Lx=ℓ and the slow exponential recovery. The
latter is due to the change of curvature at the rear of the
capsule and if this phenomenon is difficult to capture
experimentally, the same is true also for the numerical
simulation. Altogether, the axial response time is about four
times the transversal one (Table 5).
5. Discussion and conclusion

We have studied the transient response of initially spherical
capsules having a cross-linked human serum albumin mem-
brane, as they flow through a sudden expansion. The micro-
system consists of a square-section tube, long enough for
capsules to reach a steady deformed shape, followed by a
rectangular tube, in which the capsules relax progressively.
The advantage of this channel configuration is to allow the
characterization of both the membrane elastic properties in
the square tube and of the capsule viscoelastic behavior in
the rectangular tube.
5.1. Surface shear elastic modulus of the capsule
membrane

We consider two capsule populations with a similar mean
diameter of 119 μm, fabricated with either 20% or 30% human
serum albumin solutions. Due to their amphiphilic proper-
ties, HSA proteins tend to adsorb at interfaces. As a conse-
quence the surface concentration of HSA molecules is larger
for the HSA30 than for the HSA20 capsules. It follows that the
HSA30 capsules are more cross-linked than the HSA20 ones.
This is corroborated by the fact that the capsule membrane
rigidity is found to increase with the HSA concentration: the
mean surface shear elastic modulus Gs is about three times
larger for the HSA30 than for the HSA20 capsules.
5.2. Capsule relaxation

To characterize the relaxation of the capsules, we have
followed the time-evolution of the deformed profiles and
determined the corresponding intrinsic response times. We
have shown that the transversal relaxation time τy is about
half the axial response time τx: the capsule needs a longer
time to change its axial length, as it involves a change of
curvature at the rear. Experimentally, it is much easier to
measure the transversal response time τy than the longer
axial one τx. Since the two times provide equivalent results, it
may be sufficient to only analyze the transversal relaxation to
evaluate the capsule membrane properties.
and relaxation of microcapsules with a cross-linked human
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Dimensional analysis shows that the intrinsic response
time of a capsule scales as τc � μa=Gs. We observe in
Tables 1 and 2, that the transverse characteristic time τy is
about three times longer for HSA20 (247 7 ms) than for
HSA30 capsules (87 1 ms). This is due to the larger elastic
modulus of the HSA30 capsules, which is about three times
larger than the one of HSA20 capsules.

In order to have a measurable deformation of the HSA30
capsules, we had to use a flow rate, which was roughly three
times the one used for HSA20 capsules (see Tables 1 and 2).
The flow convective time τf ¼ ℓ=V2 is thus three times smaller
for HSA30 than for HSA20 capsules: τf ðHSA20Þ ¼ 3τf ðHSA30Þ.
This explains why the response time scaled with the flow
convective time τy ¼ τy=τf takes the same value for the two
sets of experiments.

The capillary number, which was introduced as the ratio
between viscous and elastic forces, may also be interpreted
as the ratio between τc and the characteristic convection time
τf, modulated by the confinement ratio:

Ca� τc
τf

ℓ
a
: ð3Þ

The capillary number thus has the same value in the two sets
of experiments.

5.3. Influence of confinement

Barthès-Biesel and Rallison (1981) have studied the relaxation
of a capsule in an unbounded flow domain after cessation of
a shear flow. In this case, the flow characteristic time is
τf ¼ 1=_γ , where _γ is the shear rate and the capillary number is
Casf ¼ μ_γa=Gs. An analytical solution, valid for small capsule
deformation (i.e. up to Casf � 0:07, Lac et al., 2004), predicts
that the non-dimensional relaxation time depends only on
the initial capillary number:

τ _γ ¼ 3ð19λþ 16Þð2λþ 3Þ
5ð19λþ 24Þ7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5377λ2 þ 14256λþ 9792

p
Casf
3

; ð4Þ

where λ is the ratio between the internal and external fluid
viscosity. For λ¼ 1, we find τ _γ ¼ 4:03Casf .

In our case, taking as characteristic time scale τf the
convection time scale ℓ=V2 instead of 1=_γ , we find that
the response time predicted by the unbounded flow theory
(Eq. (4)) would be

τV2=ℓ¼ 4:03Ca2a=ℓ: ð5Þ
Since Ca2¼0.025 and a=ℓ¼ 1:1, we obtain τV2=ℓ¼ 0:11, which is
of the same order of magnitude as the value simulated for a
capsule with a purely elastic membrane flowing within a
confined environment (τy ¼ 0:18). Thus confinement does not
seem to have a significant effect on the capsule response time.

