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Societal Summary

Porous, sponge-like structures are everywhere around us and even within
us. The ground we stand on, is a porous medium that absorbs and ex-
pels fluids, just like a sponge. The food we eat, like meat and and fruit, are
built from porous structures that swell or shrink when water is added or re-
moved. The products we use, especially hygienic products, contain fluid ab-
sorbing materials. Even the cells in our own body exhibit this omnipresent
(de)swelling behavior that typifies soft, porous materials. The volume is
not the only property that changes during the (de)swelling of these soft
materials, also the overall mechanical properties, such as the stiffness and
permeability, vary significantly. Understanding these mechanical changes
is crucial for further improving our understanding of sponge-like materials.
Such understanding has direct practical implications, for instance, sick and
healthy cells show different swelling behaviors, and the viscoelastic prop-
erties of foods such as cheese greatly influences the taste.

The main goal of our research is to gain a better understanding of the
(de)swelling behavior and the mechanics of soft porous particles. We use
hydrogels, polymeric networks swollen in water, with precise controllable
properties, as model materials for studying this behavior. We developed
measurement techniques and carried out experiments to investigate their
response to changes in temperature and pressure, extracting compressive
moduli, permeability, diffusion rates, swelling times and in general a better
understanding of what is happening during swelling and deswelling. For
example, we designed an unique approach that makes it possible to extract
the compressive modulus of a thermo-sensitive hydrogel via calorimetry,
without directly measuring any forces or stresses. We have also developed
methods for obtaining the permeability of porous particles with sizes rang-
ing from microns up to the macroscopic scale. The knowledge gained and
measurement techniques developed in this thesis can be used to predict
and probe the behavior of other sponge-like materials, like soil, foods, and
biological cells, and many other soft objects and materials.
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Abstract

Hydrogels are microscopic polymer networks that are swollen in water.
Due to their low internal polymer concentration, they are both mechani-
cally soft and responsive to changes in their physico-chemical environment,
such as solvent quality, pH, ionic concentration, electric fields, and temper-
ature. The aim of this thesis is to create a better understanding of the
mechanics and dynamics of these hydrogel particles. The standard method
for determining the mechanical properties of a hydrogel is by compressing
the hydrogel, typically by applying an osmotic pressure. By measuring the
pressure dependent volume change, the compressive modulus of the gel
can be determined. Generally, only the starting and final volume are con-
sidered. However, when the intermediate shape and volume are also taken
into account, additional properties can be determined.

In this thesis we use dedicated microfluidic devices to expose soft micro-
scopic hydrogel particles to a jump in externally applied osmotic pressure.
We observed a non-monotonic response: after an initial rapid compression,
the particle slowly reswells to approximately its original size. We theo-
retically account for this behavior, by assuming that the osmolyte diffuses
into the hydrogel. Our model then enables us to extract important material
properties from a single microfluidic experiment, including the compressive
modulus, the gel permeability, and the diffusivity of the osmolyte inside
the gel. We expect our approach to be relevant to applications such as con-
trolled release, chromatography, and responsive materials. We have also
verified this type of compression experiments at larger length scales, using
macroscopic hydrogel particles. We observed that the amount of reswelling
also depends on the used osmolyte, indicating that the net amount of vol-
ume change depends on the interplay between the reduction in osmotic
pressure and the change in solvent quality. We have extended our model to
include this behavior, which makes it possible to determine the compressive
modulus, the gel permeability, and the diffusivity of the osmolyte inside
the gel, while also giving an indication for the solvent quality parameter,
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all from a single experiment. Interesting behavior is also observed during
swelling of an initially dry macroscopic hydrogel particle. When such a
particle is exposed to a solution containing osmolytes of various sizes, the
volume of the particle starts to increase. Before the particle reaches its final
equilibrium volume the particle volume exhibits an overshoot. We account
for this by assuming that upon entering the hydrogel, the smaller osmolytes
reduce the solvent quality, resulting in a delayed decrease of equilibrium
volume of the hydrogel. The interplay between the reduction of the os-
motic pressure and the solvent quality reductions explains the observed
overshoot.

We have not only investigated the mechanical properties of hydrogel par-
ticles via osmotic compression, but also via temperature-induced compres-
sion. Temperature-sensitive hydrogels based on polymers such as poly–N–
isopropyl–acrylamide (PNIPAM) undergo a volume phase transition in re-
sponse to changes in temperature. During this transition, distinct changes
in both thermal and mechanical properties are observed. We illustrate and
exploit the inherent thermodynamic link between thermal and mechanical
properties by showing that the compressive elastic modulus of PNIPAM hy-
drogels can be probed using differential scanning calorimetry (DSC). We
verified this by using conventional osmotic compression tests. This new
method could be particularly valuable for determining the mechanical re-
sponse of thermosensitive submicron-sized and/or oddly shaped particles,
to which standard methods are not readily applicable.

Finally, in order to probe the extensional viscoelasticity of complex fluids,
such as fluids containing hydrogel particles, we investigated the (de)swelling
behavior of a gas bubble submerged in a polymeric solution. Gaining more
understanding of the extensional properties is crucial for predicting the
behavior of these fluids in complex flows. Commonly used experimental
techniques for determining these properties are limited in applicable ex-
tensional strain rates and accessible viscosities. We proposed a method in
which we effectively employ a single, microscopic gas bubble as a stress-
controlled rheometer, probing viscoelastic properties under purely exten-
sional flow conditions. We do so by applying a time-dependent pressure to
the surrounding non-Newtonian fluid, while simultaneously monitoring the
resultant changes in bubble radius. Our method yields information about
the viscoelastic properties of the surrounding fluid under extensional flow.
We focused on simple experiments with step-wise pressure changes, but
the method should also be suitable for oscillatory pressure changes.
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Introduction

Chapter 1

Introduction

Sponge-like particles are particles that can absorb and release large amounts
of water. Generally, this type of particle consists of a polymer network
which is swollen in a solvent such as water. These polymer networks ob-
tain the ability to absorb water from their hydrophilic functional groups
and their mechanical stability from physical or chemical cross–links. Due
to their low internal polymer concentration (as low as 0.1%), the particles
are mechanically soft and, depending on the properties of the polymer, they
respond to changes in their environment such as solvent quality, pH, ionic
concentration, electric fields, and temperature1–5. The resulting volume
change is schematically visualized in Fig. 1.1. These changes can happen
abruptly or take a long period of time depending on the type of polymer
network, applied stimuli and size of the particle6. In general, it takes longer
for a larger particle to deform or change its volume, as the surface area to
volume ratio decreases for increasing radius. As a result of their versatile
behavior, sponge-like particles are used in a broad range of industrial appli-
cations, ranging from soil improvement materials6 to medical and hygienic
applications such as tissue engineering, wound sealing agents and body liq-
uid absorbers7–9.

From a scientific point of view, sponge–like particles such as hydrogels are
of interest due to their distinct viscoelastic behavior, which results from
their elastic matrix and the viscous solvent. A single microscopic hydro-
gel can act as a well–suited mode for cells10, while structures of hydrogels
can be used to represent food structures and soft materials in general11,12,
as these macroscopic structures are build from soft, porous building blocks.

Understanding the mechanics of a single hydrogel particle is key for de-
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scribing the macroscopic mechanics of hydrogel structures and suspen-
sions, as their behavior directly depends on the properties of a individual
particles. The key material properties of hydrogels are 1) the compres-
sive modulus K, the resistance of the particle against volume change, 2)
the permeability κ, which quantifies the ease with which a liquid can be
pressed through a porous material and 3) the swelling rate τ , which in-
dicates the characteristic time of swelling. These parameters are directly
related to the polymer concentration φ which in turn scales with the mesh
size of the polymer network13 ζ as ζ ∝ φ−3/4. It has been reported by
Tokita and Tanaka14 that K ∝ φ9/4 and κ ∝ φ3/4, while τ ∝ 1/(κK). They
assumed that an initially spherical hydrogel stays spherical during swelling
or compression.

1.1 Swelling of hydrogels

However, when a dry hydrogel particle is submerged in water, typically a
considerable transient change in surface topography occurs16. The particle
does not remain smooth, but instead shows distinct wrinkles on its surface.
In some cases two regimes are observed, the “raspberry” regime and the
“brain” regime. A typical example of a particle in the raspberry phase is
depicted on the front cover of this thesis. Eventually, after further swelling
in water, the particle returns to a smooth, spherical shape. Examples of the
different states of surface instabilities are visualized in Fig. 1.2. As pointed
out in previous research16–18, these interesting surface instabilities origi-
nate from a mismatch in polymer/water concentration between the outer
and the inner part of the particle, which produces a stress within the parti-
cles, leading to wrinkling of the outer surface layer. This swelling mismatch
is most prominent in the early stages of swelling and gradually evens out
over time.

The final degree of swelling is highly sensitive to the physico-chemical

Figure 1.1: A sketch of a sponge-like particle that responds to an external stim-
ulus, such as solvent quality, pH, ionic concentration, electric fields, and/or tem-
perature.
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Figure 1.2: During swelling a smooth dry hydrogel particle will typically exhibit
surface instabilities which smooth out over time. The bar indicates 2.2 mm.

properties of both the polymer network and the aqueous solvent. The
presence of dissolved macromolecules in the background liquid can have a
significant effect, as the macromolecules can exert an additional external
osmotic pressure on the hydrogel material, thereby reducing the degree of
swelling. However, even if the added macromolecules are small enough to
diffuse into the hydrogel network, they can still affect the swelling behav-
ior through a modification of the solvent-polymer interactions. Therefore,
the net volume change of a hydrogel particle depends on the interplay be-
tween the reduction in osmotic pressure and the change in solvent quality.
Consequently, the ratio between the mesh size of the polymer network ζ
and the size of the macromolecule Rg is critical. Three distinct cases are
depicted in Fig. 1.3.

Generally, the interplay between the reduction in osmotic pressure and the
change in solvent quality is not explicitly taken into account when making
statements about the permeability and compressive modulus of a hydrogel
particle obtained from a swelling experiment.

Figure 1.3: If the radius of the osmolyte Rg is much smaller than the mesh size
of the network ζ, penetration can occur. Conversely, if Rg ≥ ζ penetration will be
(severely) delayed.
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1.2 Compression of hydrogels

A more direct way of determining the mechanical properties of a hydro-
gel is by exposing the hydrogel to an external pressure and measuring the
resulting volume change as a function of this pressure. For example, a clas-
sical method for mechanical measurements and manipulations of a single
cell is micropipette aspiration, where a cell is sucked into a pippet and the
amount of deformation gives information about the Young’s modulus of
the cell21. By assuming a certain Poisson’s ratio ν, the compressive modu-
lus can be determined. This technique however is very time intensive and
does not probe the overall properties of the particle. Another technique
that is used is Atomic Force Microscopy (AFM), where a cantilever with a
(round or sharp) tip is used to apply force and the resulting displacement
is measured again yielding the Young’s modulus. AFM can be used to de-
termine the local properties of small objects such as cells22 or microscopic
hydrogels. This technique provides only local properties instead of overall
properties as well as being time intensive. An underutilized technique is
Capillary Micromechanics23, where the hydrogel is trapped in a tapered
glass capillary and a hydrostatic pressure difference is applied across the
capillary. This pressure difference leads to a contact pressure between the
particle and the capillary walls, which results in both a volume and shape
deformation of the particle. Consequently, not only the compressive modu-
lus K can be determined, but also the shear modulus G, and Poisson’s ratio
ν. This technique is well suited for microscopic hydrogel particles as well as
for macroscopic hydrogel particles. A less commonly used method for de-
termining the mechanics of hydrogel particles is plate–plate compression24,
where the Young’s modulus is obtained and, also here, if the Poisson’s ratio
of the material is known, the shear and compressive modulus can be calcu-
lated.

The most common method to determine the compressive modulus is by per-
forming an osmotic compression experiment. In this method, an osmolyte
is added to the surrounding fluid to create a uniform osmotic pressure. By
determining the volume change as function of the applied pressure, the
compressive (bulk) modulus, also known as the osmotic modulus20, can be
obtained. This method has successfully been used to determine the com-
pressive modulus of sub–micron (0.5 µm) particle19. All of these described
methods are depicted schematically in Fig. 1.4.

Generally, these methods only take into account the equilibrium defor-
mations at specific levels of external stress, thereby neglecting any time–
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Figure 1.4: Different methods to determine the compressive modulus of a hydro-
gel particle. Clockwise starting top left: Micropippet aspiration, AFM, Capillary
Micromechanics, plate–plate and osmotic compression.

dependent behavior during the approach to equilibrium. However, if time–
dependent changes in shape and volume are also measured, additional
properties can be determined. This is not only true during swelling, where
instabilities are observed on the path to equilibrium, but also during the
osmotic compression of such a particle. During compression the possible
effects of osmolyte penetration are neglected. Therefore, neglecting the re-
duction in applied pressure difference and possible solvent quality chang-
ing effects are not taken into account. A study into the time–dependent
volume changes, where the possible effects of osmolytes are taking into ac-
count, is clearly needed.

Some hydrogel materials are thermally responsive, and can therefore not
only be compressed by adding an osmolyte to the background solution,
but also by merely increasing the temperature. A well–studied and often
used thermo–sensitive hydrogel is poly(N-isopropylacrylamide)25–27, ab-
breviated to PNIPAM. Interestingly, no links have been made between the
thermal and mechanical properties. Such a link would make it possible
to obtain mechanical properties of sub-micron PNIPAM particles or oddly
shaped PNIPAM particles of any size. This would be particularly interesting
for groups using PNIPAM particles as a model material for dense sponge–
like particle systems28.
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1.3 Hydrogel solutions

A solution containing a high amount of hydrogels behaves like a viscoelas-
tic fluid28. The extensional flow properties of complex fluids are of key im-
portance to, for instance, extending/contracting fluid flows in microfluidic
devices, extrusion, inkjet printing, and the invasion of liquid into a porous
network, where significant extensional flows occur29. While for the case of
simple shear deformation a wide range of methods and commercial equip-
ment is available for measuring the viscoelastic response of complex fluids,
for extensional deformations, the available methods still have serious lim-
itations. For example, capillary breakup extensional rheometer (CaBER),
developed in the work of Bazilevsky et al.30 has disadvantageous inertia–
induced asymmetries, gravitational sagging, and short filament lifetimes
for low viscosity samples31,32. Microfluidic devices have also been intro-
duced as a technique to measure the extensional properties of complex
fluids. However, in stagnation point devices, the samples are subjected
to a spectrum of residence times and it is therefore questionable whether
steady–state conformations can be achieved33, while for devices creating a
contraction-expansion flow, shear effects are inherently present34. Creating
a simple method where the flow is inherently extensional would therefore
be of great benefit.

1.4 Aim and scope of thesis

The aim of this thesis is to create a better understanding of the mechanics
and the (de)swelling dynamics of hydrogel particles.

We study both the swelling and the compression behavior of hydrogel par-
ticles, and in both cases we have observed surprising and interesting devi-
ations from the standard (de)swelling theory. We find that for cases where
the osmolyte is able to invade into the pore network, qualitative changes in
swelling/compression kinetics are observed. During osmotic compression,
we observe a surprising re–swelling behavior, where after an initial rapid
osmotic compression, the particle volume increases again. Eventually, this
can even lead to a full reswelling of the particle to its initial volume. We
show that the kinetics of this reswelling is governed by the invasion of os-
molyte macromolecules into the gel network. Therefore, by studying this
behavior we not only obtain information on the material properties of the
particle itself, but also about the diffusivity of the osmolyte in the gel net-
work within the particle, as extensively described in chapter 2. In addition,

6



1

Introduction

solvent quality effects brought about by the invasion of osmolyte macro-
molecules can also be of major importance to the kinetics of osmotic com-
pression, as well as to the kinetics of swelling. These aspects are described
in detail in chapter 3.

By compressing a thermo–responsive hydrogel using heat instead of an os-
molyte and by making use of the inherent thermodynamic link between
thermal and mechanical properties, we developed a new experimental met-
hod for probing the mechanics of such thermo–sensitive particles purely
from calorimetric measurements, as described in chapter 4. As this method
does not require direct mechanical loading of the sample, it could be partic-
ularly valuable for determining the mechanical response of thermo–sensitive
submicron–sized and/or oddly shaped particles, to which standard meth-
ods are not readily applicable.

After having developed multiple methods to investigate the properties of
single hydrogels and accounting for their swelling and deswelling behavior,
we focus our attention on studying the properties of complex fluids, such as
hydrogel suspensions or polymer solutions. We propose a new method for
measuring extensional viscoelastic properties, which is described in chapter
5. This method is related in spirit to the previous experiments on hydrogel
particles, as it also relies on studying swelling and compression behavior,
but in this case instead of using a hydrogel particle, we employ an air bub-
ble. When a submerged air bubble is subjected to an instantaneous pres-
sure change, its volume adopts over time to adjust to a new equilibrium
volume. We show that the typical time scale of the swelling/deswelling of
the air bubble provides information not just about the properties of the air
bubble, but also about the viscoelastic properties of the surrounding fluid.

The knowledge gained and measurement techniques developed in this the-
sis can be used to predict and probe the behavior of many soft, sponge-like
materials, like soil, foods, and biological cells.
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Chapter 2

Compression and reswelling
of microgel particles after an
osmotic shock

2.1 Introduction

Microgels are microscopic polymer gels, swollen in a solvent. Because of
their low internal polymer concentration, they are both mechanically soft
and respond to changes in their physicochemical environment such as sol-
vent quality, pH, ionic concentration, and temperature. This sensitivity to
external triggers is exploited in a range of industrial and biomedical appli-
cations, where the controlled swelling or compression of these systems can,
for instance, be used for the controlled release of drugs and the creation of
smart, responsive materials1.

Microgel particles or other soft objects such as biological cells generally
adapt their volume under the influence of an applied osmotic pressure.
This effect is often employed as a means to characterize their bulk elastic
properties2–6 by measuring the pressure-dependent compression. However,
any potentially slow kinetics associated with the compression process itself
is generally ignored. One reason for this is that the process of swelling
and compression of these particles is usually faster than the experimental
time scale required to bring about a well-defined change in the applied
osmotic pressure. Hence, it is difficult to quantify the kinetics of this pro-
cess in direct experiments. However, experimental access to the kinetics

This chapter is reproduced form the paper: Compression and reswelling of microgel
particles after an osmotic shock, J.J.F. Sleeboom et al., PRL 2017,119, 098001.
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of such compression processes would yield valuable additional information
on the viscoelastic properties of these materials that cannot be obtained by
only studying the particle properties under (quasi-) equilibrium conditions.

In this chapter, we study these effects experimentally on a model system
of microgel particles. To apply a rapid and well–controlled osmotic shock,
we use dedicated microfluidic devices that enable us to subject microgel
particles to rapid changes in osmotic pressure, while simultaneously visu-
alizing the time-dependent changes in particle size by video microscopy.
We observe a surprising non–monotonic response, where an initial rapid
compression is followed by a slow reswelling of the particles, during which
they approximately regain their original size. The former we attribute to a
poroelastic compression under constant external pressure, while the latter
must be due to a penetration of the osmolyte into the microgel network,
which in turn leads to a reduction of the osmotic pressure difference be-
tween the inside and outside of the microgel particles.

2.2 Materials and Methods

We perform our experiments on a model system of polyacrylamide (PAA)
microgel particles, synthesized by polymerization of aqueous drops in a
water-in-oil emulsion. The aqueous phase contains all the reagents for the
polymerization of PAA, acrylamide monomers, sodium chloride, as well
as the cross-linker BIS-acrylamide. We synthesize three different batches:
“soft ”, “medium ”, and “stiff ”particles. For the soft and medium particles
we use 5 wt% of acrylamide monomers, 12 wt% of sodium chloride, and
respectively 0.1 wt% and 0.5 wt% of BIS-acrylamide in the aqueous phase.
We then allow the polymerization reaction to take place inside the aque-
ous droplets by keeping the emulsion at a temperature of 65 ◦C for ∼10
hours, resulting in the formation of a cross-linked polymer network inside
the droplets. For the stiff particles we use a microfluidic device to make
aqueous droplets which contain 10 wt% of acrylamide monomers, 0.26
wt% BIS-acrylamide, and 0.1 wt% of the catalyst ammonium persulfate.
The outer phase contains 0.1 wt% of the initiator tetramethylethylendi-
amin (TEMED). After polymerization, all our PAA particles are subjected to
a series of washing steps, where the oil phase and any remaining unreacted
monomers are removed by centrifugation, removal of supernatant, and di-
lution with deionized water (MilliQ, resistivity σ > 18 MΩcm).

