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1

Introduction

1.1.

Blood rheology and cell shape

It is well accepted that blood behaves as a shear-thinning and visco-elastic uid (1).
Hemorheology, with which the resistance of blood to ow is described, is governed by the
volume content of cells, plasma viscosity, cell aggregation, and the cell deformability (2).
Because of the high volume contents of RBCs in blood (Hematocrit), which is about
40-45 %, the rheology of this biouid is mainly determined by the dynamic behavior
and interactions of these exible globules. Hence, to model blood rheology accurately,
the RBC mechanical behavior must be resolved on a large range in space and time
scales (3). The complex translation from the microscopic mechanical properties to the
behavior of blood on the continuum scale stems from the "free-boundary nature" of
the cell membrane (4). This is determined by incompressibility of the interior, and the
resistance to bending and uidity of the membrane (5).
Additionally, blood ow shows distinct features over dierent length scales throughout the cardiovascular system. Going from arterial (aortic) blood ow towards the microcirculation, the red blood cell (RBC) experiences totally dierent loads on its membrane,
resulting in a large spectrum of deformations, and inuencing the eective viscosity of
blood.

The RBC appearance in the larger arteries is an elongated ellipsoid, which is

stretched by the high shear rate there. Going down to to smaller vessels, dierent phenomena are observed. Hematocrit (RBC volume content in blood) decreases at smaller
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tubes, which is called the Fahraeus eect, and is noticeable when the vessel diameter
gets below 500 m (6). Moreover, a lowered eective viscosity of blood in vessels
smaller than 300 m is observed, known as the Fahraeus-Lindqvist eect. The lowered
viscosity is caused by migration of the easily deformable RBCs towards the center of
the vessel, leaving a plasma-rich boundary layer near the wall (7). As a result, there
is a net transport of other, less deformable particles towards the outside of the vessel,
resulting in platelet migration towards the wall (8; 9). Going down the cardiovascular
vessels into the micro-circulation, the vessels have the same dimension as the suspended
particles, leading to a heterogeneous distribution of RBCs there (10). Micro-capillary
ow is characterized by the ling of cells, going together with shape changes of the
cells, caused by rather complex hydrodynamic interactions with the wall. The cell morphologies are totally dierent from the shapes encountered in the larger vessels: in the
microcirculation bullet- (11), parachute- (12), and slipper-shapes are observed (13; 14).

1.2.