5.4. Viscoelasticity of the capsule membrane

The experimental response time is compared with numerical
results obtained for a capsule with a purely elastic mem-
brane. The same flow situations prevail in the experimental
and numerical cases, except for the initial conditions.
Numerically, we have indeed neglected the effects of the exit
from the square channel and of the flow in the sharp
expansion in the numerical model, which has the advantage
Please cite this article as: Gires, P.-Y., et al., Transient behavior
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of significantly simplifying it. By essence, there is thus no
transverse flow in the numerical simulation outside the one
generated by the elastic recoil of the capsule as it deforms
under flow. In the experiment, there is, however, a strong
transverse flow directly downstream of the channel expan-
sion. It is a consequence of the channel geometry and of the
temporary partial blockage of the exit by the deformable
capsule. This results in a sharp overshoot of the experimental
value of Ly, which is not observed numerically; the differ-
ences between the numerical and experimental transient
behaviors are less pronounced for Lx, as the transverse flow
has a secondary effect on the axial velocity.

We find that the predicted numerical values of non-
dimensional transverse response time τy are about half the
measured experimental ones for the two capsule populations
(Table 5). As the difference is significant, it is likely due to
some viscous effects in the membrane. The membrane
viscoelasticity may come from some loose cross-linked HSA
networks that can rearrange themselves during the flow
transient phase.

In order to go further in the analysis of the experimental
results and deduce an estimate of the membrane viscosity of
the capsules, a full numerical model of a flowing viscoelastic
capsule is necessary. Simulating the motion and deformation
of deformable microcapsules under flow accounting for
membrane viscoelasticity is challenging numerically. Only
few studies have at present included membrane viscosity.
Barthès-Biesel and Sgaier (1985) developed a small-
deformation theoretical model of a capsule under simple
shear flow, in which the membrane was assumed to follow
the Kelvin–Voigt model. To our knowledge, only two numer-
ical analyses have simulated the large deformation of cap-
sules with a viscoelastic (Kelvin–Voigt) membrane with
membrane viscosity μs. The first is by Diaz et al. (2001), who
considered an initially spherical capsule subjected to a pure
straining motion. In this case, the steady deformation does
not depend on membrane viscosity as the membrane is
motionless at steady state. They studied in detail the influ-
ence of membrane viscosity on the transient behavior
towards steady state. The other study is by Yazdani and
Bagchi (2013), who studied the motion of a capsule (initially
spherical or ellipsoidal) in simple shear flow. They were
mostly interested in the effect of membrane viscosity on
the steady deformation and did not make a detailed study of
its influence on the response time.

In our study, the capsule flows within a tube under high
confinement: membrane viscosity has no effect on its sta-
tionary shape, and only influences the transient behavior. No
numerical study has ever modeled the relaxation of a viscoe-
lastic capsule after a change in flow regime within a
confined tube.

The nearest study that can be used to estimate the order
of magnitude of the membrane viscosity is the one by Diaz
et al. (2001), in which they provided correlations of the
response time as a function of the membrane and fluid
viscosities

_γτve ¼ _γτe þ Aη; ð6Þ
where τve and τe are the response times in the case of a
viscoelastic and purely elastic capsule membrane,
and relaxation of microcapsules with a cross-linked human
r of Biomedical Materials (2015), http://dx.doi.org/10.1016/j.
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respectively, _γ the elongational flow shear rate, A a coefficient

of the correlation law and η¼ μs=μa the surface-to-bulk

viscosity ratio. We assume that the effect of the membrane

viscosity on the response time is approximately the same for

unconfined and confined flows. Thus taking _γτve ¼ τy,

_γτe ¼ τynum and A¼0.0186 for the experimental capillary num-

ber of 0.025 (linear interpolation of the coefficient values, Diaz

et al., 2001), we find η� 12, which indicates that the mem-

brane viscosity cannot be neglected in the present experi-

ment. We can then estimate the value of the capsule

membrane viscosity: μs � 8� 10�4 N s=m. We find that the

membrane viscosity of the HSA capsules is 3 orders of

magnitude larger than the one of red blood cells (Chien

et al., 1978) and about 30 times smaller than that of the

nylon capsules studied by Chang and Olbricht (1993). All

these values of membrane viscosities cannot be compared

among one another, as they result from the composition of

the membranes, which are completely different in each case.
Of course, one must keep in mind that this is only a rough

estimate of the membrane viscosity order of magnitude, as

channel flow and elongational flow configurations are differ-

ent. These results will need to be confirmed by future

numerical simulations of the relaxation of capsules flowing

through microchannels with a sudden expansion.
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