Our microfluidic devices are fabricated from poly-dimethylsiloxane (PDMS)

14
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Figure 2.1: Microfluidic particle trapping device for osmotic shock measurements.
(A) Schematic of a single trap. (B) Typical device, showing trapped particles; scale
bar is 40 µm.

using standard soft lithography techniques7. They incorporate microfluidic
particle traps similar to those described by Tan et al.8, with an operation
principle shown schematically in Fig. 2.1(A). When particles initially enter
the device, they flow into empty traps because the fluid resistivity of the
trap is lower than that of the bypass channel. After a particle is caught in
a trap, the situation is reversed and subsequent particles pass through the
bypass channel. In a typical osmotic shock experiment, we first flow water
past the particles, followed by a fluid of higher osmotic pressure, separated
by an air bubble to avoid any diffusion- or convection-induced smoothing
of the interface between the two fluids. During this process, we record the
time-dependent changes in particle size by video microscopy. Representa-
tive frames are shown in Fig. 2.2 for a typical experiment on our medium
microgel particles exposed to an osmotic shock from zero to 29.4 kPa us-
ing a 13 wt% dextran solution (Mr = 70 kg/mol, Sigma-Aldrich, Cat. No.
31390). The bottom of Fig. 2.2 shows particle outlines for clarity. For each
frame of the corresponding movies, we estimate the particle volume V (t)
using digital image analysis (for video and experimental condition seen
Appendix 2.A and see Appendix 2.H for more information about the image
analysis).

2.3 Results and Discussion

We generally observe that the particles respond initially by shrinking rela-
tively swiftly after which they slowly reswell to approximately their original
size, as shown in Fig. 2.3(A). The volume of the particle immediately after
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exposure to the high osmotic pressure remains unchanged, showing that
the transfer of the bubble, as well as the exchange to a fluid of higher vis-
cosity, has no significant impact. Instead, the subsequent compression of
the particle must be caused solely by the increase in osmotic pressure. We
confirm this by performing experiments at different flow rates, 500 and
1000 µL/h, finding no discernible differences, see Appendix 2.I. We thus
perform all subsequent experiments at 1000 µL/h, and vary only the os-
motic pressure, as well as the particle stiffness. The latter should dictate the
elastic response of the particles and the transport of osmolyte into the par-
ticles. Through the former, we control the level of external stress applied to
the particle. We find that increasing the osmotic pressure leads to a larger
level of compression, while increasing the particle stiffness leads to a lower
compression, but a somewhat faster recoiling, as shown in Fig. 2.3(A,C&E).

In our hypothesis of the physical origin of the observed behavior, the slow
re-swelling process is governed by the osmolyte penetration into the pores
of the microgel. A simple way to test this hypothesis is to use an osmolyte
that is larger than the pores of the network and thus cannot readily pen-
etrate the polymer particle. Indeed, as shown in Fig. 2.3(B), using a high
molecular weight polyethylene oxide solution (Mw = 106 g/mol, 2 wt%)
to induce the osmotic shock, we observe only a rapid compression without
any signs of reswelling, thus confirming our hypothesis. We observe sim-
ilar effects when decreasing the mesh size of the hydrogel. For our stiff
particles, an osmotic shock with a 5 wt% 70 kDa dextran (Π ≈ 4.2 kPa)
leads to a rapid compression without reswelling, consistent with a mod-
ulus of K ≈ 18 kPa, as shown in Fig. 2.3(F). When applying a higher
osmotic pressure (13 wt% 70 kDa dextran, Π ≈ 29.4 kPa) we do observe
some reswelling, but the particle does not regain its initial size, as shown in

(i) (ii) (iii) (iv)

Figure 2.2: Typical osmotic shock experiment on a ‘medium’ particle. Microscope
images showing a trapped particle, prior to the shock (i), at t ≈ 4 s (ii), near the
minimum volume at t ≈ 10 s (iii), and at t ≈ 100 s (iv). Scale bar is 20 µm.
Particle outline highlighted for clarity in lower row of images.
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Fig. 2.3(E). Partitioning of the osmolyte between the inside of the particle
and its surroundings thus appears to be strongly dependent on the polymer
concentration and the molecular weight, as expected9.

We also perform experiments using very low molecular weight osmolytes,
with qualitatively different results. Using polyethylene glycol, PEG200
(Mw = 200 g/mol), we do not observe any significant compression, as
shown in Fig. 2.3(F). Indeed, it is reasonable to assume that osmolytes
much smaller than the mesh size can freely diffuse into the particle with-
out interacting significantly with the gel network.

This picture implies that for small enough osmolytes no significant forces
are applied to the gel network and thus the volume of the gel remains un-
changed. However, solvent quality effects due to the addition of osmolytes
such as salt or sugars should also be taken into account (see Appendix 2.J).

To further rationalize our findings, we develop a model that, despite its
simplicity, captures the essential physics of the response of microgel parti-
cles to an osmotic shock. We assume that an equilibrated particle of initial
radius R0 is at time t = 0 instantaneously exposed to a constant osmotic
pressure Π, exerted by an osmolyte present in the surrounding fluid. Let
the concentration of osmolyte at t = 0 be uniform outside of the microgel
particle and zero inside. Plausibly, we assume that, due to the presence of
the polymer network, diffusion of the osmolyte inside the particle is much
slower than that outside the particle. Moreover, in our osmotic shock ex-
periments, we are continuously flowing fresh osmolyte solution along the
particle surface. Hence, we expect the osmolyte concentration and chemi-
cal potential at the surface to remain constant. If this is true, we only need
to consider the slow diffusion process within the microgel particle itself.

Because diffusion of osmolyte into the microgel is slow, the microgel re-
sponds elastically to the osmotic pressure difference caused by different
concentrations of osmolyte inside and outside the microgel. If we rely
on simple relaxational dynamics10, then a sensible ansatz for a dynami-
cal equation describing the time evolution of the radius R(t) of the particle
would be ∂R/∂t = −Γ∂Ψ/∂R, where Γ is a kinetic coefficient, −∂Ψ/∂R is
a generalized force, and Ψ an appropriate free energy. The kinetic coeffi-
cient describes how easily the fluid is squeezed out of the microgel if it is
under a compressive force.
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Figure 2.3: Experimental data and model fits for different conditions, as indicated
in each sub-figure. A high molecular weight (2 MDa) poly-ethyleneglycol (PEG)
osmolyte is used in (B) and a low molecular weight (200 Da) PEG in the top
curve of (F). All other experiments use 70 kDa dextran as an osmolyte. Fits to
the phenomenological model are shown as a solid ( ) or dotted line ( )
for cases where the osmolyte can or cannot enter the gel, respectively. Fits to the
poro-elastic continuum model are shown as a dashed line ( ).
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The free energy Ψ describes the mechanical and chemical work done dur-
ing a volume change, and is a function of the elastic properties of the gel
network. We simplify our description further by neglecting the spatial dis-
tribution of osmolyte within the particle, accounting only for the overall
concentration within that particle. We further assume that the network
consists of m cross-linked sub-chains, and that it can be described as a uni-
form phantom network, which does not interact with the osmolyte16. This
means that in equilibrium the internal and external concentration of the
osmolyte will be equal. In particular for cases where the microgel particles
are virtually indistinguishable before and after the osmotic shock experi-
ment, this seems a reasonable assumption.

The mean density of the osmolyte in the microgel, ρ = (3N/4πR3), de-
pends on the number of osmolyte molecules in the microgel, N , and its
radius R, if presumed spherical. The free energy of the network includ-
ing the absorbed osmolyte can now be written as Ψ = m3

2kBT (R/R0)2 +
m3

2kBT (R0/R)2 + NkBT log(ρυ) − NkBT − Nµ + Π4πR3/3, where υ is
a microscopic volume scale and µ the chemical potential of the osmolyte
that is set by its concentration in the fluid. The first two terms describe
the ideal elastic behavior of the gel, and the third accounts for mixing and
translation of the osmolyte within the microgel. The last two terms appear
on account of the host fluid acting as both an osmolyte and an osmotic
pressure reservoir. If the background fluid behaves like an ideal solution,
van’t Hoffs law, Π = ρkBT , applies and we can directly express the chemi-
cal potential in terms of its osmotic pressure, µ = kBT log(Πυ/kBT ). This
produces the following dynamical equation for the ratio α(t) = R(t)/R0 of
the size of the microgel at time t relative to that at time zero,

∂α

∂t
= −Γα

[
α− α−3 − Pfα−1 + Pα2

]
, (2.1)

where P ≡ Π/K is the osmotic pressure scaled by the bulk compressive
modulusK ≈ mkBT/R

3
0 of the network, and Γα ≡ ΓkBT/R

2
0 is a relaxation

rate. The appropriate initial condition is α(0) = 1. To account for diffusion
of the osmolyte from the fluid into the microgel, we invoke the diffusion
equation in integral form, ∂N/∂t = D

∮
d2S · [ρ∇µ/kBT ] across the in-

terface, where D is the diffusivity of the osmolyte within the gel. Within
our coarse-grained model prescription in which the osmolyte behaves ide-
ally and where we treat the concentrations inside and outside the microgel
particle as uniform but different, this becomes ∂N/∂t = DR−2(N∞ − N)
with R(t) the radius of the microgel and N∞ the equilibrium value of the
number of osmolyte particles; all constants of proportionality are absorbed
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in the diffusivity. If we define f(t) = N(t)/N∞ as the fraction of the total
equilibrium amount of osmolyte in the microgel at time t, we obtain

∂f/∂t = −Γfα
−2(f − 1), (2.2)

where we have introduced the kinetic parameter Γf ≡ D/R2
0 that sets the

time scale for the solute to enter the microgel by diffusion. An obvious
initial condition is f(0) = 0. The ratio of the rates γ = Γf/Γα determines
to what extent the microgel particle can be compressed if exposed to an in-
stantaneous osmotic stress and also determines the time scale over which
reswelling occurs.

The reverse case of exposing an osmolyte-saturated microgel particle to
a solvent devoid of any osmolyte, produces slightly different differential
equations that within our treatment read

∂α/∂t = −Γα[α− α−3 − Pfα−1] (2.3)

∂f/∂t = −Γfα
−2f, (2.4)

where P has the same meaning as before, describing the osmotic pressure
of the solution before it is replaced by pure solvent, and f(t) = N(t)/N(0)
is the fraction of osmolyte depleted from the microgel particle. Initial con-
ditions are α(0) = 1 and f(0) = 1. In this case the particle swells imme-
diately after immersion into pure solvent because of the osmotic pressure
exerted by the osmolyte trapped within the microgel. Inserting the formal
solution to Eq. (2) into Eq. (1), produces a non-linear integro-differential
equation that we have not been able to solve analytically. Even for small
pressures P � 1, an exact solution remains elusive albeit that the short-
and long-time relaxation can be evaluated. The short-time response is
exponential and dominated by a relaxation rate equal to 3Γα(12 + 3P ),
while the long-time response is bi-exponential with relaxation rates Γf
and Γα(12 + 9P ). This shows that the relevant time scales are functions
of the diffusivity of the osmolyte within the microgel (through Γf ), the
cross-linking density and the permeability of the microgel (through Γα and
P ), the osmotic pressure of the solution (through P ), as well as the size
(through Γf , Γα and P ). In the limit P � 1 an approximate solution for all
times can be given. For osmotic compression and reswelling of an initially
pure microgel we obtain α ≈ 1−P (4 + 3P −γ)−1[exp(−Γf t)− exp(−(12 +
9P )Γαt)], which is close to the experimental data and to the full numerical
solution. For swelling and recompression of an osmolyte-saturated micro-
gel in pure solvent we get α = 1 + P

4−γ [exp(−Γf t) − exp(−12Γαt)]. This
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highlights that the compression and swelling experiments are not symmet-
ric due to their inherently non-linear character.

We have also developed a more detailed model, based on conventional
poroelastic theory,12 in which we take into account the local force balance
between osmotic pressure of the dissolved polymers, and the mechanical
response of the network. To compare this model to our phenomenological
model it assumes the dextran inside the hydrogel to be unhindered by the
PAA network; i.e., we consider again the PAA network as a phantom net-
work. The full geometric non- linearity of large deformations is captured by
assuming Hencky elasticity for the effective stress12. Interaction between
the PAA network and water is modeled with Darcy’s law13. More details can
be found in Appendix 2.B and will be discussed extensively in a follow-up
article. We evaluate numerically the governing equations for both models,
optimizing the various model parameters against the experimental data. As
shown in Fig. 2.3, this yields a surprisingly good agreement between both
models and the experimentally observed compression and swelling curves.
In Table 2.1 we collect the fitted model parameters corresponding to the
experiments shown in Fig. 2.3.

We can relate the model parameters obtained from these fits to more intu-
itive material properties such as the water permeability of the gel network,
κ, the bulk compressive modulus of the network, K, and the diffusion co-
efficient of the osmolyte in the network, D. We obtain K directly from the
fitted value of P ≡ Π/K, andD we obtain from Γf = DR2

0. For our medium
particles the obtained modulus K ≈ 13 kPa is in good agreement with the
K ≈ 13± 5 kPa that we obtained from an independent Capillary Microme-
chanics measurement14,15 (see Appendix 2.C) For our stiff particles, Capil-
lary Micromechanics yields K ≈ 33.5 ± 11 kPa and K ≈ 17.8 ± 6 kPa for
the high-strain and low-strain regime, respectively, see Appendix 2.D. This
compares favorably with the values of K = 30 kPa and K = 18 kPa corre-
sponding to the model curves in Fig. 2.3(E & F). To obtain the permeability
κ, we identify the kinetic coefficient Γα with the fast relaxation process
in the swelling process, described by the analytical model of Tanaka and
Fillmore16 as 3Γα(12 + 3P ) ≈ π2Kκ/R2

0η, with η the viscosity of water.
Measurement of the permeability usually requires dedicated setups such
as the flow cell used by Tokita and Tanaka17 or an approach based on in-
dentation, recently developed by Hu et al.18. While these methods do not
enable direct measurements on microscopic particles, the values we obtain
for the gel’s permeability are of the same order as previous measurements
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Table 2.1: Parameters and corresponding material properties for the model curve
fits displayed in Fig. 2.3. Input parameters are the particle radius, R ≈ 20 µm,
and the Poisson’s ratio, ν = 0.48. The time scales for the phenomenological model
are tfast = π2 [3Γα(12 + 3P )]−1, tslow = π2/Γf .

Soft Medium Stiff
Data in Figures: 3A 3B 3C 3D 3D 3E 3E 3F
Π [kPa] 29.4 1.5 29.4 4.2 -4.2 29.4 29.4 4.2
Parameters phenomenological model:
K [kPa] 10 10 13 13 13 30 30 18
tfast [s] 19 43 32 61 72 33 26 42
tslow [s] 493 ... 395 132 132 329 ... ...
D [µm2/s] 0.81 ... 1.01 3.04 3.04 1.22 ... ...
κ [nm2] 2.11 0.93 0.98 0.51 0.43 0.40 0.50 0.53
Parameters poro-elastic model:
K [kPa] 11 ... 14 14 14 ... ... ...
tgel [s] 53 ... 60 60 60 ... ... ...
tpol [s] 350 ... 240 240 240 ... ... ...
D [µm2/s] 1.1 ... 1.7 1.7 1.7 ... ... ...
κ [nm2] 0.23 ... 0.16 0.16 0.16 ... ... ...

on macroscopic PAA gels, which found κ ≈ 0.3− 6 nm2 for polymer con-
centrations of c ≈ 3− 20 wt% 17. Given the relatively weak trends in the
obtained permeability values we cannot make strong statements regarding
the dependence of the permeability on the applied osmotic pressure or the
particle stiffness. Further, while we did not find literature data for the dif-
fusion coefficient of dextran in PAA gels, the obtained diffusion coefficient
of D ≈ 1 µm2/s for 70 kg/mol dextran within the PAA networks is indeed
much lower than in water, where D ≈ 30 µm2/s19.
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2.4 Conclusion

In summary, our method enables direct experimental access to three key
physical properties of porous soft objects: their elastic bulk modulus, their
permeability to an aqueous background liquid, and the mobility of the os-
molyte, the macromolecules used to apply the osmotic pressure, within the
pores of the soft object. While at the macroscopic scale, measurement of
each of these properties requires separate, dedicated techniques and in-
struments, using our microfluidic approach they become readily accessible
in one simple experiment. We expect our approach to be directly applica-
ble to applications and materials where the properties of soft, compressible
objects are of key importance.
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Appendix

2.A Supplementary video

The video ‘Supplementary video1.mp4’ shows a typical experiment, as
recorded with video microscopy.
Experimental conditions: A poly-acrylamide (PAA) particle of the soft type
(cross-linker concentration of 0.1 wt% BIS-acrylamide) is exposed to an
osmotic shock from deionized water to a 13 wt% dextran solution (Mw =
70 kg/mol, osmotic pressure Π ≈ 29.4 kPa). The two fluids are separated
by an air bubble, which in the movie appears at t ≈ 23 s and fully disap-
pears at t ≈ 48 s, at which point the PAA particle is surrounded by the high
osmotic pressure solution. The particle rapidly shrinks, reaching its small-
est size at around t ≈ 55 s in the movie. Subsequently, the particle slowly
re-swells to nearly its original size in the rest of the video.

2.B Poro-elastic model

In this paragraph we briefly outline the ingredients of the poro-elastic
model we use to model the observed osmotic shock. The water phase and
the polyacrylamide (PAA) network are both modeled as a continuum. The
dissolved dextran polymers are considered to be a constituent of the water
phase 20.

The equations of motion are found by considering conservation of water
and PAA volume and the number of dissolved polymers inside the hydro-
gel (see the book by Coussy21, chapter 1). The diffusive flux of polymers
is modeled assuming infinite dilution and no hinder of the PAA network,
implying Fick’s first law to apply with a constant diffusion coefficient. The
final equation of motion is given by the overall force balance of the two
continua (see 21, chapter 2). Stress inside the hydrogel is generated by
the fluid pressure, the Terzaghi effective stress of the PAA network12, and
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the osmotic pressure of the dissolved polymers. To find the effective stress
of the network we consider Hencky elasticity as a constitutive relation. It
captures the full geometric nonlinearity of large deformations as it is essen-
tially a three dimensional version of the one-dimensional concept of true
strain with a constant osmotic and shear modulus12. As PAA forms a very
“rubber like” network, we expect this approximation to hold. The osmotic
pressure of the dissolved polymers is given by van ’t Hoffs law, for we model
the dissolved polymers as being infinitely diluted. Darcy’s law accounts for
interaction between the two continua and provides an expression for the
fluid pressure13. Tokita & Tanaka 17 established the dependence of the
permeability on the local concentration of PAA network. Finally, assuming
radial symmetry of the hydrogel, we can express the velocity of the water
continuum in that of the PAA network by combining the volume conserva-
tion equations of the two continua.

The boundary conditions needed to solve the equations of motion are found
from the following considerations. In the microfluidic setup, polymer solu-
tion flows continuously around the hydrogels. As the dynamics of the os-
motic shock are independent of the flow speed of the solution, we assume a
constant concentration of polymers at the boundary of the hydrogel. If the
PAA network is permeable for the dissolved polymers the concentration of
polymers inside and outside the hydrogel is equal at the boundary. At the
center of the gel the concentration of polymers acquires a local minimum
because the concentration of dissolved polymers is continuously differen-
tiable at the center. The effective stress is zero at the boundary because we
neglect the pressure exerted by the microfluidic device, and because the
concentration of polymers inside and outside the hydrogel is equal at the
boundary. At the center of the hydrogel the deformation of the PAA con-
tinuum should be zero because of symmetry. If the dissolved polymers can
not penetrate into the hydrogel the concentration of polymers inside and
outside the hydrogel is not equal at the boundary, implying the effective
stress at the boundary to be equal to the osmotic pressure of the polymer
solution.
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2.C Mechanics of microgel particles: Capillary Mi-
cromechanics

As a comparison to our osmotic shock experiments, we quantify the me-
chanical properties of our hydrogel particles using the recently developed
Capillary Micromechanics method15. The results serve as a validation for
our main measurements, performed in the microfluidic osmotic shock setup.
In Capillary Micromechanics, a dilute suspension of the particles of interest
is flown into a tapered glass capillary of circular cross-section. As the tip of
the capillary is smaller in diameter than the particles, the first particle that
arrives near the tip remains trapped and subsequently blocks the further
flow of fluid through the capillary. In this situation, the entire pressure dif-
ference applied across the capillary falls off across the trapped particle. The
corresponding applied external stress must match the internal elastic stress
within the particle, which is a function of the particle’s deformation and
the elastic moduli of the particle. Thus, quantifying the deformation of the
particle enables us to directly extract its elastic response. For the case of the
compressive (bulk) modulus K, we quantify the volumetric strain ∆V/V
as a function of the characteristic bulk stress σcompr. ≈ [2 · pwall + p] /3 ap-
plied to the particle, where pwall is the pressure exerted on the particle at
the area of contact between the particle and the wall of the capillary, and p
is the pressure drop applied across the capillary.15

2.D Stiff particles

A selection of images from the Capillary Micromechanics measurement on
our stiff particles (polymer concentration 10 wt%, BIS-acrylamide cross-
linker concentration 0.26 wt%) is shown in Fig. 2.4A. We use digital image
analysis to quantify the compressive stress σcompr. ≈ [2 · pwall + p] /3 as a
function of the volumetric strain ∆V/V as shown in Fig. 2.4B. The slope of
this curve corresponds to the compressive (bulk) elastic modulus K. The
measurement indicates strain stiffening, as the slope becomes steeper at
higher volumetric strain values. In the low-strain region, ∆V/V < 0.4, a
linear fit yields K ≈ 17.8 ± 6 kPa (dotted line in Fig. 2.4B). In the high-
strain region, ∆V/V > 0.18, we find K ≈ 33.5± 11 kPa (dashed line).
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Figure 2.4: Capillary Micromechanics measurement of the bulk (compressive)
modulus K for our ’stiff’ particles (10 wt% polymer concentration, 0.5 wt% BIS-
acrylamide). The characteristic stress (2pwall+p)/3 as a function of the volumetric
strain ∆V/V . Separate fits in the low-strain and high-strain regions yield compres-
sive moduli of K ≈ 17.8± 6 kPa and K ≈ 33.5± 11 kPa

2.E Medium particles

Results from a measurement on our medium particles (polymer concentra-
tion 5 wt%, BIS-acrylamide cross-linker concentration 0.5 wt% ) are shown
in Fig. 2.5. The characteristic stress for compression, (2·pwall +p)/3, is plot-
ted as a function of the volumetric strain ∆V/V . A linear fit to the data,
shown as the dashed line, yields K ≈ 13 ± 5 kPa.