Blood coagulation and hemorheology

A better understanding of hemorheology is benecial in ghting cardiovascular diseases, such as atherosclerosis, where the ow-induced mechanical stresses and ow
structures are thought to play dominant roles. Furthermore, thrombus formation after
rupture of the atherosclerotic plaque is also inuenced by hemodynamic factors, where
plaque rupture can lead to death or severe morbidity (15; 16; 17).
Moreover, malfunctioning or undesired triggering of blood coagulation can lead to
thrombosis and ischemia of peripheral tissue. Hence, medical devices and implants, such
as mechanical heart valves and cardiac assist devices, and medical procedures can be
improved based on more detailed insights into blood coagulation. The parts of these
biomaterials that are in direct contact with blood should be designed in a way that
coagulation is avoided, which demands for a more thorough understanding of the complete coagulation process. Also clinical decision making will improve in case of certain
cardiovascular interventions. For example, by coiling or stenting of a cerebral aneurysm,
coagulation is exploited to cut o areas with vascular malfunction from the main circulation. The design of coils and stents but also the exact patient-specic treatment can
be improved by a better understanding of thrombus formation.
The formation of a thrombus runs through several phases. Upon vascular trauma
or another activation of the coagulation pathway, rst line of defence is the activation
of the platelets, which leads to the formation of a platelet plug. Second, a network
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of brin bers is formed by running through of the coagulation cascade. The platelets
pull on the brin network, which contracts, resulting in a higher stiness clot. When
more RBCs are caught in the clot, a lower stiness clot is formed: the presence of the
RBCs distort the process of platelet contraction, such that less tension is put to the
brin bers. Eventually, the mechanical properties determine the functionality of the
clot (18).
Already in 1856 Virchow stressed the importance of the deviation from normal physiological hemodynamics in the initiation of blood clot formation. This became one of
the factors in the Virchow's triad that contributes to thrombosis (19).
Although the biochemical processes involved in thrombus formation have been largely
described, from a hemodynamical point of view blood coagulation is still not well understood. Unraveling the complex process of thrombus formation, in which solid- and
uid mechanical and biochemical processes are intertwined, should give more detailed
insights in the initiation of blood clot formation, clot mechanics and -stability. Two
aspect involved are hemodynamics and the coagulation pathway, both areas of ongoing
research. Hemodynamics, in which an accurate rheological description of blood is still
lacking, must be coupled to the coagulation cascade, described partly in systems biology.
From a hemodynamic point of view, concentration elds of the interacting components
are inuenced by the transport phenomena in the blood ow, in space and time. First
open question is how the biochemical pathway of the coagulation cascade is initiated by
the macroscopic changes in ow. Second, how do local ow characteristics near the clot
formation site inuence blood clot development? Extensive modelling with convectiondiusion-reaction equations also showed the interaction between local hemodynamics
and platelet plug morphology. In that way, thrombus formation under ow is described
by taking biochemical, biophysical, and biomechanical aspects of platelet plug formation
into account (20).
The local hemodynamics and the concentration elds of all thrombotic components
are decisive in whether and how a clot is being formed. Both these aspects are determined to large extent by the high volume content of RBCs in the blood. The movements
of the RBCs, being periodic tank-treading, tumbling, swinging, and rolling (see Chapter
3), determine the mechanical behavior of blood on the continuum scale (21; 2), but also
directly drive plasma mixing and the transport of the thrombus regulating components
on the microscale. Next to platelet migration towards the wall (8; 9), RBC motion
induces micro-mixing and, hence, increases the eective diusion with several orders
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of magnitude compared to the thermal diusion rate (9). As such, to investigate the
inuence of the presence of the RBCs on the coagulation process, the understanding of
the mechanical behavior of a single RBC is essential.

1.3.

Red blood cell biophysics and mechanics

As the RBC is a cell with relatively little complexity, and it is easy to harvest, it can
easily serve as a model to study biophysical structures and -processes of other, more
complex cells. Although the RBC is to be the most simple cell in the human body from
a mechanical point of view, its dynamic behavior is still rather elusive. At rst sight, the
RBC is a thin membranous globule containing uid. There are no internal organelles,
neither structural components that intrude the cytoplasm from the membrane. The
cytoplasm is an aqueous solution of hemoglobin, which behaves as a Newtonian uid.
The membrane that envelops the cytoplasm is a two-layered structure of about 30 nm
thick on average. It consists of a phospholipid bilayer, to which a two-dimensional
cytoskeleton is tethered at the cytosolic side of the membrane.
The RBC bilayer, which is a mixture of phospholipids and integral proteins, in the
lateral plane behaves as a two-dimensional thin sheet of a nearly incompressible uid.
This ensures surface conservation of the membrane at small tensions. As the bilayer is
impenetrable to water because of an apolar core, the volume of the RBC is maintained.
Transport proteins, which can transfer ions, maintain a constant small osmotic pressure
dierence. In the out-of-plane dimension, however, the bilayer behaves elastically: it
resists bending. Moreover, on a local scale a natural curvature is present, caused by the
molecular nature of the components. On a global scale, the area dierence of the inner
and outer monolayer determines partly the morphological shape of the RBC.
The cytoskeleton is a surprisingly regular hexagonal network of proteins. The connecting chains of spectrin tetramers form a mesh with a dynamically changing topology.
The chains are interconnected at the actin-protein 4.1 network nodes, forming a hexagonal mesh with a size of 70-80 nm. Spectrin behaves elastically, but quite dierent
behavior is observed for dierent strains, originating from dierent molecular mechanisms.
The network, which is under tension (stretched for about 20 %) has the ability
to remodel its topology. This is facilitated by ATP-usage (energy consumption) and
is dependent on shear and shear rate. The spectrin chains can be reallocated in the
network by release of their ends from the network nodes or by disassociation of the
tetramer into dimers at the middle of the chains. In vivo, about 75 % of the chains is
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fully connected.
The cytoskeleton is pinned to the bilayer at its nodes and about halfway the spectrin
tetramers. These discrete anchor points induce tension and curvature to the bilayer.
Furthermore, the spectrin chains form fencing barriers to diusion of all components in
the bilayer. The coupling can be weakened by phosphorylation of dierent proteins by
ATP.
During dynamic deformations, relative movement between the skeleton and bilayer
occurs: the cytoskeleton is minimizing its elastic energy, during which the anchor points
move through the uidic bilayer. This results in a visco-elastic response, as network
attachment protein structures move as cylinders through a viscous uid. Although the
total surface area of the cytoskeleton is also constant, as it is constrained by the bilayer,
local expansion and condensation can occur. Depending on the strains in the network,
this can lead to the introduction of local variations in material parameters, i.e. nonhomogeneities and anisotropy.
A more extensive review is found in Chapter 2, in which the mechanical implications
of the biophysical features of the cell are given. However, from the short description
above, two phenomena can already be highlighted:
1. Because the phenomena involved in RBC movement and interactions are nonstatic, the dynamical behavior of the RBC should be focused on.
2. As the diverse RBC material characteristics all have their origin in the underlying
molecular structures and -processes in the membrane, these structures should be
probed to gain a better understanding of the behavior of the RBC as a whole.
It remains a challenge to couple macroscopic observations to the underlying microstructure, which is continuously rearranging by bio-active processes.

1.4.

Studies to mechanical behavior of the RBC

In the seventies, depending on the method, deformation regime, and time scale,
elastic (22; 23; 24), viscous (25; 26), visco-elastic (27; 28; 29; 30), visco-plastic (31;
32), and thermo-elastic (33) responses of the cell have been observed experimentally.
These characteristics were mainly obtained from micropipette aspiration experiments,
in which a part of the cell is aspirated into a small caliber glass pipette (diameter in the
order of a micron). With the use of a dedicated continuum scale model for the RBC
membrane, continuum material parameters were determined (34; 35).
Around the same time, the biophysics of the RBC were explored, best highlighted

501191-L-bw-vdBurgt

6 | Introduction
with the discovery of spectrin by Marchesi et al. (1968) (36). By various experiments
with isolated proteins and protein complexes, the biophysical nature of the membrane
was slowly unraveled. At the end of the 1980's, the most important molecular building
blocks were revealed and quantied, and their structural function was found (37; 38).
In the meantime, new experimental methods were developed, enabling the characterization of a force-length relationship of an isolated RBC. Best example in the optical
trap, which can apply well-dened forces by laser light to di-electric beads attached to
the RBC membrane (39; 40). Other methods are atomic force microscopy (AFM), with
which a RBC can be locally probed by a thin cantilever, and magnetic bead twisting.
Experiments with various methods, including the above, have been conducted while
probing dierent molecular structures. For example, the cytoskeleton has been crosslinked to increase its elastic moduli (41), weakening of the cytoskeleton-bilayer coupling
by the scission of Band 3-ankyrin bonds (42; 43), and weakening of the spectrin network
by promoting dissociation of the spectrin tetramers (43). Also diseased RBCs were
characterized, such as malaria-infected cells in micro-contraction channels (44; 45) and
sickle cells in ektacytometry (46). All these experiments have formed a direct coupling
between the RBC molecular structures and cell deformability, shedding light on this
complex translation. Also the observations of RBCs 'in rest' have revealed many insights
into the molecular structure and dynamic behavior of the RBC membrane. The analyses
of cell icker (about 40 nm amplitude uctuations of the cell membrane, driven by
thermal energy and ATP consumption) have led to material characterization on the
spatial and temporal scale, based on the dynamics of the underlying molecular structures
(47; 48; 49).
Furthermore, dozens of numerical studies to the RBC membrane behavior have been
conducted throughout the years, fed with the knowledge obtained from experiments:
from continuum FEM models (50; 51) and coarse-grained spring networks for the cytoskeleton (52), up to the incorporation of complex mesocopic models (53; 54). Complexity of the models increased with the continuously increasing computer power: Li et
al. (2007) published about modelling of a membrane patch with details going down to
the molecular origin of elasticity of spectrin (53), whereas Hartmann (2009) introduces
a multiscale model, simulating whole cell deformation by an optical trap (54). The numerical models are often used in combination with an experimental method, such that
the parameters of the constitutive law of choice can be determined by tting the simulation with the deformation state observed in the experiment. This combination has
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appeared a powerful tool to grasp a better understanding of the dynamic behavior of
the RBC.