2.F Soft Particles

For our soft particles (polymer concentration 5 wt%, BIS-acrylamide cross-
linker concentration 0.1 wt%) the measurements proved difficult, as – due
to their low internal polymer concentration in the swollen state – the par-
ticles are difficult to visualize and exhibit lower elastic moduli than the
‘medium’ hydrogel particles. As a result, we did not achieve valid measure-
ments on these particles, instead only being able to identify that particles
were flowing through the constriction at pressures where the ‘stiff’ par-
ticles were trapped, showing that their elastic response is indeed weaker
than that of our ‘medium’ particles.
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Figure 2.5: Capillary Micromechanics measurement of the bulk (compressive)
modulus K for our ’medium’ particles (5 wt% polymer concentration, 0.5 wt%
BIS-acrylamide): The characteristic stress (2pwall + p)/3 as a function of the volu-
metric strain ∆V/V . The slope of this curve corresponds to the bulk modulus K.
A linear fit, indicated by the dashed line, yields K ≈ 13± 5 kPa

2.G Osmotic pressure of polymer solutions

2.G.1 Dextran solutions

In our main experiments, we apply an external osmotic pressure on our
particles using a solution of dextran with a molecular weight of 70 kg/
mol (Mr = 70 kg/mol, Sigma-Aldrich, cat. nr. 31390). For this grade
of dextran the osmotic pressure as a function of concentration has pre-
viously been measured in detail by Bonnet-Gonnet et al.5,6 Their experi-
ments showed that the osmotic pressure within a range of concentrations
from 0.1 wt% to 15 wt% is well described by a polynomial expansion, as
Π(c̃) ≈

[
286c̃+ 87c̃2 + 5c̃3

]
Pa, where c̃ = c/(1wt%) is the polymer con-

centration non-dimensionalized by 1 wt%. We use this approximation to
determine the osmotic pressure of our solutions from the polymer concen-
tration. For the concentrations used in our experiments, c = 5 wt% and
c = 13 wt%, this yields 4.2 kPa and 29.4 kPa, respectively.

2.G.2 Polyethylene oxide (PEO) solutions

To apply an osmotic pressure in the absence of osmolyte penetration into
the poly-acrylamide particles, we use high molecular weight poly-ethylene
oxide (PEO) solutions (Mw = 106 g/mol, Sigma Aldrich) instead of the
70kDa dextran solutions used in our main experiments. We measure the
osmotic pressure of the PEO solutions as a function of concentration by
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dialysis against dextran solutions, for which the osmotic pressure has pre-
viously been measured in detail5. We enclose 1 wt% PEO solutions into
dialysis bags and place them into baths of dextran solutions of various con-
centrations with corresponding osmotic pressures ranging from ≈ 0.3 to
≈ 2.8 kPa. These baths are then allowed to equilibrate for a period of 1
week; after this period we assume that the osmotic pressure of PEO in-
side the bag matches that of dextran in the bath outside. Depending on
whether the initial osmotic pressure in the PEO solution is larger or smaller
than that in the surrounding dextran solution, the concentration within the
dialysis bag will have increased or decreased after equilibration, respec-
tively. In our further analysis, we neglect changes in concentration in the
dextran bath around the dialysis bag, as the volume of the dextran solution
far exceeds the volume of the sample in the dialysis bag (ratio > 50:1).

To determine the concentrations of the equilibrated PEO solutions, we ex-
tract the solutions from the dialysis bags and determine their weight both
immediately after extraction and after thorough overnight drying on a hot-
plate, respectively. The PEO weight concentration is then taken as the ratio
of the dry weight to the initial weight of the solution. The resulting data
points for the different solutions are shown in Fig. 2.6 as blue circles. The
red line is a second order polynomial fit to the data, meant to guide the eye.
Results are in reasonable agreement with the osmotic shock experiments,
which suggest an osmotic pressure of 1–2 kPa for a 2 wt% PEO solution
(see Fig. 2.3B).
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Figure 2.6: Osmotic pressure as a function of concentration for PEO solutions,
determined from dialysis against dextran solutions.
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Figure 2.7: Possible approximations of 3D particle shape. (1) Shape of the mi-
crofluidic trap (2) Lower limit: Volume obtained by rotating the 2D particle shape
observed in the microscope around the central axis along the middle of the trap.
(3) Volume obtained starting from a 3D ellipsoid that is deformed locally by the
PDMS wall, otherwise keeping its exterior integrity where the wall is not in con-
tact. (4) Volume obtained from the 3D ellipsoid that is deformed in the straight
part of the trap only where it is in contact with the wall and where the particle
maintains ellipsoidal cross-sections in the tapered part of the microfluidic trap.
(5) Upper limit: Volume obtained by extruding the 2D particle shape across the
full height of the channel. We choose to use option (3).
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2.H Image analysis for estimating particle volumes

For each osmotic shock experiment, we follow the time-development of the
particle’s shape and volume using video microscopy. We thereby obtain, for
each frame of the recorded video, the two-dimensional projection of the
particle shape, as seen from the top of the channel. To obtain an estimate
of the three-dimensional particle shape, different approximations can be
employed, as shown in Fig. 2.7. We find that the 2D projection of the parti-
cle shape is well approximated by an ellipsoid that is locally deformed (as
in a Hertz approximation) by the walls of the microfluidic channel. This is
appropriately reflected in case (3) shown in Fig. 2.7, where we assume the
3D shape to be a 3D ellipsoid that is locally deformed by the walls of the de-
vice. Comparison of volumes obtained using cases (2), (3) and (4), we find
relatively small differences, varying by typically less than 20%, even at the
largest degrees of deformation probed in our experiment. Moreover, the
general trend of a rapid volume decrease, followed by a slow re-swelling,
is observed independent of what approximation for the 3D particle shape is
taken. We therefore choose to use the approximation represented by case
(3) in Fig. 2.7 to extract particle volumes from our osmotic shock experi-
ments.

To do so, we first determine the two-dimensional shape of both the particle
and the microfluidic by using a home-built MATLAB code employing edge
detection methods to detect the particle’s shape. The portions of the par-
ticle outline that are not in contact with the wall of the microfluidic trap
are fitted to an ellipsoid, which, as mentioned above, agrees surprisingly
well with the actual particle shape, even for significantly deformed parti-
cles. We then calculate the 3D shape and volume of the particle, based on
approximation (3) shown in Fig. 2.7.

2.I Osmotic shock measurements at different applied
flow rates

To test whether the applied flow rate affects the observed shock behavior,
we perform shock experiments at different flow rates and measure the re-
sulting time-dependent volume changes V (t)/V0. As shown in Fig. 2.8, the
data for flow rates of 500 µL/h (circles) and 1000 µL/h (squares) overlap
remarkably well, indicating that the applied flow rate does not significantly
affect the deswelling/reswelling behavior. We perform our subsequent ex-
periments using a fixed flow rate Q ≈ 1000 µL/h.
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Figure 2.8: Osmotic shock measurements performed at different applied flow
rates. Normalized volume V (t)/V0 as a function of time t after the shock for
flow rates of 500 µL/h (circles) and 1000 µL/h (squares). The data overlap re-
markably well, indicating no significant effects of the applied flow rate on the
deswelling/reswelling behavior.

2.J Osmotic shock measurements using sorbitol so-
lutions

To further test the effects of small osmolyte molecules on our hydrogel par-
ticles, we have performed osmotic shock measurements using low molec-
ular weight solutions of polyethylene glycol PEG200 (shown in the main
manuscript) and of sorbitol (shown here). For both these osmolytes our
measurements indicate that, as their sizes are much smaller than the mesh
size of our hydrogels, their osmotic pressure does not appear to directly
induce a stress on the hydrogels. Indeed, using a 15mM PEG200 solution,
corresponding to an osmotic pressure of Π ≈ 37 kPa as an osmolyte we do
not observe any significant changes of the hydrogel volume, as shown in
Fig.3F of the main manuscript. This makes intuitive sense, as, due to the
small osmolyte size compared to the pore size, it is reasonable to assume
that the diffusion of the osmolyte molecules is not significantly affected by
the presence of the hydrogel within the background liquid.

However, using sorbitol instead of PEG200 as an osmolyte, we do find a
significant change of the hydrogel volume upon subjecting the particles to
an osmotic shock, as shown in Fig. 2.9. We perform two separate shock
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experiments on our ’stiff’ particles using two different sorbitol concentra-
tions, corresponding to vastly different osmotic pressures. A significant
deswelling is observed for both 0.01M (corresponding osmotic pressure
Πosm ≈ 24.5 kPa) and 0.5M (Πosm ≈ 1.23 MPa) sorbitol solutions. We
hypothesize that for these sorbitol experiments deswelling is caused by a
change in solvent quality due to the presence of the osmolyte, rather than
by the applied osmotic pressure. It is plausible to assume that for osmolytes
that are much smaller than the mesh size of the hydrogel particle, the os-
molyte can freely diffuse into the particle without interacting significantly
with the gel network. This picture implies that for small enough osmolytes
no significant forces are applied to the gel network and thus the volume of
the gel remains unchanged during an osmotic shock. Any volume changes
that occur under this scenario must then be the result of changes in solvent
quality due to the osmolyte, not of changes in osmotic pressure.
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Figure 2.9: Osmotic shock measurements using sorbitol as an osmolyte. Normal-
ized volume V/V0 as a function of time t after the shock. A significant deswelling
is observed for both 0.01M (corresponding osmotic pressure Πosm ≈ 24.5 kPa)
and 0.5M (Πosm ≈ 1.23 MPa) sorbitol solutions.
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Chapter 3

Swelling and compression of
macroscopic hydrogels in the
presence of penetrating
macromolecules

3.1 Introduction

Hydrogels are sponge–like materials that can absorb or expel large amounts
of water. These polymer networks, which obtain the ability to absorb wa-
ter from their hydrophilic functional groups and their mechanical stability
from physical or chemical cross–links, react to a wide range of stimuli and
are therefore used in many academic and industrial applications. For ex-
ample, hydrogel particles play an important role in medical applications
where, because their mechanical properties are similar to those of biologi-
cal tissue, they are used in tissue engineering1. Moreover, their propensity
to swell or de–swell under different physico–chemical conditions can be
exploited to control the release of drugs through the pores of the polymer
network.2,3 Hydrogels are also used in situations where an even more pro-
nounced volume change is desirable, e.g. in personal care products, soil
improvement4,5.

The rate at which they can change their volume depends sensitively on the
pore size, which affects both the permeability and the compressive mod-

This chapter is adapted from the paper: Swelling and compression of macroscopic
hydrogels in the presence of macromolecules, F.J.Aangenendt et al., to be submitted.
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ulus of the material. The permeability quantifies the ease with which a
liquid can be pressed through a porous material, whereas the compressive
modulus quantifies the mechanical response to changes in particle volume.
A common method for determining the compressive modulus of hydro-
gel particles is to perform an osmotic compression measurement, in which
a particle is submerged in an osmolyte solution, such as Dextran6. This
method generally relies on the assumption that the osmolytes are too large
to readily enter the pores of the network, in which case the compressive
modulus (or osmotic modulus) can be extracted directly from the equilib-
rium volume as a function of the applied osmotic pressure.

However, depending on the ratio between the pore size and the size of the
osmolyte, the osmolyte can eventually still penetrate the hydrogel, which
effectively lowers the externally applied osmotic pressure. Interestingly,
such a delayed pressure reduction can lead to a complete reswelling af-
ter an initial compression, as shown in experiments on microscopic poly–
acrylamide hydrogel particles in chapter 27. The results of chapter 2 sug-
gest that if macromolecules are able to penetrate the pores of the particle
network, the compressive modulus can no longer be extracted directly from
the equilibrium particle volume, without specifically taking into account
the penetration of osmolyte molecules into the particle.

However, we have so far ignored any interactions between the osmolyte
macromolecules and the polymer network, as for the systems studied in
chapter 2, the presence of small osmolyte macromolecules did not affect
the equilibrium swelling volume of the particles. This suggests that in the
final equilibrium state the osmotic pressure inside and outside the particle
is the same, and that the osmolyte does not interact with the polymer net-
work within the particle. It is however known that, in general, the presence
of dissolved (macro–)molecules in the background liquid can, in addition
to osmotic pressure effects, have a significant influence on the solvent qual-
ity of that liquid with respect to the hydrogel network8. This means that
the interactions between the liquid and the polymer chains in the hydro-
gel network can be modified by the dissolved osmolyte macromolecules,
which directly affects the network’s equilibrium volume after swelling. This
is analogous to the effect ions can have on polyelectrolyte gels9–11. How-
ever, macromolecules, due to their larger size, diffuse significantly slower
than ions. Therefore the change in solvent quality is expected to occur in a
more delayed fashion. While these solvent–changing effects should clearly
be considered in describing the (de)swelling kinetics of hydrogels in poly-
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mer solutions, they have generally been neglected in previous studies. As
a result, a full understanding of the (de)swelling of hydrogels in polymer
solutions is still lacking.

In this chapter, we experimentally study the swelling behavior of hydrogel
particles immersed in polymer solutions. We study the kinetics of swelling,
starting from a dried, compressed state, up to a fully swollen state, as a
function of the concentration and molecular weight of macromolecules dis-
solved in the background liquid. Using macroscopic sodium-polyacrylate
hydrogel spheres as model hydrogel materials, we find a qualitatively new
swelling behavior for swelling in the presence of macromolecules, as com-
pared to swelling in pure solvent.

We observe an overshoot behavior in these swelling experiments, where
after an initially rapid swelling process, the particle volume reaches a max-
imum at intermediate times, after which it decreases continuously to even-
tually reach a lower, equilibrium volume. If these hydrogel particles are
swollen in solutions without added macromolecules, such an overshoot is
not observed. In addition, we also study the compression behavior of these
hydrogels placed in similar polymer solutions. In agreement with the find-
ings of the previous chapter, we find that an initial compression of the
particles can be followed by a slow re-swelling. However, in contrast to
those findings, we find that, depending on the type and size of osmolyte
macromolecules present in the background liquid, particles do not always
fully reswell to their initial volume. Instead, they can slowly swell back to
a significantly lower equilibrium volume.

We hypothesize that both these effects, the overshoot in the swelling of
the hydrogels, as well as the lack of full reswelling to the initial particle
volume in an osmotic shock experiment, are due to the changes in solvent
quality, brought about by the presence of the penetrating macromolecules
within the network. We describe the observed overshoot behavior during
swelling, as well as the partial reswelling during compression, with a sim-
ple phenomenological model that takes into account the influence of the
dissolved macromolecules both on the applied osmotic pressure difference
and on the solvent quality of the background liquid. By incorporating these
two effects, our model is able to account for both the swelling and compres-
sion kinetics of hydrogels within aqueous polymer solutions.
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3.2 Materials and Methods

3.2.1 Materials

We use commercially available ”Aquapearls” (sodium polyacrylate hydro-
gel particles, Deco-Boulevard, Lohmar, Germany), intended for decorative
purposes, as a model hydrogel. The material is provided as dry spheres
with an average radius of 1.21 mm. Submersed in water, these hydrogel
particles can swell up to over 100 times their original volume.

We use polymer solutions of the following macromolecules (from small
to large): Dextran (from Leuconostoc spp, Mw=70 kDa, Sigma-Aldrich,
Rg ≈ 6 nm12 ), Polyethylene glycol 20k, (PEG 20k, Mw=20 kDa, Sigma-
Aldrich, Rg ≈ 7 nm13 ), and the bigger Poly Ethelyne Oxide 200k (PEO
200k, Mw=200 kDa, Sigma-Aldrich, radius of gyration Rg ≈ 22 nm13).
For simplicity we refer to PEG when we use PEG 20k and PEO when we use
PEO 200k. Also, we will refer to a ”saline solution” when we use a 100 mM
NaCl solution (NaCl, Sigma Aldrich, dissolved in MilliQ deionized water).
We did not use any other salts or salt concentrations.

3.2.2 Methods

For both the swelling and compression experiments the sample vials are
placed on a roller bank (Stuart Scientific SRT1, Sigma-Aldrich) to enforce
a homogeneous osmolyte concentration around the particle. The kinetics
of compression is in fact slightly different for the case of a particle im-
mersed in a polymer solution without any stirring, as shown in Fig. 3.21 in
Appendix 3.A. In the absence of stirring, the diffusion of macromolecules
outside the particle also plays an important role, while for a stirred solu-
tion it is reasonable to assume a constant concentration of osmolyte macro-
molecules in the surrounding solution, near the particle surface. We mea-
sure the weight of the (de)swelling particles periodically, by removing the
particle from the solution, and weighing the particle on a microbalance af-
ter carefully removing any excess surface water with tissue paper. As we
know the initial mass and volume, we can calculate the volume of the par-
ticle based on the measured weight.
Swelling is investigated by submerging a dry particle, of which we mea-
sured the initial weight and radius, in a (polymer) solution. We used a
saline solution, and saline solutions to which we added 2, 4, 5, 7.5 and 10
wt% of PEO, respectively. To test the influence of the smaller osmolytes we
used saline solutions with 8 wt% of PEG or 8 wt% Dextran.
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Deswelling is investigated by submerging a particle that was previously
swollen in a saline solution for at least a week, in a saline solution to which
4, 7.5 or 10 wt% of PEO is added, respectively. We also tested saline so-
lutions to which the smaller Dextran or PEG has been added, both at 8
wt%.

3.3 Results and Discussion

3.3.1 Swelling

As a first test of the influence of macromolecules on the swelling of hydro-
gels, we place a dry hydrogel particle, with volume V0, in a saline solution
and measure its increasing weight over time, which we compare to a parti-
cle swollen in saline solutions containing 5 wt% PEO. Surprisingly, instead
of only obtaining a reduced final volume Vf as a result of the applied os-
motic pressure, we also observe a significant overshoot in the volume, as
depicted in Fig. 3.1. To better visualize this overshoot we also plot the
same data in a rescaled fashion, as V (t)−V0

Vf−V0 . We notice that in both cases
the equilibrium volume is reached around the same time. Interestingly,
similar overshoot behavior has previously been reported,14,15 observed in
cases where hydrogels were swollen in solutions of different pH or different
ion content, monovalent vs multivalent ions for example.
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Figure 3.1: Normalized particle volume as function of time, as extracted from
measurements of the particle weight. On the left we plot V (t)/V0 and to better
visualise the relative overshoot we normalized the data as (V (t)− V0)/(Vf − V0)
on the right. We clearly observe the difference in swelling behaviour of hydrogel
particle swollen in a saline solution and in a 5 wt% PEO saline solution.
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While some authors have attributed this overshoot behavior to dynamic
conformational changes of the polymer chains within the network, the be-
havior is still not fully understood. However, we believe that this type of
overshoot behavior is quite different from the case studied here, where no
ionic or pH gradients are involved.

A possible explanation for the overshoot we observe here is that the PEO is
polydisperse, and that a fraction of the polymer can penetrate the hydrogel
and change the solvent quality. To check this hypothesis we performed Dy-
namic Light Scattering experiments (See Fig. 3.22 in Appendix 3.B). From
these experiments we find a very broad distribution of relaxation times,
which indeed indicates that the PEO exhibits a significant polydispersity.
This supports our hypothesis that a fraction of the PEO would be able to
penetrate the polymer network.

In experiments where we only use the smaller PEG, we do not observe any
overshoot, and also for Dextran this overshoot is not observed, as depicted
in Fig. 3.2. However, what we do observe is that the particle continues to
slowly swell after an initial period of rapid growth. This is in agreement
with the assumption that smaller osmolytes can penetrate the hydrogel and
as a result can slowly reduce the external pressure. It thus appears that for
these two cases, the reduction of the net external pressure dominates over
any possible reduction in solvent quality. In experiments where we combine
8 wt% PEG and 4 wt% PEO, we observe a more pronounced overshoot than
just for PEG or PEO alone at the same concentrations. We notice that for
pure PEO solutions, the relative overshoot is more pronounced for higher
concentrations of PEO, as depicted in Fig. 3.3.