1.5.

Experimental challenges

Experimental methods, such as micropipette aspiration (55; 56) or optical trapping
(57; 58), and atomic force microscopy (59; 60), are not ideal to accurately capture
RBC dynamics, due to the presence of a contact between a solid and the cell membrane.
This contact results in a more complex analysis, as the solid-cell interaction must be
modeled accurately to extract mechanical parameters correctly. However, the exact
area of contact, stiness of the bonds, and time scales involved in the bonding process,
are hard to estimate. Consequently, uncertainty in assumptions concerning boundary
conditions used in the mechanical analysis of such measurements, is increased.
Moreover, the contact of the cell membrane with a solid introduces additional significant friction forces, which need to be taken into account during dynamic deformations.
In case of the micropipette aspiration experiment, friction forces between the glass wall
and the moving cell membrane are present. Concerning dynamic experiments with the
optical trap, the beads attached to the cell membrane, which are relatively large (about
a micron in diameter), must move through the surrounding uid. Also here, energy is
dissipated by the surrounding uid.
Another challenge in existing methods is that RBC deformation is often clearly inhomogeneous and local of nature, while only global quantities are measured, such as
a global force-length relationship. Therefore, only global material parameters can be
derived. For studying a complex material such as the RBC membrane, this seems to
be inadequate, as the cytoskeleton can expand or condense relatively to the bilayer,
giving rise to possible inhomogeneous and anisotropic material behavior. Therefore, an
experimental tool is required for the assessment of local material characteristics. This
requests for an experimental platform, in which the local stress is known or can be computed. In that way, non-uniformity and direction-dependency of material parameters can
be determined.
The RBC membrane is a dynamic material in many ways. Various phenomena, which
are hidden in the cytoskeleton, the coupling between the skeleton and the bilayer, and
in bio-active processes, are intertwined. These eects cannot simply be summed, as the
amount of shear, the shear rate and the biochemical environment are all of inuence
on the outcome. Hence, even in the low deformation range, the observed mechanical
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behavior depends strongly on the exact way on which the deformation is imposed.
Although many reported about tting an exponential function to dynamic processes,
such as stress decay behavior, it is the question whether the assumption that one time
constant characterizes the membrane material is valid. To be able to answer this question, ideally the RBC membrane behavior must be probed for a large range in deformation
and frequency. In that way, also the non-linear behavior of the stress-strain relation of the
membrane is tested and possible strain-rate dependencies are assessed as well, enabling
the characterization of the spatio-temporal coupling within RBC dynamics. However,
very few published about an experimental method that covers these large ranges in strain
and frequency. Popescu et al. (2007) determined the storage and loss modulus of the
RBC membrane from full eld RBC icker measurements at high frequency (61). Although many time and length scales and the coupling of bilayer and cytoskeleton are
probed, the deformations of the membrane remain rather small. Yoon et al. (2008)
found two power-law relations from dynamic optical trap measurements: a power-law
decay of stress, and a power-law increase of the elastic modulus as a function of strain
rate. Based on that, the material behavior of the RBC membrane should be non-linear.
They could only nd similar behavior in the soft glassy rheology model (62). Puig-deMorales-Marinkovic et al. (2007) obtained the storage and loss modulus of the RBC
membrane, but then from a magnetic bead twisting experiment over a range of frequencies. They also found non-linear behavior as well as the lack of a specic time constant,
and stressed the shortcomings of earlier conclusions: "...RBC relaxation times that have
been reported previously, and any models that rest upon them, are artifactual... arising
from forcing to an exponential t data of limited temporal duration..." (63). However,
dierent deformation modes are entered simultaneously in such a bead twisting experiment, which adds complexity to the analysis: as stated above, the deformation protocol
determines the dynamic behavior.
Conclusively, an experimental method that can probe RBC dynamics over a large
range of strains and frequencies, preferably within a single deformation mode, is still
lacking. This requirement sketches the need for a rheometer, with which microscale
globular materials can be tested by clear frequency and strain sweeps. The nature of
probing should be contactless, i.e. by uid ow, such that the subsequent analysis is not
bothered by interaction artifacts. Moreover, stressing the RBC with uid ow enables
the analysis on a local scale, elucidating non-homogeneities and anisotropy.