3.3.2 Osmotic Compression

As a test of the influence of macromolecules on the compression of hydro-
gels, we place a previously swollen hydrogel particle in a saline solution
for at least a week, in solutions containing the small PEG or Dextran and
compare this with solutions containing the larger PEO. We have performed
osmotic compression experiments using 8 wt% PEG, 8 wt% Dextran, and 4,
7.5 and 10 wt% of PEO. Indeed, when using the smaller PEG and Dextran
we do observe a pronounced reswelling, as depicted in Fig. 3.4, a clear indi-
cation that a penetration of these small macromolecules into the hydrogel is
occurring. We note that, for both osmolytes, the reswelling starts at around
the same time (±104 sec), indicating that the penetration of both polymers
occurs at approximately the same rate. This is reasonable, as the two poly-
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Figure 3.2: Normalized swelling volume as function of time. On the left we
plot V (t)/V0 and to better visualize the relative overshoot we rescale the data as
(V (t) − V0)/(Vf − V0) on the right. We only observe an overshoot when PEO is
added; experiments employing only the smaller Dextran or PEG do not exhibit an
overshoot. We do observe a slow continues swelling, indicating that the pressure
difference is slowing decreasing. We find that combining PEO and PEG leads to a
more pronounced overshoot than just PEO at the same PEO concentration.
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Figure 3.3: Normalised swelling volume as function of time. On the left we
plot V (t)/V0 and to better visualize the relative overshoot we rescale the data as
(V (t) − V0)/(Vf − V0) on the right. At higher PEO concentration the overshoot
is more pronounced, although it seems that they reach their equilibrium volume
at the same time, around 1 · 105 sec. A solutions without PEO has been added as
reference.
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Figure 3.4: Normalised volume (V (t)/V0) as function of time for various os-
molytes. The smaller DEX and PEG seem to induce reswelling while for the larger
PEO solutions the particle keeps shrinking, although severely slower than the ini-
tial shrinking rate.

mers have similar molecular weights and we would therefore expect their
diffusion coefficients within the network to be similar. In corresponding
swelling experiments, performed at the same concentrations, we observe a
transition from fast to slow swelling after a similar period of time, as shown
in Fig. 3.2. For the PEO solutions we observe no reswelling, indicating that
the PEO is too large to enter the hydrogel. However, we do observe an
additional deswelling process at longer time scales, which again hints at
the polydispersity of the used PEO. Our experiments show that, in order to
perform a osmotic compression experiment that is straightforward to ana-
lyze, it is important to use a large enough monodisperse macromolecule,
as otherwise reswelling or deswelling will influence the measurement of
volume as a function of applied pressure.

3.3.3 Model

To account for the observed behavior, we develop, based on the simple phe-
nomenological model described in chapter 2, an extended model, which
incorporates the modification of the solvent quality, brought about by the
presence of macromolecules within the network of the hydrogel particles,
as well as, related to this, a potentially uneven equilibrium distribution of
these osmolyte macromolecules between the inside and the outside of the
hydrogel.
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We will first summarize the assumptions made for the starting model and
thereafter discuss the modifications needed to include the additional solvent–
quality effects.

We assume that if a particle is subjected to a pressure difference, this jump
is instantaneous and that the pressure depends on the concentration of the
osmolyte. We consider three separate regimes of osmolyte penetrability.
The first regime is where the radius of gyration Rg of the osmolyte poly-
mer chain is much larger than the network’s mesh size ζ, Rg � ζ. In
this limit, we assume that the osmolyte does not penetrate the hydrogel
network within experimental time scales. The second limiting regime is
when the polymer chains are much smaller than the network’s mesh size,
Rg � ζ, in which case the diffusion of the molecules inside the network is
nearly unhindered. Describing the regime between these two limiting cases
is not trivial.

However, in our model we directly employ the diffusion coefficient of the
osmolyte within the network Dosm to describe the mobility of the polymer
chains within the network. While this diffusion coefficient depends on the
molecular weight of the polymer and the mesh size of the network, a the-
oretical prediction based on these parameters is not straightforward. Due
to the presence of the network, we assume that the diffusion of the os-
molyte inside the particle is slower than diffusion of the osmolyte outside
the particle. And because diffusion of osmolyte into the microgel is slow,
the microgel responds elastically to the osmotic pressure difference caused
by different concentrations of osmolyte inside and outside the microgel.
Therefore, initial volume changes are dominated by elastic effects.

At t = 0 the osmolyte concentration inside the particle is 0 and the out-
side osmolyte concentration stays fixed during the experiment. Our simple
model does not specifically take into account the spatial distribution of the
osmolyte within the particle, instead looking only at the time dependent
average osmolyte concentration within the entire particle. In our previous
experiments, described in chapter 2, we flow fresh solvents past the parti-
cle, thereby ensuring that the outside concentration remains constant and
homogeneous. To the same end, in our current experiments we submerge
the macroscopic hydrogel particles in a large container of background fluid
under constant stirring of the fluid on a roller–bank. A large volume of the
fluid reservoir ensures that any osmolyte absorption into the hydrogel does
not significantly affect the outside concentration. As our background fluid
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has roughly 50 times more volume than the hydrogel particle this is a valid
assumption. As we actively stir the solutions we also assume the concen-
tration of osmolyte outside the particle, and near the particle surface, is
homogeneous.

In our previous model we assumed that the osmolyte and network do not
interact, therefore, in the final equilibrium state, the concentration of os-
molyte is the same inside and outside the hydrogel16. We wrote the time
derivative of the radius R(t) of the particle as Ṙ = −Γ∂Ψ

∂R , where Γ is a
kinetic coefficient, -∂Ψ

∂R is a generalized force and Ψ is an appropriate free
energy. The free energy of the network, including the absorbed osmolyte,
is written as,

Ψ = m
3

2
kBT (

R

R0
)2+m

3

2
kBT (

R0

R
)2+NkBT log(ρυ)−NkBT−Nµ+Π

4πR3

3
,

(3.1)
where υ is a microscopic volume scale and µ the chemical potential of the
osmolyte that is set by its concentration in the fluid. Further, m is the
amount of cross–linked sub–chains, N is the number of osmolyte particles
in the microgel and ρ = 3N/4πR3, the mean density of osmolyte in the
spherical particle. The first two terms describe stretching and compression
of ideal elastic chains16, and the third accounts for mixing and translation
of the osmolyte within the microgel. These terms, together with the last
term, which describes the work performed by the hydrogel on its environ-
ment, are depended on the radius R. As we assume that we can express the
radius time derivative ˙R(t) of the particle as Γ∂Ψ

∂R we focus on these terms.
The second-last term accounts for the chemical potential.

If the background fluid behaves like an ideal solution, we can apply van’t
Hoffs law, Π = ρkBT , and we can directly express the chemical potential in
terms of its osmotic pressure, µ = kBT log(Πυ/kBT ). Based on all of these
assumptions we derived a dynamical equation for the ratio α̇ = Ṙ(t)/R0

and ḟ(t), where f(t) = N(t)/N∞ is the ratio between the number N(t) of
osmolytes within the microgel and that in the final equilibrium situation,
N∞, where the osmolyte concentrations inside and outside the particle are
equal.

However, to extend the model to include solvent–quality effects, we now
explicitly wish to include the interaction between the network and the os-
molyte. To do so, we include an additional term in the free energy, which
penalizes the presence of osmolytes inside the gel, as −kBTBfα

−3, where
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fα−3 is the concentration of osmolytes within the network, normalized by
the outside concentration, and the parameter B is an interaction term with
the role of a (cross) virial coefficient which can be positive or negative
depending on the interactions between the solvent, osmolyte and polymer
network. Adding this extra interaction term into the free energy description
leads to a modified evolution equation for the normalized particle radius
α, as

∂α

∂t
= −Γα

[
α− α−3 − Pfα−1 + Pα2 +Bfα−4

]
, (3.2)

where P ≡ Π/K is the osmotic pressure, scaled by the bulk compressive
modulusK ≈ mkBT/R

3
0 of the network, and Γα ≡ ΓkBT/R

2
0 is a relaxation

rate.

For B = 0 the osmolyte does not interact with the network, and we re-
cover our initial evolution equation from chapter 2. However, if B 6= 0 the
network is affected by the presence of the osmolyte. This results in both
a modification of the final volume, and a mismatch between the osmolyte
concentration inside and outside the particle at the final equilibrium state.

To account for diffusion of the osmolyte from the fluid into the microgel,
we use the diffusion equation in integral form, ∂N/∂t = Dosm

∮
d2S ·

[ρ∇µ/kBT ] across the interface, where Dosm is the diffusivity of the os-
molyte within the gel. Within our coarse-grained model description in
which the osmolyte behaves ideally and does not interact with the network,
and where we treat the concentrations inside and outside the microgel par-
ticle as uniform but different, this becomes ∂N/∂t = DosmR

−2(N∞ − N)
with R(t) the radius of the microgel and N∞ the equilibrium value of the
number of osmolyte particles; all constants of proportionality are absorbed
in the diffusivity. If we define f(t) = N(t)/N∞ as the fraction of the to-
tal equilibrium amount of osmolyte in the microgel at time t, we obtain
∂f/∂t = −Γfα

−2(f − 1).

However, for cases where the penetrating osmolyte interacts with the net-
work (B 6= 0), the diffusion equation changes to ∂N/∂t = DosmR

−2(QN∞−
N). Where QN∞ is the number of osmolytes inside the gel at equilibrium;
Q can be larger or smaller than unity, depending on the change in inter-
action. We keep the definition for the fraction of osmolytes within the
network as f = N

N∞
, where N∞ is the equilibrium number of osmolyte

molecules within the network for the case where the osmolyte does not in-
teract with the network, hence B = 0. The updated evolution equation for
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the osmolyte concentration, then becomes

∂f/∂t = −Γfα
−2(f −Q), (3.3)

where Γf ≡ Dosm/R
2
f is the kinetic parameter that sets the time scale for

the solute to enter the microgel by diffusion, with Rf the final equilibrium
radius.

For B = 0 and Q = 1, the model reduces to the version in chapter 2. In this
case, the osmolyte can penetrate the network but does not interact with it;
as a consequence, in the final equilibrium state the concentrations inside
and outside the microgel are the same. If B = 0 but the osmolyte cannot
penetrate the hydrogel, then Q = 0 and the particle will just compress un-
der influence of the applied constant pressure. If the osmolyte penetrates
and interacts with the network, implying B 6= 0, the osmolyte concen-
tration will not equilibrate to be equal inside and outside of the hydrogel
particle, so Q 6= 1.

To illustrate and test the dependence of the model predictions on the pa-
rameter B, we show typical model results for both the swelling and com-
pression cases in Fig. 3.5 and Fig. 3.6, for different values of B, where the
values for the other parameters were Γα = 2 · 10−5,Γf = 1 · 10−5, P = 0.5
and Q = 0.9. For the compression case, the initial conditions are α(0) = 1
and f(0) = 0, while for the swelling case they are α(0) = 3

√
w and f(0) = 0,

with w the swelling ratio in water, in our case w ≈ 28. In both cases, as
a function of the parameter B with all other parameters fixed, we find a
systematic variation of the shape of the curves, as well as of the final equi-
librium volume.

For the swelling experiments , we see for a negativeB a higher final volume
than for B = 0. For positive values of B, the model predicts a continuous
slow growth of the particle. And indeed, the model also accounts for the
notable overshoot behavior observed in our experiments. For large enough
values of the parameter B, the model indeed predicts an overshoot fol-
lowed by a reduction in volume, as shown in Fig. 3.5.

For the compression experiments, a negative B leads to a rapid compres-
sion followed by a slow reswelling to a volume larger than the initial vol-
ume. For B = 0 we recover the qualitative behavior observed in the previ-
ous chapter, with the particle rapidly compressing and then re-swelling. For
positive values of B, the model yields the same compression and reswelling
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Figure 3.5: Influence of the solvent qual-
ity term B during a swelling experiment.
We kept the other parameters constant,
Γα = 2 ·10−5,Γf = 1 ·10−5, P = 0.5 and
Q = 0.9.
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Figure 3.6: Influence of the solvent qual-
ity term B during a compression exper-
iment. We kept the other parameters
constant, Γα = 2 · 10−5,Γf = 1 · 10−5,
P = 0.5 and Q = 0.9.

behavior, but with a reduced final particle volume, where the final volume
decreases systematically with increasing B. For large enough B, the min-
imum in the particle volume is even predicted to disappear, as shown for
the curve with B = 0.6 in Fig. 3.6.

Fig. 3.7 summarizes the different qualitative behaviors for both swelling
and compression experiments. The influence of solvent quality, as rep-
resented in the model by the parameters B and Q, is varied along the
vertical direction, while the osmolyte’s molecular weight varies along the
horizontal direction, from small osmolytes (Rg << ζ) on the left, to large
osmolytes (Rg << ζ) on the right.

3.3.4 Fitting results

By fitting this extended model to the experimental data we can obtain the
permeability κ, compressive modulus K, diffusivity of the osmolyte in the
hydrogel Dosm and, in our modified version, we also obtain an indication
for the solvent quality of the osmolyte in the shape of B and Q. We fit
our model to our experiments using the MATLAB functions fmincon and
ode15s where we set B, Γα, Γf , P and Q as fitting parameters. As initial
conditions we use B = 0.5, Γα = 2 · 10−5,Γf = 1 · 10−5. We set Q to the
normalized final volume for the experiments with Dextran and PEG and
Q = 0.1 for experiments where PEO is used. The results of this fitting
procedure are shown in Fig. 3.8– Fig. 3.20.
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Figure 3.7: Schematic illustration of different scenarios for swelling (solid black
lines) and compression (solid red lines) of hydrogel particles in polymer solutions,
as a function of both the radius of gyration Rg of the dissolved macromolecules
(columns) and their effect on the solvent quality of the solution with respect to
the hydrogel network (rows). Small macromolecules (left column) can diffuse
freely into the network, without exerting significant stresses, while medium-sized
molecules experience a reduced mobility within the network and very large macro-
molecules do not enter the network. The different rows indicate how the added
macromolecules affect the solvent quality, with no significant effect (top row),
increasing (middle row), or decreasing (bottom row). The dotted lines indicate
the equilibrium level of swelling within the same background liquid, without dis-
solved macromolecules. While we have not tested a macromolecule that increases
the solvent quality, in all other cases we have observed the depicted qualitative
behavior directly in experiments.
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Figure 3.8: Normalized volume as func-
tion of time for a swelling experiment us-
ing a 8 wt% PEG solution.
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Figure 3.9: Normalized volume as func-
tion of time for a swelling experiment us-
ing a 8 wt% Dextran solution.
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Figure 3.10: Normalized volume as
function of time for a swelling experi-
ment using a 2 wt% PEO solution.
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Figure 3.11: Normalized volume as
function of time for a swelling experi-
ment using a 4 wt% PEO solution.
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Figure 3.12: Normalized volume as
function of time for a swelling experi-
ment using a 5 wt% PEO solution.
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Figure 3.13: Normalized volume as
function of time for a swelling experi-
ment using a 7.5 wt% PEO solution.
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Figure 3.14: Normalized volume as
function of time for a swelling experi-
ment using a 10 wt% PEO solution.
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Figure 3.15: Normalized volume as
function of time for a swelling experi-
ment using a 8 wt% PEG + 4 wt% PEO
solution.
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Figure 3.16: Normalized volume as
function of time for a compression exper-
iment using a 4 wt% PEO solution.
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Figure 3.17: Normalized volume as
function of time for a compression exper-
iment using a 7.5 wt% PEO solution.
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Figure 3.18: Normalized volume as
function of time for a compression exper-
iment using a 10 wt% PEO solution.
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Figure 3.19: Normalized volume as
function of time for a compression exper-
iment using a 8 wt% PEG solution.
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Figure 3.20: Normalized volume as
function of time for a compression exper-
iment using a 8 wt% Dextran solution.

3.3.5 Analysis of fitting values

We have summarized the parameters obtained from the fitting procedure
in Table. 3.1. We first analyze the parameters obtained for the hydrogels
swollen in PEO to verify that the parameters are consistent.

For the hydrogels swollen in PEO solutions we observe an increase in P
for increasing polymer concentrations, which is as expected as the external
pressure, P ∝ Π, increases with increasing polymer concentration. From
chapter 2 we expect that the decay rate for the particle radius scales as
Γα ∝ 1/P , and indeed, we do observe a decrease in Γα for increasing P .
We also observe a trend for an increase of Γf with increasing PEO con-
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centration, which is somewhat expected, as the final equilibrium radius Rf
is decreasing. We further notice that Q does not vary significantly with
PEO concentrations. This is also in line with our expectations as Q repre-
sents the fraction of polymers that can penetrate the hydrogel, which, if
determined mostly by size exclusion, should not depend significantly on
concentration. We observe an increase in B for increasing PEO concentra-
tions. For higher PEO concentrations the final equilibrium volume is lower,
therefore the relative excluded volume is higher which is indicated with
the B term. The P and Q values for the hydrogels swollen in PEG 8 and
Dex 8 are also consistent, as the PEG solution has a slightly higher osmotic
pressure than the Dextran solution, 10 kPa17 versus 6.6 kPa12 respectively.

For the compression experiments the P and Q values also seem to be con-
sistent. However, the obtained values for Γα and Γf do not exhibit the
same trends as those observed in the swelling experiments.

Table 3.1: Fitting parameters for the model curve fits displayed in Fig. 3.8 to
Fig. 3.20. The first section states the swelling cases and the second section states
the compression cases.

name wt% P Γα 10−5 Q Γf 10−5 B Vf

NaCl 0 2.9 1 – 0 27
PEG 8 1.3 1.99 0.45 0.73 0.58 17.5
Dex 8 0.33 2.2 0.79 0.37 0.22 22
PEO 2 0.18 2.7 0.11 1.5 1.2 24
PEO 4 0.7 2.3 0.13 1.5 1.46 18.7
PEO 5 1 2 0.11 1.9 2.2 15.5
PEO 7.5 1.2 1.7 0.12 3 3 12.4
PEO 10 1.5 1.6 0.16 3.5 2.8 9.6
PEO 4+PEG 8 2.8 1.4 0.12 1.7 2.7 9.3
PEG 8 1.48 3.0 0.53 0.42 0.62 0.62
Dex 8 0.33 3.2 0.77 0.70 0.99 0.9
PEO 4 0.6 2.5 0.16 1.9 1 0.66
PEO 7.5 0.89 2.2 0.17 5.8 1 0.59
PEO 10 1.38 2.5 0.16 1.1 1.43 0.50
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3.3.6 Material properties

We can relate the model parameters to material properties such as the bulk
modulusK, the permeability κ and the diffusion coefficient of the osmolyte
in the network Dosm. We can determine K directly from the fitted P value
as we defined P = Π/K. From literature we know Π as function of con-
centration, for both the Dextran12 and the PEG17 solutions used in our
experiments, but not for our PEO solutions. To determine Π as function pf
concentration for our PEO solutions, we place 1 mL of 2 wt% PEO solutions
in dialysis bags and submerge them in dextran solutions of various concen-
trations, with know osmotic pressures. After having given the samples a
week to equilibrate, we extract the PEO concentration as function of os-
motic pressure, assuming that the osmotic pressure inside has equilibrated
to the pressure outside; see Appendix 3.C for details.

After K is determined we can determine the permeability. To determine
the permeability we assume, just as in chapter 2, that at short time scales
the swelling behaviour is dominated by the elastic effects and that this re-
laxation rate is equal to 3Γα(12 + 3P ) = π2Kκ/R2

0η, in which the right
hand side is the analytical swelling model of Tanaka and Fillmore19, with
η the viscosity of water. Finally we can determine Dosm as we defined
Γf = Dosm/R

2
f . We have placed all of these results in Table 3.2. From

these swelling experiments we obtain an average value for K of 25 kPa
and 7.5 nm2 for κ.

These parameters, obtained by fitting, are in fair agreement with the values
ofK = 27±6 kPa and κ = 8±5 nm2, obtained in separate, conventional ex-
periments, for a fully swollen hydrogel particle. To obtain K and κ we used
Capillary Micromechanics18 and a home–built permeability measurement
setup; both techniques are further explained in Appendix 3.E and 3.F.

We notice that the Dosm is lower for the Dextran and the PEG solutions
than for the PEO solution. The reason for this could be that, while overall
the PEO has a higher molecular weight than PEG and Dextran, the frac-
tion of the PEO that is small enough to penetrate the hydrogel could still
diffuse faster than the Dextran or PEG. Indeed, in experiments employing
a mixture of PEG and PEO we obtain a diffusion coefficient Dosm that lies
between those observed for PEO and for PEG, respectively.
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Table 3.2: material properties based on the model fits displayed in Fig. 3.8 to
Fig. 3.20. The first section states the swelling cases and the second section states
the compression cases.

name wt% Π [kPa] K [kPa] κ [nm2] Dosm [10−10m/s2]
NaCl 0 27 5.1 –
PEG 8 67 51 2.4 0.72
Dex 8 10 31 3.6 0.42
PEO 2 1.3 7.3 18 1.8
PEO 4 6.2 8.9 14 1.5
PEO 5 10 10 11 1.7
PEO 7.5 28 23 4.5 2.3
PEO 10 57 38 2.7 2.3
PEO 4+PEG 8 73 26 4.3 1.1
PEG 8 67 45 39 0.4
Dex 8 10 31 47 0.86
PEO 4 6.2 10 119 1.9
PEO 7.5 28 31 37 5.3
PEO 10 57 41 35 0.9

Overall, given the simplicity of our model, for the swelling experiments
the model appears to account for the experiments surprisingly well, even
as we neglected any polydispersity effects, and made B independent of
the osmolyte concentration. Nevertheless, it could be useful to develop an
improved model that specifically accounts for these factors. In our phe-
nomenological model we also neglected any possible blocking or slow–
down of shorter chains by a potential build–up of longer chains near the
surface of the swelling hydrogel. We would expect this to occur because
a simple estimation predicts that during swelling the particle surface ad-
vances into the background liquid faster than the PEO can diffuse away
(see Appendix 3.D). This would lead to the formation of a dense layer of
high molecular weight polymer chains near the surface, which would delay
the penetration of shorter chains into the hydrogel particle. Such a hy-
pothesized delay of the osmolyte entering the network is not specifically
considered in our model. However, we would expect its effect to manifest
themselves in our model in the form of a lowered diffusion coefficient of
the osmolytes in the network.

For the compression experiments the model appears to predict a steeper
compression than that observed in our experiments, in particular those
employing PEO as an osmolyte. We assume that this is the result of ne-
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glecting any polydispersity, which would introduce a distribution of time
scales. Another possible explanation could be that the roller bank proce-
dure was unable to fully homogenize the outside solution, which could lead
to an unbalanced distribution of both polymer concentration and molecu-
lar weight near the surface. The importance of the mixing procedure in
the outside liquid is illustrated by experiments where we compared the
compression behavior for a particle placed in an polymer solution that is
actively stirred to a sample that is not stirred. As shown in Appendix 3.A,
clear differences are observed between these two experiments. To further
elucidate the potential effects of the mixing procedure on these types of
experiments, further experiments, employing monodisperse osmolytes and
systematically varying the roller bank settings, would be required.

3.4 Conclusions

To conclude, we have performed swelling and compression experiments
with hydrogels in solvents containing macromolecules that, depending on
their size, can, to different degrees and at different rates, penetrate the
hydrogel network. Our experiments show that when such macromolecules
penetrate a hydrogel network, significant changes in solvent quality can
occur, which directly affects the equilibrium swelling volume. As a re-
sult, during a swelling experiment a slowly penetrating osmolyte leads to a
stretched–out swelling behavior. We further observe that when a combina-
tion of large and small osmolytes is used, an overshoot in the swelling can
occur. In our physical picture of this effect, the small osmolytes penetrate
the hydrogel and lower the solvent quality, while also contributing to a re-
duction in the pressure difference.

By the same argument, during a compression experiment, after the initial
compression, the penetration of osmolyte macromolecules leads to a fur-
ther compression or reswelling to a final size that depends on the change in
solvent quality that is brought about by the presence of the osmolyte within
the network. The particle reswells back to its original size only if the os-
molyte does not significantly affect the effective solvent quality. Thus, a full
description and understanding of the swelling/compression of hydrogels in
polymer solutions has to specifically take such solvent quality effects into
account. To do so, we have developed a simple phenomenological model
that accounts for both the swelling and the compression of hydrogels in
the presence of macromolecules dissolved in the background liquid. The
model takes into account both the reduction of the osmotic pressure differ-
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ence and the solvent quality changes that are induced by the penetration
of macromolecules into the gel network.

Despite its simplicity, our model accounts for the qualitative differences
in swelling behavior that are observed when swelling (or compression) of
a hydrogel network occurs in the presence of macromolecules within the
aqueous background liquid. Moreover, even quantitatively, we find good
agreement with swelling and compression experiments performed under
a variety of conditions with different sizes and types of macromolecules
dissolved in the background water. Fitting our data to the phenomenolog-
ical model enables us to estimate the compressive modulus, the network
permeability, the diffusivity of the osmolyte inside the hydrogel, as well
as giving an indication for the solvent quality in the presence of osmolyte
macromolecules.

We expect this work to be relevant to all fields of research and applications
that involve the swelling of porous hydrogel materials in the presence of
macromolecules and other solutes, as well as for applications where os-
motic compression experiments are used for determining the mechanical
properties of soft, porous objects.
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Appendix

3.A Roller bank

We measure the weight of a hydrogel particle, which has been swollen in a
saline solution for at least a week, as a function of time, after we submerge
it in a PEO solution. For samples exposed to an osmotic shock at rest,
without using the roller bank, a distinct delay in compression is observed.
We hypothesize that this has to do with the formation of a depletion zone
around the particle, as the surface of the hydrogel retracts faster than the
PEO can follow by diffusion. Changing the settings of the roller bank might
also influence this process, but we have not investigated this in detail.

time [sec]
10

2
10

4
10

6

V
(t
)/
V
0

0.65

0.7

0.75

0.8

0.85

0.9

0.95
4 peo rollerbank

4 peo no rollerbank

Figure 3.21: Normalized weight as function of time for a sample on and off the
roller bank.
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3.B Dynamic Light Scattering on PEO solutions

To obtain more information on the molecular weight distribution of the
PEO, we perform dynamic light scattering (DLS) experiments. For a poly-
mer with a uniform molecular weight distribution we would expect a single
exponential decay of the electric field correlation function g1 = [g2−1]0.5 as
a function of time20. However, our measured g1 clearly does not decay as
a single exponential, instead exhibiting a broad distribution of relaxation
times. This indicates that the PEO polymer used in our experiments exhibits
a broad size distribution. The inset shows the corresponding distribution in
hydrodynamic radius, as estimated from the temporal correlation function,
using a CONTIN fitting algorithm21 as implemented in the freely available
AfterALV software (AfterALV 1.0d, Dullware Inc, The Netherlands).
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Figure 3.22: Dynamic light scattering data. Electric field correlation function
g2(t) − 1 as a function of lag time t, measured at scattering angles ranging from
30 to 120 degrees. The shape of the correlation functions is clearly broader than
single exponential, indicating that the PEO does not exhibit a narrow molecular
weight distribution. Inset: Distribution of radius of hydration, as extracted from a
CONTIN fit to the measured correlation functions.

3.C Osmotic pressure PEO

We measure the osmotic pressure of the PEO solutions as a function of
concentration by dialysis against dextran solutions, for which the osmotic
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pressure has previously been measured in detail12. We enclose 2 wt% PEO
solutions into dialysis bags and place them into baths of dextran solutions
of various concentrations with corresponding osmotic pressures ranging
from 0.9 kPa to 40.7 kPa. These baths are then allowed to equilibrate for a
period of 1 week. After this period we assume that the osmotic pressure of
PEO inside the bag matches that of dextran in the bath outside. Depend-
ing on whether the initial osmotic pressure in the PEO solution is larger or
smaller than that in the surrounding dextran solution, the concentration
within the dialysis bag will have increased or decreased after equilibra-
tion, respectively. We neglect changes in concentration in the dextran bath
around the dialysis bag, as the volume of the dextran solution far exceeds
the volume of the sample in the dialysis bag (ratio 50:1).

To determine the concentrations of the equilibrated PEO solutions, we ex-
tract the solutions from the dialysis bags and determine their weight both
immediately after extraction and after thorough overnight drying on a hot-
plate, respectively. The PEO weight concentration is then taken as the ratio
of the dry weight to the initial weight of the solution. The resulting data
points for the different solutions are shown in Fig. 3.23 as blue circles.
The red line is a second order polynomial fit to the data, which adequately
describes the experimental data over the range of concentrations studied.
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Figure 3.23: Osmotic pressure as a function of concentration for PEO solutions,
as determined from dialysis against dextran solutions. The blue circles are the
experimental data, and the red line is our second order polynomial fit.
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3.D Swelling rate

During swelling, the outer surface of the hydrogel particle is moving through
the background liquid at a significant velocity. It is reasonable to assume
that high-molecular weight polymers, which cannot readily enter into the
network, may accumulate near the advancing interface as a result. This
would be expected to happen if the typical rate at which the polymer
chains move away from the surface by diffusion is much slower than the
rate at which the hydrogel surface propagates into the solution. To esti-
mate the relative importance of these two effects, we calculate the speed
of the surface vswell as V̇ /A, with V̇ the time derivative of the particle vol-
ume and A(t) the corresponding particle surface area. We obtain V̇ by
fitting the V (t) data with a double exponential form and calculating the
time derivative of this fit function. As a characteristic diffusion velocity
vosmolyte of the dissolved macromolecules at a length scales comparable to
the macromolecule’s size, we calculate a typical velocity by calculating the
typical diffusion time scale τD for a polymer coil to diffuse in one direction
over its own radius, for which we have R2

g = 2DτD = kBT
3πηRg

τD, yielding
vosmolyte = Rg/τD = kBT/3πηR

2
g. The ratio between these two velocities

indicates whether we expect the polymer to accumulate near the particle
surface (for vswell/vosmolyte � 1) or to disperse by diffusion, unaffected
by the swelling process (for vswell/vosmolyte � 1). Indeed, as shown in
Fig. 3.24, the velocity ratio vswell/vosmolyte is much larger than unity dur-
ing almost the entire swelling process. Based on this simple estimation we
would thus expect the macromolecules to accumulate near the interface.

We perform the same type of analysis for the particles that are being com-
pressed. We fit the compression data with a double exponential and deter-
mine the time derivative based on the results. We then compare this speed
with the diffusion velocity. As depicted in Fig. 3.25 also during compres-
sion the surface moves faster than the osmolyte. In contrast to the swelling
case, here this will lead to the formation of an exclusion zone near the par-
ticle surface, which effectively lowers the applied osmotic pressure on the
particle, slowing down the compression. Indeed, the occurence of such a
slow–down is observed in a compression experiment without external mix-
ing, as compared to an experiment where the external polymer solution is
continuously mixed by a roller bank, as shown in Appendix 3.A.
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3.E Capillary Micromechanics

As a comparison with our osmotic compression experiments, we quantify
the mechanical properties of our hydrogel particles using the recently de-
veloped Capillary Micromechanics method18. The results serve as a vali-
dation for our developed model. As explained earlier, during Capillary Mi-
cromechanics, a particle of interest is flown into a tapered glass capillary of
circular cross-section. As the tip of the capillary is smaller in diameter than
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the particles, the particle gets trapped and subsequently blocks the flow.
In this situation, the entire pressure difference applied across the capillary
falls off across the trapped particle. The corresponding applied external
stress must match the internal elastic stress within the particle, which is a
function of the particle’s deformation and the elastic moduli of the particle.
As the particle changes both its shape as well as its volume in the process,
quantifying its deformation enables us to directly extract the full elastic re-
sponse, including the compressive (bulk) modulus K and the shear elastic
modulus G. To extract K, we quantify the volumetric strain ∆V/V as a
function of the characteristic bulk stress σcompr. ≈ [2 · pwall + p] /3 applied
to the particle, where pwall is the pressure exerted on the particle at the
area of contact between the particle and the wall of the capillary, and p
is the pressure drop applied across the capillary. The result for a particle
which is swollen in a saline solution for at least a week is depicted in Fig.
3.26.
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Figure 3.26: Volume change ∆V/V as a function of the characteristic bulk stress
(2pwall + p)/3, as measured using Capillary Micromechanics.

3.F Home-built permeability setup

The permeability κ is measured using a home–built setup consisting of a
thin–walled glass capillary (TW120-6, WPI, USA) and a pressure regulator
(MFC-EZ, Fluigent, Germany). In the capillary we create an hourglass-
shaped notch by controlled pulling with a micropipette puller (model P-97,
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Sutter Instruments, USA). The function of this notch is to prevent the hy-
drogel from moving forward when pressure is applied to it. To prevent air
bubbles in the system, we first fill the capillary with the solvent in which
the hydrogel of interest has been swollen. Hereafter we insert the hydro-
gel by piercing the capillary through the hydrogel, thereby cutting out a
cylindrical piece of hydrogel that fits snugly into the capillary. Finally we
connect the pressure setup to the capillary. We apply pressures between
0.8 kPa and 4 kPa and track the movement of the solvent-air interface as
a function of time after the application of pressure. A schematic overview
of the setup is shown in Fig. 3.27. According to Darcy’s law, the flow ve-
locity is proportional to the pressure drop ∆P , as uηL = ∆Pκ, with u the
fluid flow rate, η the viscosity, and L the length of the porous material over
which the pressure difference is applied. To obtain the permeability κ, we
thus plot the scaled flow rate (uηL) as a function of the pressure difference
∆P , as shown in Fig. 3.28; the permeability can be directly extracted as the
slope of the resultant curve. We have plotted the results for two particles.
We here obtain permeabilities on the order of κ ≈ 8± 5 · 10−18[m2]. These
values are reasonable and within the range of permeabilities previously
reported for hydrogels of similar polymer concentration.

Figure 3.27: Home-built setup to determine the permeability of hydrogel parti-
cles.
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Chapter 4

Mechanics from calorimetry: a
new probe of elasticity for
responsive hydrogels

4.1 Introduction

Stimuli-responsive hydrogels respond to changes in their physical and chem-
ical environment. The properties of these materials, including their volume
and their mechanical response, can be reversibly controlled by external
stimuli such as pH, ionic concentration, temperature or electric fields1–5.
Typical examples of this class of materials are hydrogels or microgels made
from the polymer poly(N-isopropylacrylamide) (PNIPAM), which exhibits a
lower critical solution temperature (LCST) at around 32◦C. Near the LCST,
a temperature variation of merely a few degrees can lead to a change in vol-
ume by more than an order of magnitude2–4. Such a dramatic response to
external stimuli can be exploited in applications including stimuli-responsive
surfaces6, soft valves7, and responsive materials for drug delivery sys-
tems5.

The change in volume is only one manifestation of the alterations in the
physical state of the system as the temperature is increased across the
LCST; the thermal and mechanical properties of the material also undergo
significant changes. The associated changes in thermal properties have been
widely investigated in PNIPAM solutions and networks using differential
scanning calorimetry (DSC)8,9. Typically, a pronounced endothermic peak

This chapter is reproduced from the paper: Mechanics from Calorimetry: Probing the
Elasticity of Responsive Hydrogels, F.J. Aangenendt et al., PR Applied, 2017, 8, 014003.

69

https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.8.014003
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.8.014003


4

Mechanics from calorimetry: a new probe of elasticity for responsive
hydrogels

corresponding to the LCST is observed in the heat flow. For PNIPAM mi-
crogels, alterations of the mechanical properties have been investigated us-
ing multiple techniques, including conventional mechanical compression
tests10, osmotic compression measurements11,12, atomic force microscopy
13, and Capillary Micromechanics14–16.

For materials that can be considered elastically homogeneous, Capillary Mi-
cromechanics provides experimental access to both the elastic shear mod-
ulus G and the compressive elastic modulus K, thus quantifying the full
elastic behavior of the material, including the Poisson’s ratio ν. Using this
technique on PNIPAM microgels, a pronounced dip in the Poisson’s ratio
was observed around the LCST of these microgels16, in agreement with
previous measurements on macroscopic PNIPAM hydrogels by Hirotsu17,
where an even more dramatic dip was observed. This dip is due to a re-
duction of the compressive modulus K relative to the shear modulus G,
which can be rationalized by considering that the large thermal expansion
coefficient near the LCST should intuitively go hand in hand with a large
compressibility; the argument being that volumetric changes, whether ther-
mally or mechanically induced, are less energetically costly in this temper-
ature range. This example illustrates the inherent connection between the
thermal and mechanical behavior of these materials. Indeed, knowledge
of the mechanical properties of responsive materials is often of key im-
portance for gaining a detailed understanding of their behavior. Examples
include responsive hydrogels used in targeted drug delivery, responsive sur-
faces, or responsive valves in microfluidic systems. A detailed understand-
ing of the mechanical behavior of such responsive materials is also highly
relevant to the design of materials in the promising field of shape-morphing
materials, where mechanical instabilities are exploited to achieve highly
controlled, complex shapes based on relatively simple structures18. How-
ever, the inherent link between thermal and mechanical properties has not
been exploited to extract mechanical properties directly from calorimetric
measurements. Such an approach would be especially valuable for sub-
micron or oddly shaped temperature-responsive objects such as microgels,
and hydrogel particles, and, potentially, for temperature-sensitive biologi-
cal materials as well. For all of these materials mechanical properties are
difficult to measure using traditional techniques.

In this chapter, we show that compressive elastic moduli can be probed us-
ing DSC measurements, without directly measuring any forces or stresses.
To do so, we exploit the inherent thermodynamic link between calorimet-
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ric and mechanical material properties of temperature-sensitive hydrogels.
We use macroscopic PNIPAM hydrogels as a model material to test our
calorimetry-based measurement method. To validate our approach, we
compare the results to traditional osmotic compression measurements on
the same samples, finding good agreement.

4.2 Materials and Methods

PNIPAM hydrogels are synthesized by mixing 40 mL of Milli-Q water (re-
sistivity > 18 MΩcm) with 5 wt% NIPAM (N-isopropylacrylamide, Sigma
Aldrich), 0.25 wt% of the cross-linker (Methylene bisacrylamide, Sigma
Aldrich ) and 0.1 wt% of the photo-initiator (Irgacure, Sigma Aldrich),
corresponding to a monomer-to-cross-linker weight ratio of 100:5. After
shaking, we transfer the solution to a well plate (2 mL, VWR) and place it
under a UV lamp (Vilber-Lourmat, model VL215.LC, 60W), distance of ap-
proximately 9 cm) for 1h, which results in the formation of a cross-linked
PNIPAM gel network. The resulting hydrogels are cut into a few pieces,
which constitute the individual samples we work with in all further exper-
iments. These samples are then placed in deionized water and allowed to
swell overnight. The equilibrium volume of each piece of hydrogel is deter-
mined by removing the individual sample from the water bath, removing
any extra water from its surface, and weighing it on a balance. In calculat-
ing the sample volume from this weight, we assume the sample’s density
to be equal to that of water.

DSC measurements, are performed on single, millimeter-sized, pieces of
hydrogel in different states of hydration. We prepare these samples by
adding different amounts of deionized water to a single dried piece of hy-
drogel, which subsequently swells up to incorporate all added water. This
swelling process takes up to 30s. In each series of measurements, we thus
use a single piece of hydrogel to scan a range of different concentrations,
from highly compressed to fully swollen. The thermodynamic responses
are studied using a heat flux differential scanning calorimeter (Q2000, TA
instruments). The temperature is increased from 10◦C to 55◦C at a rate
of 0.125◦C/min, in analogy to previous work on PNIPAM19. The tempera-
ture is held at 55◦C for 10 min. Subsequently, the sample is cooled down
to 10◦C using the same rate. Again, the sample is held at this tempera-
ture for 10 min, after which the whole procedure is repeated once. To test
whether our heating rates ensure that the sample remains close to its equi-
librium state at each temperature, we perform measurements also at 0.08
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and 0.3 ◦C/min, (see Appendix 4.B). The results are indeed consistent with
the 0.125 ◦C/min experiments, particularly when comparing the total area
under the heat capacity peak, rather than its shape. It is important to note
that, in our experiments, we are interested only in the total heat required
to increase the sample’s temperature from T0 to Tf , i.e. the area under the
heat capacity peak.

Osmotic compression is a well-established method for characterizing the
mechanical properties of hydrogel samples20. We employ it here for vali-
dation of our DSC method. In the osmotic compression method, changes
in gel volume in response to an applied external osmotic pressure Πext

are measured, yielding the compressive modulus K of the gel3,20. To
perform such measurements, we place our hydrogel samples into dialysis
tubes (VWR) and submerge them in dextran solutions (Mw = 70 kg/mol,
from Leuconostoc, Sigma-Aldrich), with concentrations ranging from 3.5
to 18 wt%, corresponding to osmotic pressures between 2.28 and 62.5 kPa
20–22. We then allow the gels to equilibrate for a period of one week in the
dextran solutions, after which their final equilibrium weight is measured.
From these data, we extract the equilibrium volumes as a function of the
applied osmotic pressure, V (Πext). Because the starting weight of PNIPAM
is known, the volume can be calculated based on the density of water and
the PNIPAM polymer, which are 1 g/cm3 and 1.1 g/cm3, respectively.

4.3 Results and Discussion

Our method is based on the comparison of the heat required to cross the
LCST, between a fully swollen hydrogel and a gel in a compressed state.
Since the gel does not perform work on its environment during the DSC
measurement, this heat is equal to the change in internal energy. As is
illustrated in Fig. 4.1, the difference in internal energy between two differ-
ent states of swelling at a temperature T0 can be obtained as the difference
in heat required to thermally deswell both samples. Performing these ex-
periments for a range of swelling states provides the internal energy as a
function of compression at the temperature T0, which we use to extract
the mechanical properties of the gel at this temperature. To compare data
for gels of different water content, we first subtract the background con-
tribution from the water. To do so, for each data set, we draw a line from
the heat capacity value at T=20◦C to T=55◦C, which we refer to as the
straight baseline. We subtract this baseline from the data, resulting in cor-
rected heat capacity curves. By calculating the area under the corrected
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heat capacity data, the change in internal energy required to increase the
temperature of the sample from its initial to its final temperature is de-
termined, as shown in Fig. 4.1B. The data are further normalized by the
sample dry weight so that the results for all samples can be directly com-
pared (see Appendix 4.A for more details).
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Figure 4.1: Extracting mechanical properties from calorimetry. A) Schematic
phase diagram of calorimetric measurements. Energies of ∆UV0→Vf and ∆UV→Vf ,
for the uncompressed and compressed state, respectively, are required to heat the
sample from an initial temperature T0 to a final temperature Tf . We assume that
the energy difference ∆UT0 is the work required to compress a particle from V0 to
V at a constant temperature T0. Under this assumption, a measurement of ∆UT0

thus constitutes a mechanical measurement of the compressive modulus. B) Typ-
ical corresponding calorimetry measurements. Excess heat capacity per gram of
PNIPAM as a function of temperature for (lower curve) compressed and a (higher
curve) fully swollen sample; a flat level of heat capacity, dominated by the back-
ground water, has been subtracted. We observe a clear peak around the LCST
for both samples. The area under the curves corresponds to the excess energy
required to heat the samples, per gram of PNIPAM. Indeed for the uncompressed
sample, we find a higher area (\\-hatched) then for the compressed sample (//-
hatched). The energy difference (the grey area) corresponds to the internal energy
difference ∆UT0 , which we approximate as the mechanical work Wdsc required to
compress the sample from V0 to Vf .
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We define the normalized change in internal energy of a fully swollen piece
of hydrogel, upon heating from T0 to Tf , as ∆UV0→Vf . As shown in Fig. 4.1,
such a gel also undergoes a volume change from V0 to Vf . Compressing
a fully swollen gel piece from V0 to V at constant temperature is associ-
ated with a change in internal energy ∆UT0 . Starting from this compressed
state, heating the hydrogel from T0 to Tf is associated with a change in
internal energy ∆UV→Vf . In both cases, the initially fully swollen gel, at
volume V0 and temperature T0, reaches the same final state, volume Vf at
temperature Tf ; therefore, we can write ∆UV0→Vf = ∆UT0 + ∆UV→Vf .

In further analysis, we approximate the mechanical work required to com-
press the hydrogel at constant temperature as Wdsc ≈ ∆UT0 , assuming
that any heat flows that would occur during an isothermal compression are
small compared to the total difference in internal energy between the com-
pressed and uncompressed states. A similar assumption is commonly made
in macroscopic mechanical tests, where temperature changes of the sam-
ple associated with compression are generally ignored. We also assume
that the entropic contribution is relatively small because we cross-linked
our hydrogels at a concentration close to the fully swollen state; entropic
effects due to chain stretching are therefore not expected to play an impor-
tant role.

Under these assumptions, if we measure the difference between ∆UV0→Vf
and ∆UV→Vf , for different compression states, we obtain a good estimate
of the associate work W needed to compress the gel. This estimated work
yields a direct measure of the material’s compressive elastic modulus, K =
−V ∂2W

∂V 2 . Calculating K involves taking a double derivative; therefore, in
order to avoid the amplification of experimental errors, we wish to describe
the DSC data using a simple and continuous functional form. To arrive
at a physically motivated expression, we take the integral of a pressure
function, W =

∫ V
V0

Πext(Ṽ ) dṼ , where Πext(V ) is the applied pressure as a
function of volume V . To approximate this pressure function we follow the
standard scaling arguments for the equilibrium swelling of gels 23, equating
the osmotic pressure difference between a semidilute polymer solution and
the external pressure, Πext(V ), with the elastic modulus of a gel as

Πext = β

(
V

V0

)−9/4

− β
(
V

V0

)−1/3

. (4.1)

Here, V/V0 is the ratio between the compressed volume V and the fully
swollen volume V0, the first term on the right-hand side denotes the os-
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motic pressure of a semidilute polymer solution, and the second term rep-
resents the elastic modulus according to rubber elasticity. We treat the
prefactors as fitting parameters, and, because V = V0 at Πext = 0, the two
prefactors must be identical, leaving a single fitting parameter β. We obtain
W by integrating the applied pressure Πext over the volume as

W =
4β

5

( V
V0

)−5/4
− 3β

2

( V
V0

)2/3
+ 0.7β , (4.2)

where we have added the term 0.7β to comply with the boundary condition
W = 0 at V = V0. Using DSC, we determined the difference in changes
of internal energy (or the work Wdsc) for hydrogels of different dry weight
and at different degrees of compression (V/V0). Because the concentration
of PNIPAM is known at every rehydration step, V and V0 can be calculated
based on the density of water and PNIPAM, 1.1 g/cm3 and 1 g/cm3, respec-
tively.

The experimental DSC results are plotted as red triangles in Fig. 4.2A and
the corresponding fit to the experimental data is shown as a solid line.
We see that the experimental data clearly follows the dominant power-
law term with exponent −5/4 from Eq. (4.2), within most of the fitting
range, as indicated by the dotted line. This agreement demonstrates that
our choice for the functional form of Πext is appropriate. Thus, in our
approach, the compressive modulus K can be determined directly from
Wdsc, via a double derivative, as K(V ) = −V ∂Πext

∂V = −V ∂2Wdsc
∂V 2 , shown

in Fig. 4.2B as the solid line. In the swollen state, at V = V0, we obtain
K ≈ 6.3 ± 1.43 kPa. It is important to note that, in our experiments, we
are interested only in the total energy required to heat the sample from T0

to Tf , i.e., the area under the heat capacity curve. Thus, as long as we com-
pare experiments performed at the same heating rate, any rate-dependent
smearing of the heat capacity peak would be relatively inconsequential. We
show in the Appendix 4.B that, for heating rates of 0.08 and 0.3 ◦C/min,
we indeed obtain a similar result as for the 0.125 ◦C/min experiments.

To verify our DSC-based method, we perform conventional osmotic com-
pression experiments. By doing so, we can verify our chosen pressure
function, the resulting energy function, and our assumption that Wdsc ≈
∆UT0 . The experimental results are plotted as open circles in Fig. 4.3
and the fit using Eq. (4.1) is depicted as the dashed line. The volume-
dependent compressive modulus K(V ) can be determined from its defini-
tion, K (V ) = − (V/V0) ∂Πext

∂(V/V0) , and, finally Wosm can be determined by
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Figure 4.2: A) Work W required to compress a particle from V0 to V as a function
of the volume ratio V/V0. The red triangles are the calorimetric results (∆UT0)
and the solid line is the fit using Eq. (4.2), resulting in β ≈ 3.29 kPa. This fit is
in good agreement with the prediction based on the osmotic compression mea-
surement (Wosm), plotted as a dashed line. The dotted line indicates a slope of
−5/4 which is the dominant term in Eq. (4.2). The average error for DSC ex-
periments is 10 %, as indicated by the error bar in the bottom-left corner. B)
Corresponding compressive modulus K as a function of V/V0. At V = V0, we find
K = 6.32±1.43 kPa and 4.59±0.52 kPa based on DSC (the solid line) and osmotic
compression (the dashed line), respectively.

applying Eq. (4.2). The results are shown as the dashed lines in Fig. 4.2A
and 4.2B. Using this approximation for the pressure function, we extract
a compressive modulus as a function of V/V0. At the equilibrium vol-
ume, we obtain K(V0) ≈ 4.6 ± 0.52 kPa, in good agreement with the
K ≈ 6.3 ± 1.32 kPa value obtained via the DSC method. The uncer-
tainties associated with both methods are estimated in a separate error
analysis, included in the Appendix 4.C.

The comparable results for Wdsc and Wosm clearly indicate that the two
completely different experimental approaches lead to consistent results,
thereby confirming the validity of our DSC-based approach and our as-
sumption of Wdsc ≈ ∆UT0 . The good agreement between the two measure-
ments thus indicates that, for these materials, the mechanical work needed
to compress a particle can be approximated by the difference in internal en-
ergy between the swollen and compressed states, neglecting any heat flows

76



4

Mechanics from calorimetry: a new probe of elasticity for responsive
hydrogels

that occur during compression. However, it is not obvious that this approx-
imation is justified for all types of temperature-sensitive gel materials. The
role of entropy is expected to be largest for gels that are cross-linked in the
collapsed state, as swelling of such gels requires significant stretching of
polymer chains. However, even in this case, enthalpic effects should play a
major role and constitute a significant fraction of the free energy difference
between the swollen and compressed states of the gel.

In our experiments, the gels were cross-linked at room temperature, at
a concentration near the fully swollen state of the system. For this case,
compressing the material results in much smaller changes in chain entropy,
as the cross-linking points are brought closer together with respect to the
equilibrium chain configuration, with no associated stretching of chains.
Moreover, compression will result in a reduction of both the mixing entropy
and the configurational chain entropy. As a result, for this case the DSC-
based measurement in fact represents a lower bound on the compressive
modulus. While we expect our approximation to be justified for various
types of gels and other T -sensitive materials, its validity should be checked
by comparison to separate mechanical measurements, as we do for the
PNIPAM gels used here.
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Figure 4.3: Osmotic pressure as a function of the normalized hydrogel volume
V/V0. The red circles are the experimental data from the osmotic compression
tests and the dashed line is a fit to Eq.(4.1), with β=2.39 ± 0.06 kPa. The error
bars are smaller than 1%, which is smaller than the marker size; see the error
analysis in the Appendix 4.C
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4.4 Conclusions

In this chapter, we perform calorimetric measurements on PNIPAM hydro-
gels at different levels of compression and show that the change in inter-
nal energy required to heat a sample at starting temperature T0 to a final
temperature Tf above its LCST is lower than that for an uncompressed
sample that undergoes the same heat treatment. The difference between
these two changes in internal energy must be equal to the difference in
internal energy between the initially compressed and the uncompressed
states, respectively. We approximate this difference in internal energy as
the work W required to compress the gels at a constant temperature T0,
which in turn yields the compressive (bulk) modulus K. The most direct
justification for the validity of this approximation is the good agreement we
obtain between the conventional osmotic compression measurements and
the DSC-based measurements, as shown in Fig. 4.2. To minimize the am-
plification of experimental errors introduced by the derivatives involved,
we fit the DSC and osmotic compression data to a physically meaningful
functional form and use this approximation to extract elastic moduli. We
note that to achieve accurate measurements of the compressive modulus,
a series of DSC experiments across a significant range of concentrations is
required. Moreover, the heating rate in the DSC experiment should be slow
enough to give the gels sufficient time to remain close to their equilibrium
state during (de)swelling. As a result, the measurements are relatively time
consuming. However, the sample preparation for the DSC experiments is
straightforward and we expect the method to be applicable to a wide range
of materials that exhibit a pronounced volume phase transition.

Our results demonstrate that calorimetry can be a powerful technique to
probe the mechanical properties of temperature-responsive gels. Impor-
tantly, the method does not require the measurement of any stresses or
pressures, as would be required in a traditional mechanical test. Our
method can therefore be particularly useful for sub-micron and oddly shaped
thermosensitive materials for which established methods are inadequate.
Future improvements to our approach, including a better understanding of
the changes in the physical state of thermosensitive materials during heat-
ing, could enable detailed measurements of the compressive modulus as
a function of temperature for a wide range of materials. We expect our
approach to be immediately useful for the study of temperature-sensitive
soft materials, such as those used in smart drug delivery systems, shape-
morphing materials, and responsive soft actuators.
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Appendix

4.A DSC data analysis

Differential scanning calorimetry (DSC) measurements are performed on
PNIPAM hydrogels prepared from rehydration of dried gels, as described
in Section II. We study hydrogels from different batches, each with a dif-
ferent PNIPAM dry weight. All measurements are performed at a rate of
0.125 ◦C/min within a temperature range from T = 10–55 ◦C. The de-
termined differential heat flux is converted to an apparent heat capacity
Cp(T ) through division by the imposed heating rate. The apparent heat ca-
pacity Cp(T ) is plotted for gels prepared in different states of hydration in
Fig.4.4. The corresponding states of compression (in terms of the volume
ratio V/V0) and dry weights mPNIPAM are summarized in Table 4.1.
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Figure 4.4: Raw apparent heat capacity Cp(T ) as a function of temperature for
samples with different states of compression and PNIPAM dry weights as listed in
Table 1. The legend indicates the PNIPAM concentration in wt%.
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Table 4.1: Volume ratios and dry weights for samples and curves shown in Fig.4.4

Concentration [wt%] Volume ratio V/V0 mPNIPAM [mg]
5 1 26.5

20 0.25 34.6
30 1/6 28.7
40 1/8 28.7
50 1/10 28.7
60 1/12 28.5
70 1/14 34.3
80 1/16 28.5
90 1/18 34.6

100 1/20 35.3

In the temperature range of interest, the heat capacity of water is fea-
tureless, and since gels at different degrees of hydration contain different
amounts of water, the total measured apparent heat capacity will be shifted
along the y-axis, as observed in Fig.4.4. Thus, to compare data for gels of
different water content, we subtract this contribution of to the background
water. To do so, for each data set we draw a straight line from heat the
capacity value at T=20◦C to that at T=55◦C; we refer to this line as the
straight baseline. We subtract this baseline from the data, the result is show
in Fig. 4.5.

Moreover, to account for the variation in the PNIPAM dry weight, we calcu-
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Figure 4.5: Corrected heat capacity as function of temperature for samples with
different compression rates and PNIPAM dry weight.
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Figure 4.6: Heat capacity normalized with the dry weight of PNIPAM as a function
of temperature. The top curve is for the uncompressed gel pieces and the lower
curves are for the PNIPAM gel pieces in different states of compression. The dif-
ference in area between the top curve and the lower curves is ∆UT0 , which we set
equal to the mechanical work Wdsc performed on the material when compressing
it from an initial volume V0 to a final volume V .

late the specific heat capacity, c∗p(T ), by normalizing the C∗p(T ) measured
for each sample with its dry weight. The resultant specific apparent heat ca-
pacities c∗p(T ) are plotted in Fig.4.6, where the uppermost data represents
the fully swollen hydrogel and the area under this curve is ∆UV0→Vf . By
subtracting the data obtained for each degree of hydration (compression)
from the data for the fully swollen state, we obtain ∆UT0 , the difference
in internal energy between the swollen state (T0, V0) and the compressed
state (T0, V ). To extract the elastic properties of the sample from these
data, we then approximate Wdsc ≈ ∆UT0 , where Wdsc is the mechanical
work that would be required for the isothermal compression of a particle
at temperature T0 from an initial volume V0 to a compressed volume V .
From this mechanical work Wdsc as a function of V the compressive mod-
ulus of the gels can be determined directly, as discussed in more detail in
the main manuscript.

4.B Influence of heating rate

We also investigated the influence of the heating rate on the ∆UV→Vf . We
performed experiments on the same samples as in table 4.1 but now at
0.08 ◦C/min and 0.3 ◦C/min and compared these to the 0.125 ◦C/min
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measurements. As can been seen in Fig. 4.7 this seems not to have a
significant influence, however faster heating rates where not tried and it
must be noted that this could influence ∆UT0 .
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Figure 4.7: ∆UV→Vf as function of volume fraction of PNIPAM for 3 different
heating rates. The blue cross is 0.08 ◦C/min, the red triangles is 0.125 ◦C/min
and the black circles is 0.3 ◦C/min. The heating rate appears to only have a
limited effect on the measured values of ∆UV→Vf .

4.C Error Analysis

Osmotic pressure

We apply an osmotic compression by placing the PNIPAM particles in a
dialysis bag and submerging it in a dextran solution. We vary the dextran
weight concentration c between 3.5 and 18 wt%. The corresponding ap-
plied osmotic pressures Π are calculated, following Bonnet-Gonnet et al.21,
as

Π = 286c+ 87c2 + 5c3 , (4.3)

where c is the polymer concentration in wt% and Π is the osmotic pressure
in Pa. Using this functional form for the dependence of pressure on concen-
tration, we thus estimate the relative error in the applied pressure ∆Π/Π
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as

∆Π

Π
= (

∂Π

∂c
∆c)/Π, (4.4)

∆Π

Π
=

(
286 + 87c+ 15c2

)
∆c

286c+ 87c2 + 5c3
, (4.5)

∆Π

Π
=

(
286 + 87c+ 15c2

)
c

286c+ 87c2 + 5c3

∆c

c
(4.6)

where ∆c/c is the error in measuring the weight of the dextran; we esti-
mate this as ∆c/c ≈ 1% for the scale we have used.
This results in a error between the 0.1% and 0.35 % in the concentration
range of 3.5 to 18 wt%. This error is smaller than the marker size used in
Fig. 3 in the main text. As a result, no visual error bars are included in this
figure.

compressive modulus via osmotic compression experiment

We calculate the compressive (bulk) modulus based on the osmotic com-
pression experiment as

K = −∂Π

∂V
V, (4.7)

where Π is the osmotic pressure, which we assume follows the functional
form

Π = β

(
V

V0

)−9/4

− β
(
V

V0

)−1/3

. (4.8)

The associated relative error in the modulus can thus be estimated as

∆K

K
=
(∂K
∂V

∆V +
∂K

∂Π
∆Π
)
/K. (4.9)

If for the purposes of this error analysis we only consider the dominant
term (V −9/4) this results in

∆K

K
=

∂
∂V

(
V −9/4

)
∆V

V −9/4
+

∆P

P
,

∆K

K
=
−9
4 V

−13/4∆V

V −9/4
+ 0

∆K

K
= 9/4

∆V

V
.

Assuming a relative error for the volume of ∆V/V=0.05, we obtain for the
modulus a relative error of ∆K

K ≈ 11.25%. As a result, at V/V0 = 1 we
obtain K = 4.6± 0.52 kPa for the osmotic compression experiment.
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compressive modulus via DSC experiment

We calculate the compressive modulus based on the DSC experiments as

K = −∂
2W

∂V 2
V. (4.10)

With W being

W =
4β

5

( V
V0

)−5/4
− 3β

2

( V
V0

)2/3
+ 0.7β , (4.11)

the relative error we make in this is

∆K

K
=
(∂K
∂V

∆V +
∂K

∂W
∆W

)
/K . (4.12)

If for the purposes of this error analysis we only consider the dominant
term (V −5/4) this results in

∆K

K
=

(
∂2W
∂V 2 + V ∂3W

∂V 3

)
∆V

V ∂2W
∂V 2

+
∆W

W
,

∆K

K
=

∆V

V
+

∂3W
∂V 3 ∆V
∂2W
∂W 2

+
∆W

W
,

∆K

K
=

∆V

V
+

13 ∗ 9/(4 ∗ 4) ∗ V −17/4∆V

9/4 ∗ V −9/4
+

∆W

W
,

∆K

K
= (1 + 13/4)

∆V

V
+

∆W

W
,

∆K

K
= 4.25

∆V

V
+

∆W

W
.

If we assume ∆V/V=0.05 and ∆W
W = 0.1 we obtain ∆K

K ≈ 31.25%. There-
fore at V/V0 = 1 we obtain K = 6.3 ± 1.43 kPa from the DSC experiment.
Including these errors, the values ofKdsc = 6.3±1.43 andKosm = 4.6±0.52
overlap, thus indicating a validation of our DSC-based approach by conven-
tional osmotic compression measurements.
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Chapter 5

Bubble microrheology:
probing the extensional
viscoelasticity of complex
fluids

5.1 Introduction

The viscoelastic behavior under extensional flow conditions plays an impor-
tant role in many industrial processes and materials such as polymer pro-
cessing and characterization, polymer melts, coatings, extrusion, enhanced
oil recovery, inkjet printing, spraying, food processing, as well as a range of
biomedical applications1–6. Although the characterization of materials in
simple shear experiments is well established, a complete characterization
of the viscoelastic properties of complex fluids under extensional flow con-
ditions is still challenging7.

Over the past few decades, several techniques were developed to accu-
rately measure the extensional viscosity of complex fluids. In the review of
McKinley and Sridhar8 filament stretching extensional rheometry (FISER),
based on the work of Matta and Tytus9, was presented as a promising
technique for studying the extensional flow properties of complex fluids.
Another common method for measuring extensional properties is the cap-
illary breakup extensional rheometer (CaBER) developed in the work of

This chapter is adapted from the paper: Bubble microrheology: probing the extensional
viscoelasticity of complex fluids, F.J. Aangenendt et al., under revision.
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Bazilevsky et al.10. Disadvantages of this method include inertia–induced
asymmetries, gravitational sagging, and short filament lifetimes for low
viscosity samples11–14. When combining CaBER with a slow retraction
method (SRM), the capillary thinning process is less disturbed and exten-
sional relaxation times as low as 240 µs can reliably be determined15. A re-
cently developed method to probe the extensional response of viscoelastic
solutions at realistic timescales and deformation rates is so–called Rayleigh
Ohnesorge Jet Elongational Rheometry (ROJER)16. In this technique a so-
lution is sprayed with an air–assisted gun and imaged with a commercial
spray measurement system. Relaxation times down to 60 µs can be mea-
sured by imaging the break–up process.

Microfluidic devices have recently emerged as a promising technique to
measure the extensional properties of polymers at very dilute concentra-
tions, as reviewed in detail by Pipe and McKinley,17 and by Rosales et al.7.
In these devices a stagnation point can be generated where the flow veloc-
ity is near zero but the local extension rate can reach very large values.18.
Two well–known devices for creating such a stagnation point are the Tay-
lor four–roll mill19,20 and the cross–slot flow geometry21–23. These types
of setup can be valuable for characterizing extensional properties of low
viscosity fluids. The main disadvantage of these microfluidic setups is that
the samples are subjected to a spectrum of residence times and it is there-
fore questionable if steady–state conformations can be achieved24. Mi-
crofluidic devices can also be used to create contraction–expansion flows in
narrowing–expanding channels (a flow geometry with a significant exten-
sional component), where the strain rate can be controlled by the flow rate.
This enables a systematic investigation of elastic effects in flow patterns and
determination of relaxation times on the order of milliseconds25–28. How-
ever, obtaining pure extensional flow with this technique is very difficult
because near the wall the flow is inherently shear–dominated7. Related
microfluidic devices, so–called flow–focusing devices29–31, where an outer
fluid is able to somewhat mitigate these wall effects, have been shown to
be promising tools for measuring the extensional flow properties of poly-
mer solutions. Despite using these advanced microfluidic methods, it is still
difficult to obtain a completely shear–free flow.

In this chapter, we introduce an alternative concept for probing rheological
properties of non–Newtonian fluids under purely extensional flow condi-
tions. As the method is conceptually simple and the extensional flows are
inherently enforced by the measurement geometry, we believe that it can
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serve as a valuable complementary method for quantifying the extensional
viscoelastic properties of complex fluids. In our approach, we effectively
employ a single microscopic gas bubble as a stress–controlled rheometer.
We do so by applying a time–dependent pressure to the incompressible sur-
rounding fluid, while simultaneously monitoring the resultant changes in
bubble radius. We perform measurements on a range of polymeric fluids
and show that the rheological properties (in response to an extensional
flow) of these materials can be probed via such ’bubble microrheology’
measurements. In fact, gas bubbles have previously been used as rheo-
logical probes, specifically for measuring interfacial dilational rheology of
polymers32–34. Very recently, ultrasound–driven gas bubbles have also been
used to characterize the resonant behavior of viscoelastic solid agarose
gels35, which the authors connected to the shear modulus G and the shear
viscosity η of these elastic–like soft materials.

Here, we instead propose to use a gas bubble for measuring the bulk
rheology of a surrounding complex fluid, by directly employing the time-
dependent response of the bubble to an applied pressure variation to char-
acterize the viscoelastic response of the material. We will first discuss the
concept behind the method and will then show experiments supporting the
utility of our approach.

5.2 Concept

If a submerged gas bubble is exposed to a pressure change, its radius R will
change, and it will eventually adapt to a new equilibrium radius Req. The
associated deformation of the fluid surrounding the contracting bubble is
purely extensional36, with the strain deformation in the material scaling
inversely proportional to the distance r from the center of the bubble as
∝ 1/r. When the bubble collapses, any piece of fluid in the vicinity of the
bubble undergoes a uni–axial extension in the radial direction and a bi–
axial compression in the tangential directions. Conversely, for a swelling
bubble, the same piece of material would undergo a uni–axial compression
in the radial direction and a bi–axial extension in the tangential directions,
as shown schematically in Fig. 5.1.

If the bubble is placed sufficiently far from the surrounding walls, we
can neglect any anisotropies and associated shear effects in the flow field.
Therefore, when we apply an instantaneous pressure change, the time–
dependent response of the bubble must reflect the viscoelastic properties
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radial
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Figure 5.1: Behavior of the surrounding fluid during compression and swelling of
an entrapped air bubble.

of the surrounding fluid under purely extensional flow conditions. This
situation is analogous to a stress–controlled rheology experiment in a rota-
tional shear rheometer, where a time–dependent shear stress is applied to
a sample and the resultant time–dependent strain is measured.

To gain more insight into this behavior, we consult a well–established the-
oretical description of the response of a single gas bubble to external pres-
sure changes in an infinite pool of liquid, the well–known Rayleigh–Plesset
equation38,39 which holds for general nonlinear viscoelastic fluids,

RR̈+
3

2
Ṙ2 =

1

ρ

(
Pg

(
R0

R

)3

− P∞ −
2σ

R
− 4µs

Ṙ

R
− σpol

)
, (5.1)

where R is the bubble radius [m], σ is the surface tension [Pa m], µs is the
shear viscosity of the complex fluid [Pa s], ρ is the fluid density [kg/m3],
σpol is the viscoelastic contribution [Pa], Pg and P∞ are the internal starting
bubble pressure [Pa] and the pressure at infinite distance [Pa], respectively.
As the viscoelastic contribution σpol is a function of the extensional rate and
extensional viscosity, a suitable fluid model has to be chosen to describe this
contribution. Alternatively, if all other parameters are known/measured,
this contribution could be derived. The description neglects any effects of
gas solubility within the liquid.

In general, the essential expected response to an applied instantaneous
pressure change is a damped oscillation of the bubble radius, with the over-
shoots driven by inertia37. The amplitude of these oscillations depends on
the applied pressure jump, the bubble radius, the surface tension and the
viscosity, while, in the case of small perturbations their natural oscillation
frequency ω0 ≈

√
3P∞/ρ/R0 depends on the applied pressure jump and
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the fluid density ρ. The damping rate Γ, the rate at which the amplitude of
the oscillations decreases over time scales as Γ ∝ 2G”(ω0)/(ρR2

0ω0) where
G” is the loss modulus.

If the relaxation time of the polymers is faster than the inertial relaxation
time, our method will probe mainly the extensional viscosity of the polymer
solution. If the relaxation time of the polymers is slower than the inertial
relaxation time, the polymer extensional elastic effects will lead to an al-
teration in the oscillation frequency and decay rate.

So, in general, our method will be able to provide information on ex-
tensional flow properties of the polymer solution, possibly by combining
measurements of different bubble sizes. Measuring the damping rate in
an experiment therefore provides us with the most direct access to the
viscous response of the surrounding complex fluid. As the strain defor-
mations are inherently extensional in nature, we expect the measured re-
sponse to directly reflect differences between the extensional viscosities
of the probed materials. To demonstrate this, ideally we wish to test the
approach using samples with significant differences in their extensional vis-
coelasticity, while exhibiting a similar response under simple shear defor-
mations. Indeed, such model systems have been previously established by
Keshavarz and co-workers16, who used water:glycerol solutions, to which
they added small amounts of high-molecular weight polymers40. The high
molecular weight polymer chains did not significantly affect the viscosity
under simple shear, which is determined only by the mass-averaged molec-
ular weight. However, under extensional flow the polymer chains become
stretched out, which leads to a significant increase of the extensional vis-
cosity41. Following these examples, we prepare fluids based on a stock so-
lution of low molecular weight polymer, to which we add a small fraction of
high-molecular weight polymers at different molecular weights. For sam-
ples with higher added molecular weight and correspondingly larger ex-
tensional viscosities, we expect the bubble oscillations to be more strongly
damped, corresponding to higher measured values of the decay rate Γ.

The main goal of the current chapter is to show the basic concept of bubble
microrheology by experimentally studying the response of micro-bubbles to
a change in the applied pressure, and validating the results against a simple
description that accounts for the key physical mechanisms. In a forthcom-
ing publication we will provide a more detailed theoretical analysis, based
on numerical solutions of the governing Rayleigh-Plesset equation, where
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we use a FENE-P and Oldroyd-B model for the fluid. We solve this set
of equations by exploiting the GEAR method using Matlab. Preliminary
results are placed in the thesis of Jan Willem Oortwijn (not yet available
online, but available on request).

5.3 Materials and Methods

To perform our bubble microrheology experiments, we employ a custom–
built setup, shown schematically in Fig. 5.2. The setup consists of a solenoid
speaker (Beyma, model 5mp60–n), a pressure cell with a membrane, and
a metal pushing rod connecting the speaker to the membrane.

5.3.1 Pressure cell

The pressure cell is constructed to be filled from the top with the fluid of
interest. Further, it comprises a membrane to act as a conduit for exter-
nally applied pressure, as well as viewing windows on the front and back
to enable imaging in a microscope. After the system is completely filled
with the sample fluid and all air is pushed out of the cell, an air bubble is
injected directly into the fluid. To achieve this, a blunt syringe needle is
carefully inserted from the top, and withdrawn after expulsion of the gas
bubble. To avoid gravity-driven rising of the bubble during a measurement,
we generally use fluids of relatively high shear viscosity and the radius of
the injected bubbles is kept small. As a result, the effects of the buoyancy
forces are negligible in our experiments, as we visually confirmed.

The dimensions of the cell are 15 mm, 30 mm and 15 mm along the x, y
and z direction respectively. The bubble radius R remains below 0.5 mm
for all our experiments. Therefore the bubble is always a minimum of 15R
from the wall, we assume that this is far enough to neglect wall effects. A
pressure step is generated by pressing a switch, placed between the speaker
and the power source, which causes the speaker to move the rod, deform-
ing the membrane. As a result, a pressure step is created and the bubble
responds by a time-dependent change in radius. For all experiments the
same step in current and voltage (0.7A 4.3V) is used. The pressure step
itself in not separately measured but can be extracted directly from the ex-
periments by comparing the initial and equilibrium radius of the bubble
and is around the 5 kPa.
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Figure 5.2: Schematic illustration of the experimental setup.

5.3.2 Video microscopy

The change in bubble radius is captured in real time using a high-speed
digital camera (LaVision ImagerPro-series, frame rate 50 kHz), mounted to
an optical microscope (Olympus SZX7). To provide sufficient back-lighting
for the short exposure times of the high-speed camera, we employ an LED-
light source (ALUSTAR 3W 10◦), which is placed directly underneath the
pressure cell. To acquire the radius, for each frame of the movie, digital
image analysis, using a custom Matlab code, is employed. This yields the
bubble radius as a function of time - the key experimental data required in
our bubble microrheology approach.

5.3.3 Model fluids

We perform our experiments on a range of mixed PEO solutions that are
known to exhibit distinct extensional behavior. In order to avoid rising
of the bubble, we use a background fluid of relatively high viscosity. To
achieve this, we use a stock solution of water and glycerol (6:4) contain-
ing 5 wt% of PEO 2 · 105 g/mol. By dissolving 0.5 wt% of a high molec-
ular weight PEO in this stock solution we create solutions exhibiting in-
creased extensional viscosities. We add high molecular weight PEO’s of
600 kDa, 1 MDa, 2 MDa and 4 MDa to the 200 kDa stock solution; the
corresponding samples are referred to respectively as PEO600K, PEO1M,
PEO2M and PEO4M. All PEO polymers are purchased from Sigma-Aldrich,
Germany. Using simple qualitative tests, we confirm that the PEO1M,
PEO2M and PEO4M solutions indeed exhibit higher extensional viscosi-
ties. When pulling a spatula out of these solutions we clearly notice the
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formation of long filaments, an effect that we do not observe either for the
stock solution or the PEO600k.

We have performed oscillatory shear rheology experiments on the PEO solu-
tions using a standard cone-plate geometry (Anton Paar, MX501, Germany)
and at high shear rates we indeed obtain similar shear viscosities for all so-
lutions, with values around η ≈ 0.3 Pa s, see Appendix 5.B Fig 5.22.

5.4 Results and Discussion

To probe the viscoelastic response of our samples, we study in detail the re-
sponse of the air bubble within the pressure cell to a sudden increase of the
hydrostatic pressure. In order to compare different experiments with each
other, we study the bubble radius normalized by the initial radius, R/R0, as
a function of time t, where t is the time after the pressure jump is applied.
A simple estimation of the geometry indicates that we can expect the pres-
sure to act homogeneously on the bubble. As the pressure moves through
the fluid with roughly the speed of sound in water, 1500 m/s, the time
delay between hitting the front and rear point of the bubble is very small,
approximately 1500/0.5×10−3 s = 6.7×10−7s , which is much shorter than
the time scale that we can probe in our experiments, which is on the order
of 2 × 10−5 s. As such, we do not expect the inhomogeneous application
of the pressure to be a problem in the context of our experiments. We also
note that in our case the frequency corresponding to the inertial response
ω ≈

√
3P∞/ρ/R0, corresponds to roughly 6 × 104 s−1, assuming a density

of 1100 kg/m3 for our water-glycerol mixture and a bubble radius of 0.3
mm. This is in agreement with the oscillation frequency observed in our
experiments. However, as our experiments on viscoelastic liquids illustrate,
the decay rate of the oscillations is controlled by a combination of the sol-
vent viscosity and the viscoelasticity induced by the dissolved polymers.

To investigate if our setup allows us to probe extensional behavior, we com-
pare the response of the stock solution to the stock solutions with added
PEO’s of higher molecular weight. First, we compare the stock solution
and the PEO4M solution, for which we would expect the largest alter-
ation of viscoelastic response. Indeed, we find a notable difference in bub-
ble response, as shown in Fig 5.3 where data for the stock solution and
the PEO4M solution are shown as the blue and red circles, respectively.
For clarity the stock solution data is plotted with a small offset. We can
clearly discern that the oscillation of the PEO 4M solutions is more strongly
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Figure 5.3: Normalized bubble radius R/R0, as a function of time after the ap-
plied pressure jump for the stock solution (blue crosses, offset 0.025) and the
PEO4M solution (red circles, no offset). We clearly observe a difference in decay
rate, commensurate with the viscosity of the solution.

damped than that of the stock solution, as expected for a fluid with a higher
extensional viscosity.

To study the behavior as a function of the molecular weight Mw of the
added high molecular weight polymer, we further examine PEO600K,
PEO1M and PEO2M samples, as shown in Fig. 5.4. We again observe a
systematic dependence of the decay rate on the molecular weight, where a
higher molecular weight results in an increased decay rate. As the change
in bubble radius is around 2%, we can estimate the applied pressure step
assuming ideal gas behavior, and including the Laplace pressure inside the
bubble. The pressure inside the bubble before applying an extra external
pressure ∆p is p1 = p0 + 2γ/R, with γ the surface tension between the
liquid and the gas, R the bubble radius, and p0 the ambient pressure. After
application of the pressure step ∆p, the pressure inside the bubble after
relaxation will be p2 = (p0 + ∆p) + 2γ/R2. From the ideal gas behavior,
V1/V2 ≈ p2/p1, presuming a surface tension Γ ≈ 64 mN/m and with V2 the
volume at equilibrium after the pressure is applied, we obtain ∆p ≈ 5 kPa.

5.4.1 Newtonian model

As a first step to analyze our data, we restrict ourselves to using the Rayleigh-
Plesset equation for Newtonian fluids. To test whether the Newtonian RP
equation can account for the bubble dynamics observed in our experimen-
tal setup, we first perform an experiment on glycerol (Sigma-Aldrich),
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Figure 5.4: Normalized bubble radius R/R0, as a function of time after the ap-
plied pressure jump for PEO 600K (blue diamonds, offset 0.06 ), PEO 1M (red
squares, offset 0.02) and PEO 2M (yellow triangles, offset -0.1). We observe an
increase in decay rate, as a function of the molecular weight of the added polymer.
For clarity, curves are plotted with a small offset.

a Newtonian fluid with a known shear viscosity of approximately η ≈
1.41 Pas42. To account for our experimental data, we use a modified Newto-
nian RP equation, which includes an additional effective mass inertia term
MR̈ , accounting for additional inertia in the experimental setup (inertia
of the moving piston and membrane, the magnitude of which depends on
the total volume of all air bubbles present in the sample cell), as

RR̈+
3

2
Ṙ2 +MR̈ =

1

ρ

(
Pg − P∞ −

2σ

R
− 4µs

Ṙ

R

)
. (5.2)

We solve and fit this equation to the experimental data obtained for the
glycerol sample, where we use µs and M as fitting parameters, using the
functions fmincon and ode15s in Matlab; the result is shown in Fig. 5.5.
As expected, the model is able to capture the experimental data for this
Newtonian liquid; we obtain a viscosity of η ≈ 1.4 Pas and an effective
massM ≈ 0.37 g. The obtained viscosity is in excellent agreement with the
value of 1.41 Pas, measured by conventional viscometry42. The effective
mass M is much lower than the mass of the system (pushing rod + mem-
brane), as the typical acceleration of the piston is much lower than that of
the air bubble. The magnitude of the acceleration of the piston and mem-
brane depends on the total volume of all gas bubbles present within the
sample cell. In our experiments, additional gas bubbles, besides the main
one being imaged, were present, but we were unable to quantify their to-
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Figure 5.5: Normalized radius R/R0 of an air bubble in glycerol. We fit the
modified Rayleigh-Plesset equation directly to the raw data with the mass of the
system M and the viscosity η as free fitting parameters. We obtain η ≈ 1.2 Pas
and M ≈ 0.55 g.

tal volume. While it works well for Newtonian liquids, for our viscoelastic
samples, Eq. 5.2 does not appear to adequately capture the experimental
data, as illustrated in Fig. 5.6, where the best fit functions obtained are
shown as solid red lines.

We also try to fit the data treating all, R0, M , Pinf as well as η as free
parameters. To restrict the results to physically reasonable values, we limit
the fitting range of the R0 and Pinf to a maximum deviation of 20% from
the independently measured values, but we leave M and η unrestrained.
The results of this are also shown in Fig. 5.6 as the thick line. Although this
results in better fits, we are still not able, as expected due to the viscoelas-
ticity of the fluids, to adequately capture the bubble dynamics. Therefore,
we choose a more empirical approach, using a simple functional form as
an empirical description of our experimental data. The main goal of this
approach is not to directly extract physical parameters, but to quantify the
qualitative differences that we clearly observe in the experimental data.
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Figure 5.6: Normalized radius after an applied pressure jump. The thin line is the
fit with only η as fitting parameter, while the thick line shows the fits that use R0,
M and η as fitting parameters.

5.4.2 Decaying cosine model

In order to be able to quantify the differences that are observed in the time–
dependent bubble response we use a phenomenological approach that de-
scribes the time-dependence of the bubble radius as a decaying cosine wave
function,

R(t)

R0
= A+B cos(ω0t+ δ)e−Γt, (5.3)

where Γ is the decay rate, t the time after the pressure jump, ω is the fre-
quency, δ the phase shift and A and B are dimensionless fitting parameters.
As R(t)/R0 = 1 at t=0, B should be (1− A)/cos(δ). It turns out that such
a decaying harmonic function captures the functional form of our data sur-
prisingly well, as shown in Fig. 5.7. Making use of this fitting function, we
obtain decay rates for experiments performed on our polymer solutions, as
shown in Fig. 5.7, where the decaying cosine functions are shown as red
lines, and the corresponding decay rates Γ are given in the figure caption.
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Indeed, the decay rate Γ appears to be highly sensitive to changes in the
molecular weight of the added polymer. In Fig. 5.8, we plot the decay rates
of our polymer solutions, as a function of the molecular weight of the added
polymer. As we know that the decay rate scales with the frequency and R2

0

we normalize the the obtained decay rate with these, the non–normalized
results are shown in the inset. We observe a increase of normalized Γ with
increasing molecular weight.

Thus, despite only having used a simple fitting procedure intended to quan-
tify the differences that we observed, the decay rates that we extract follow
the expected trends. While we cannot directly extract values for the exten-
sional viscosity from these decay rates, the agreement with the expected
trend in the data indicates that the bubble experiments indeed are able
to probe valuable information on the extensional viscoelastic properties of
these materials.
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Figure 5.7: Normalized radius after an applied pressure jump. We fit the results
using Eq. 5.3 and obtain decay rates of Γ ≈2101 s−1, 3466 s−1, 3790 s−1, and
5147 s−1, for PEO600, PEO1M, PEO2M and PEO4M, respectively.
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Figure 5.8: Normalised decay rate ΓωR2
0 as a function of the molecular weight

of the added high molecular weight polymer. We observe a increase in Γ with
increasing Mw, indicating an increase of the extensional viscosity of the material.
The inset shows the non–normalised data, where we also observe an increase as
function of molecular weight.

5.5 Linearizing the RP equation

In an attempt to gain more information from the experimental data, short
of fitting to a full nonlinear Rayleigh–Plesset equation incorporating a non-
linear fluid model, we try to extract information from a linearized version
of the RP equation. For simplicity we choose a 1D Maxwell model under
uni–axial strain as a fluid model to account for the fluid stress contribution
σpol.

In the appendix we give an extended derivation of the linearizion. In short,
we introduce R(t) = R0(1 + e(t)) and drop out all terms quadratic in e, ė
and ë. We then define ė = U and rewrite the RP equation to U̇ = A0 +
Aee+ Auu+ Aσσ. For parameter reduction we simplify the fluid model to
˙̂σ = U −Bσ. The solution to this is:

x = x0 +
[
eAt − 1

]
(A−1xs + x0), (5.4)

with x(t = 0) = x0 and x =
(
e u σ̂

)
’ and xs =

(
0 A0 0

)
’and x0 =(

e0 0 0
)
’ and finally A=

 0 1 0
Ae Au Aσ
0 1 Bσ


100



5

Bubble microrheology: probing the extensional viscoelasticity of
complex fluids

We now have 5 parameters which are directly related to the experimental
parameters in the RP equation as: Ae = −(3Pg − 2γ/R0)/(ρ(R2

0 + M)),
Au = 4µ/(ρ(R2

0 + M)), Aσ = −2G/(ρ(R2
0 + M)) and Bσ = −1/τ . The

value A0 = −(−Pg + P∞ + 2γ/R0)/(ρ(R2
0 + M)). We can estimate these

parameters a priori based on the experimental settings at which we have
performed our experiments, combined with a rough estimation of the elas-
tic modulus G and relaxation time τ . The product of G and τ gives the
extensional viscosity ηe. We use these estimations as initial values and it-
eratively search for optimal values around these points, until we reach a
pre-set error value or reach a maximum number of iterations.

In order to make the fitting procedure less disturbed by the noise in the
experiental data, we do not fit directly to the raw data but we instead use
a smooth approximation of the data. This approximation is based on the
fitting results using the decaying cosine function. By applying this method
to the PEO600 and the PEO4M experiments we obtain fits as depicted in
Fig. 5.9 and Fig. 5.10

However, we find that the obtained elastic modulus G, polymer relaxation
time τ and the resulting extensional viscosity do not follow the expected
trends. We would expect the extensional viscosity to increase with increas-
ing molecular weight of the polymers probed, but find a decrease instead.
We also note that the obtained ’Mass’ term is significantly different. We
assume this is the result of additional air bubbles in the system, the magni-
tude of the acceleration of the piston and membrane depends on the total
volume of all gas bubbles present within the sample cell. The amount of
additional air can vary between experiments, and in our current setup is
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Figure 5.11: Behaviour of a bubble
when different additional inertia terms
are added. We have fixed the other pa-
rameters at R0 = 0.33 mm, ∆P =
6 kPa,µs = 0.3 Pas, G = 3 · 106 and
τ = 3 · 10−6, while we varied the Mass
term between 0.3 M0 and 3 M0, with
M0 = 6.53 · 10−7. The fits are made with
a decaying cosine, eq (5.3).
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Figure 5.12: Behaviour of a bubble for
different products of Gτ . We have fixed
the other parameters at R0 = 0.33 mm,
∆P = 6 kPa, µs = 0.3 Pas while we var-
ied the product of G and τ between 1
and 6, where G = 3 · 106 and the prod-
uct = Gτ Pas. The fits are made with a
decaying cosine, eq (5.3).

difficult to measure directly, as some parts of the chamber cannot be visu-
alized.

If we fix all parameters and only vary the Mass term, the bubble behavior
changes decay rate and frequency as depicted in Fig. 5.11. However, if we
fix this Mass term and only vary the product of τ and G we only obtain
changes in the decay rate, as shown in Fig. 5.12. When this additional
inertia term is fixed, we can, in this range of other parameters, clearly dis-
tinguish between samples of varying relaxation time.

However, improvements in the experimental setup and a more detailed the-
oretical analysis are clearly needed to provide us with a more quantitative
and detailed relationship between the measured bubble response and the
extensional viscoelastic properties of the probed complex fluids.

5.6 Conclusions

We have developed an experimental methodology in which a single micro-
bubble is used as a probe of the extensional viscoelasticity of complex flu-
ids. From inspection of the Rayleigh-Plesset equation and our experimental
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results, we conclude that by measuring the radius as a function of time we
should gain valuable information on the viscoelastic properties of the fluid.
Because the deformation field around the bubble is inherently extensional
in nature, the properties accessed in this fashion should be those pertain-
ing to extensional flows, such as the (rate-dependent) extensional viscosity.

To test our approach we have performed measurements on a range of dif-
ferent PEO solutions, for all of which we have observed interesting trends
in the data which indicate that the data obtained in bubble relaxation ex-
periments contains valuable information on the extensional viscoelasticity
of complex fluids. For a series of model polymer solutions with varying
molecular weight of added high molecular weight polymer chains, we ob-
serve that with increasing molecular weights the bubble takes less time to
reach its equilibrium radius after an applied pressure step. Numerically, we
obtain similar behaviour when we use a linearized version of the RP equa-
tion and use a 1D Maxwell model for the fluid behavior, where we vary the
relaxation time, a fluid parameter that in the experiments is expected to
depend directly on the molecular weight of the added polymer chains.

The concept of using a single bubble to measure extensional viscoelastic
properties of complex fluids thus seems very promising. In contrast to other
methods that provide information on extensional viscoelastic properties,
our method is potentially well-suited for oscillatory measurements, which
would enable more detailed studies of the frequency–dependent viscoelas-
tic response of materials under extensional flow conditions. However, fully
exploiting the potential of our approach clearly requires improvements to
both the experimental setup as well as to the theoretical analysis of the
obtained data. Using our current setup, we are limited to highly viscous
fluids to avoid buoyancy driven motion of the air bubble, an issue that
could be addressed by continuously rotating the sample cell, thereby creat-
ing a (time-averaged) ”zero gravity” situation. We are further hindered by
the maximum frame rate of the camera, which sets a limit to the shortest
accessible time scales.

We believe that, even in its current form, our method is useful for providing
fingerprints of the viscoelastic response for a wide range of complex fluids,
such as polymeric solutions that are used during oil recovery, viscoelastic
surfactant solutions used in biomedical and industrial applications, or hy-
drogels suspensions and other soft material suspensions that are used in
the food industry.
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Appendix

5.A Linearisation of the RP equation

The full RP equation is:

RR̈+ 3/2Ṙ2 =
1

ρ

(
Pg(

R0

R
)3 − P∞ −

2γ

R
− 4µs

Ṙ

R
− σ

)
(5.5)

where we use σ = σpol and γ = σ.
For our linearizion we assume:

R = R0(1 + e(t)) (5.6)

Ṙ = R0ė (5.7)

R̈ = R0ë (5.8)

Dropping terms that are quadratic in e, such as eė and eë and ė2 and re-
grouping it leads to:

R2
0ë+

4µs
ρ
ė+

(3Pg
ρ
− 2γ

R0ρ

)
e+

(
− Pg

ρ
+
P∞
ρ

+
2γ

R0ρ
+
σ

ρ

)
= 0 (5.9)

To solve this we make a systems of ODE’s where we introduce ė = U and
the Maxwell model for uniaxial stress as σ̇ = 2G− σ

τ . For parameter reduc-
tion we rewrite this to: σ̂ = σ

2G .

ė = U (5.10)

U̇ = − 4µs
R2

0ρ
U −

( 3Pg
R2

0ρ
− 2γ

R3
0ρ

)
e−

(
− Pg
R2

0ρ
+
P∞
R2

0ρ
+

2γ

R3
0ρ

)
+

2G

R2
0ρ
σ̂

(5.11)

˙̂σ = U − σ̂

τ
(5.12)
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We now introduce abbreviations which results in:

ė = U (5.13)

U̇ = +AuU +Aee+A0 +Aσσ̂ (5.14)
˙̂σ = U +Bσσ̂ (5.15)

We can now rewrite this system of equations

ẋ = A x+ xs (5.16)

(5.17)

with x(t = 0) = x0 and
x =

(
e u σ̂

)
’

xs =
(
0 A0 0

)
’

x0 =
(
e0 0 0

)
’

A=

 0 1 0
Ae Au Aσ
0 1 Bσ


The solution to this is :

x = x0 +
[
eAt − 1

]
(A−1xs + x0) (5.18)

So we now have to find values for Ae, Au, Aσ, Bσ for which e most closely
follows the experimentally measured time–evolution. We do this by solving
Eq. (5.18) and comparing the result to the experimental values. To quan-
tify the difference between the model and the data, we compute the sum
of the squared differences between the data and the model, ∆, which we
aim to minimize. We can estimate the parameters a priori based on the ex-
perimental settings at which we have performed our experiments. We use
these estimations as initial values and search for a minimum in ∆ around
these values. We start with a relatively broad search and when we have
found a minimum we further narrow the search around this point. The
most interesting parameters will be Aσ and Bσ as these contain the fluid
properties of interest, G and τ .

5.B Experiments on non–Newtonian liquids

We have performed pressure shock experiments on a stock solution con-
taining 5 wt% of PEO200k dissolved in a 6:4 mixture of water:glycerol. To
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Figure 5.13: Normalized radius R/R0 of
an air bubble in the stock solution.
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Figure 5.14: Normalized radius R/R0 of
an air bubble in the stock solution with
an additional 0.5wt% of PEO 600k.

this stock solution we have added 0.5 wt% of a high molecular weight PEO.
In most of our experiments, we apply a positive pressure difference, with
the pushing rod starting to press against the membrane at t = 0. Results for
samples with added PEO600k, PEO1M, PEO2M and PEO4M, respectively,
are shown in Fig. 5.13-5.17. We have also performed experiments with a
negative pressure shock, where the pushing rod is initially pressing on the
membrane and then withdrawn at t = 0. The corresponding results are
shown in Fig. 5.18 - Fig. 5.21.

We have fitted both sets of experiments with a decaying cosine function,
according to Eq. 3 of the main text. The resulting decay constant Γ and
frequency ω are plotted in Fig. 5.23 and Fig. 5.24. We fit the obtained
set of decay rates as a function of molecular weight to a power–law, as
Γ ∝ Ma

w. This yields reasonable agreement, and we obtain a value of 0.28
for the exponent a. The corresponding fitted frequencies ω appear to be
nearly independent of molecular weight, without any clear trend in the
data, as shown in Fig. 5.24.
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Figure 5.15: Normalized radius R/R0 of
an air bubble in the stock solution.e
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Figure 5.16: Normalized radius R/R0 of
an air bubble in the stock solution with
an additional 0.5wt% of PEO 600k.
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Figure 5.17: Normalized radius R/R0 of
an air bubble in the stock solution with
an additional 0.5wt% of PEO 4M.
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Figure 5.18: Normalized radius R/R0 of
an air bubble in glycerol.
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Figure 5.21: Normalized radius R/R0 of an air bubble
in the stock solution with an additional 0.5wt% of PEO
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Figure 5.19: Normalized radius R/R0 of
an air bubble in the stock solution with
an additional 0.5wt% of PEO 600k.
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Figure 5.20: Normalized radius R/R0 of
an air bubble in the stock solution with
an additional 0.5wt% of PEO 1M.

To obtain the shear viscosity we have performed conventional cone-plate
rheology experiments where we measured the viscosity as function of shear
rate. It was previously reported that the viscosity of these types of solutions
is around 0.3 Pas16. Especially for the samples with added high molecular
weight polymers we were not able to load the samples into the rheometer
without some bubbles remaining in the system. We think this is the rea-
son why in our measurements these solutions appear to have a somewhat
lower viscosity than the stock solution, with as an exception the PEO 4M,
as shown in Fig. 5.22. As we apply high rates of deformation during our
bubble rheology experiment, we are mostly interested in the viscosity at
high shear rates, which we find to lie between 0.2 and 0.3 Pas for all these
samples.

5.C Newtonian simulations

The RP equation for the Newtonian case looks like,

RR̈+
3

2
Ṙ2 =

1

ρ

(
Pg − P∞ −

2σ

R
− 4µs

Ṙ

R

)
. (5.19)

We can solve this equation using Matlab, employing a ode15s solver. We
have performed calculations for viscosities between 0.05 Pas an 3 Pas, while
all the other parameters are kept the same at R0=0.3mm, ρ=1100, Pg=
1 bar and P∞=1.06 bar, σ= 64 mN/m. We have fitted these experiments
with a decaying cosine function, which is Eq. 5.3 of the main text. The re-
sulting decay constant Γ and frequency ω are plotted in Fig. 5.26 and Fig.
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Figure 5.22: Viscosities of the used solutions. As we
apply high rates of deformation we are mostly inter-
ested in the viscosities at high shear rates, which lie
between 0.2 and 0.3 Pas.

Figure 5.23: Decay rate Γ as a function
of molecular weight. The solid line, a
power–law fit, Γ ∝M0.28

w , represents the
data reasonably well.

Figure 5.24: Frequency ω as function
of molecular weight. The data does not
seem to follow a clear trend.
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Figure 5.25: Example of the bubble re-
sponse in an Newtonian fluid for differ-
ent viscosities.
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Figure 5.26: Graphical representation of
the the obtained decay constant as func-
tion of viscosity for a Newtonian fluid.
In this viscosity range the dependency of
the decay rate of the viscosity seems to
be linear.

5.27. Based of Fig. 5.26 and 5.27 we can state that for increasing viscosity,
the decay rate increases, while the frequency decreases.

We have repeated the simulations at a constant viscosity of 0.3 Pas and
vary the R0 between 0.2 and 0.5 mm. We observe that both the decay
rate and the frequency scale approximately linearly with 1/R0 as depicted
in Fig. 5.29 and Fig. 5.30. Both the decay rate and the frequency do not
follow the same trend as the experimental results. This is not surprising,
as in the experiments we do not have a Newtonian fluid. Clearly, more
work is needed to perform the same simulations with a non-Newtonian
fluid model.
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Figure 5.27: Frequency as function of
viscosity. We see a clear decreasing
trend.
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Figure 5.28: Example of the bubble re-
sponse in an Newtonian fluid for differ-
ent radii.
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Figure 5.29: Graphical representation of
the the obtained decay constant as func-
tion of 1/radius for a Newtonian fluid. In
this range of radii the dependency of the
decay rate on the radii seems to scale as
1/R0.
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Chapter 6

Conclusion and
Recommendations

In this final chapter we give an overview of the conclusions drawn from the
previous chapters and we will give additional recommendations for future
work.

6.1 Chapter 2: Compression and reswelling of mi-
crogel particles after an osmotic shock

In chapter 2 we provide a model that accounts for the experimentally ob-
served behavior of microscopic particles that slowly reswell to their original
size after an initial rapid compression induced by exposure to an externally
applied osmotic shock. Our model assumes that the osmolyte used to ap-
ply the osmotic pressure penetrates into the hydrogel particle, effectively
lowering the externally applied pressure. Using this model we are able
to extract material properties, including the compressive modulus, the gel
permeability, and the diffusivity of the osmolyte within the gel, all from a
single microfluidic experiment.

• To further support the model findings we recommend to visualize the
movement of the osmolyte through the gel network, in order to verify
the obtained diffusion coefficient for the osmolyte inside the porous
hydrogel particle. This could for example be done by using a dyed
osmolyte.

• By slightly scaling down the dimensions of the setup, our method
could be a very useful tool for mechanical measurements on biolog-
ical cells. Diseased cells often exhibit mechanical properties that are
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distinctly different from those of healthy cells; for example sickle cells
are significantly stiffer than healthy red blood cells. Soft cells would
squeeze through the traps of our setup, while stiff cells would get
trapped.

• Increasing the optical contrast between the hydrogel particle and its
surroundings would make it easier to automate both the experimen-
tal procedure and the analysis of the obtained results. This would
create the opportunity to use the method as a high–throughput tool
for measuring the mechanical properties of cells and other soft ob-
jects.

• A stepwise length–increase of the bypass channels allows for the si-
multaneous application of a wide range of pressures on the various
trapped particles, within a single experiment. This could be used as a
robust method for detecting the critical pressure at which the particle
can squeeze through a trap, which is directly related to the stiffness
of the particle. Furthermore, by varying the flow rate, the volume de-
pendency on the pressure can be measured simultaneously for multi-
ple particles, thus allowing for measurements at high throughput.

• The current theoretical model assumes that the external osmolyte
concentration is constant at the particle surface. A useful extension
to this model would be to include the case in which the external os-
molyte concentration is not constant, but instead decreases near the
surface. This is expected to occur when a particle is placed in an
osmolyte solution that is not flowing past the particle’s surface. This
would more closely represent a conventional osmotic compression ex-
periment and would thus enable the developed model to be applied
directly to such conventional osmotic shock experiments.

6.2 Chapter 3: Swelling and compression of hydro-
gels in the presence of penetrating macromolecules

In chapter 3 we theoretically account for the experimentally observed swel-
ling behavior of macroscopic (dry) hydrogels placed in polymeric solutions.
We witnessed an unexpected overshoot in swelling when a particle is placed
in a mixture of large and small polymers. This overshoot is not observed
when only small polymers are used. We concluded that the small polymers
penetrate the hydrogel, the presence of which leads to a lowering of the
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effective solvent quality, which causes the particle to shrink. In our cor-
responding physical picture of the process, the solvent quality reduction
accounts for the observed overshoot. When we perform osmotic compres-
sions with only the small polymers, we see an initial compression followed
by a partial rather then a full reswelling, indicating that the smaller poly-
mers indeed lower the solvent quality. The choice of osmolyte for any
osmotic compression experiment is therefore critical. This insight, which is
based on the knowledge gained in chapter 2, is beneficial for all fields of re-
search where osmotic compression experiments are used as measurement
method for porous materials.

• A follow–up study would benefit from using smaller hydrogel par-
ticles, as this would decrease the time required for the particles to
reach their equilibrium volume. Preferably, hydrogels with a precisely
known mesh size should be used in combination with well defined
mono-disperse osmolytes. Ideally, the interactions between the os-
molyte and the polymer network are known beforehand. This should
make it more straightforward to distinguish between the influences of
the solvent quality on the one hand, and the reduction of the osmotic
pressure difference on the other hand.

• For completeness, and to test the predictions of our physical picture
of the swelling/compression kinetics of hydrogels, it would be inter-
esting to study the behavior of a penetrating osmolyte that increases,
instead of decreases, the solvent quality.

• It would be interesting to include the dependence of both the com-
pressive modulus and the permeability on the particle volume (or
equivalently, the polymer concentration). Both of these properties
change by orders of magnitude during swelling, but these changes
are not currently taken into account in our models.

• When the full behavior of a single hydrogel is understood, the next
step would be to relate these properties to systems constructed from
these sponge–like building blocks. For example, to predict the behav-
ior of such a system when subjected to an osmotic pressure or to an
applied shear deformation.
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6.3 Chapter 4: Mechanics from calorimetry: prob-
ing the elasticity of responsive hydrogels

In chapter 4 we illustrated and exploited the inherent thermodynamic link
between thermal and mechanical properties of thermo–sensitive hydrogels,
by showing that the compressive elastic modulus of PNIPAM particles can
be probed using differential scanning calorimetry (DSC). This new method
could be particularly valuable for determining the mechanical response
of thermo–sensitive, submicron–sized, and/or oddly shaped particles, to
which standard methods are not readily applicable.

• When applying the DSC compression method to thermo–sensitive hy-
drogels that are cross–linked in the swollen state, it is found that the
entropic contribution is relatively small and the entropic effects due
to chain stretching do no play a significant role. It will be interest-
ing to see whether the same is true for thermo–sensitive hydrogels
that are cross–linked in the collapsed state. We would also recom-
mend to perform additional experiments on PNIPAM gels of different
cross–link concentrations.

• PNIPAM particles are often used as a model material in rheologi-
cal studies. Our DSC–based method is well suited to determine the
compressive modulus of these (sub–)microscopic PNIPAM particles,
which should allow us to investigate in detail the role of the com-
pressive modulus on the rheology.

6.4 Chapter 5: Bubble microrheology: probing the
extensional viscoelasticity of complex fluids

In chapter 5 we proposed a method in which we effectively employ a sin-
gle, microscopic gas bubble as a stress–controlled rheometer, probing vis-
coelastic properties under purely extensional flow conditions. An example
of viscoelastic fluid is concentrated hydrogel suspension. We probe the
viscoelastic properties by applying a time–dependent pressure to the sur-
rounding non–Newtonian fluid, while monitoring the resulting changes in
bubble radius.

• Building an pressure sensor into the setup would give us a more direct
method of determining the pressure. This would also demonstrate
that our pressure jump is indeed a step.
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• Performing oscillatory measurements with this setup would be a unique
opportunity for studying the frequency–dependent elongational vis-
coelastic properties of complex fluids. Such measurements cannot
readily be achieved using existing methods.

• To extend the range of measurable viscosities it is recommended to
adjust the setup to a vertically rotating setup that generates a (time–
averaged) ”zero gravity” situation. This will prevent the air bubble
from rising and therefore would allow for testing of lower viscosity
fluids and also larger air bubbles.

6.5 Summary

To conclude, the developed measurement techniques and models estab-
lished in this thesis allow for direct experimental access to key physical
properties of porous soft objects: their elastic bulk modulus and their per-
meability to an aqueous background liquid. Furthermore, we are able to
obtain the mobility of the osmolytes (macromolecules used to apply the
osmotic pressure) within the pores of the soft object and their influence
on the solvent quality. Our proposed DSC method allows for determining
the compressive modulus of thermo-sensitive materials, for which this was
previously not possible. Our suggested bubble microrheology is a simple
method that provides a fingerprint of the viscoelastic response of a wide
range of complex fluids, including hydrogel suspensions.

Overall, we expect the physical understanding, model descriptions, and
measurement techniques developed in this thesis to be directly applicable
to many research fields and applications comprising soft, sponge–like ob-
jects, polymer solutions, and other complex fluids.
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