501191-L-bw-vdBurgt

1.6. The cross-slot to probe RBC dynamics | 9

1.6.

The cross-slot to probe RBC dynamics

Our strategy involves the estimation of mechanical properties of the RBC using
an inverse analysis, which combines both numerical and experimental tools and provides
local information about the cell. Similar to earlier studies on droplet deformation (64), a
contactless experiment is designed where a RBC is dynamically deformed in elongational
ow. This ow structure is created in a so called cross-slot geometry, consisting of two
perpendicular channels. An existing setup is miniaturized and redesigned such that we
are capable of investigating time-dependent material characteristics, such as relaxation
and frequency-dependent behavior.
By means of a numerical model the local stresses on the body are computed, which
gives possibilities to determine local material characteristics. An inverse analysis with the
constitutive model under investigation matching the deformation state in the experiment,
in which the local stress is known, should give new insights in the rheological behavior
of the RBC.
Note that this device and the subsequent analysis are not meant for high-throughput
screening of cells. It is a rather involved method to test one single isolated RBC,
under various stress protocols. Moreover, this method has the potential to test the
cell dynamics under dierent environmental circumstances. The ability to change the
captured cell's microstructure during observation can be integrated in the platform.
Hence, one can see how a certain treatment of the molecular structure is translated
into the dynamical behavior of the cell.

1.7.

Goal/objective

The goal of this project is to design, manufacture, and test the of cross-slot setup,
a micro-rheometer to probe red blood cell dynamics in a contactless way, containing:
 a microuidic chip with the cross-slot geometry, feeding channels, and optical
access.
 the feedback control system for capturing of the RBC, consisting of:

 a sensor to register the position of the cell.
 a metering valve, including actuator to tune the ow through the cross-slot.
 a suitable controller that translates the registered cell position into a driver
signal for the valve actuator, such that the RBC position can be manipulated
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as demanded. In practice this means keeping the cell into the center of the
cross-slot.
 a pump system, which can produce dynamic inows of tunable amplitude, frequency, and well-controlled waveform.

1.8.

Project strategy/outline

To get to a successful cross-slot experimental setup, a combination of numerical and
experimental tools is used. First, nite element method (FEM) simulations are deployed
to dene the requirements of the cross-slot setup (see top center block of the schedule
in Figure 1.1). Based on the results, the cross-slot components are specied, indicated
by the dotted arrow.
The repositioning of the cell in the cross-slot depends on the translation of the
stagnation point in the ow. To get a rst understanding of how this stagnation point
moves through the slot as a function of valve actuation, some open-loop experiments
with only uid ow are performed, shown in the block at the top left of the schedule. The
results are used to get some preliminary insights into the dynamics of the control system
and to validate the numerical systemic model, which includes the feedback system.
The numerical systemic model contains the hydraulic characteristics of the crossslot and is built for dening a suitable controller. Controller design is included in the
block 'feedback system design'. When a rst feedback system is dened, it can be
integrated into the cross-slot setup. When a RBC is successfully captured, be it at low
ow circumstances, the experiment itself is used to determine the closed-loop transfer
function of the system. Via the systemic model simulations this can lead to a more
eective control strategy, and hence an improved controller for following experiments.
This loop can be run through iteratively, which should lead to a more and more robust
controller.
A pumping system to drive the dynamic ows for the cross-slot is designed separately.
It is added to the cross-slot setup when dynamic stresses on the captured RBC are
required. Additionally, the systemic character of this pump is determined by measuring
the transfer function with particle image velocimetry (PIV) measurements. The found
translation from pump input signal to liquid ow output serves as input for the numerical
model used to analyse the deformation experiment.
Eventually, the experiments performed in the cross-slot will be analysed by tting a
simulation with the suitable constitutive model incorporated (see upward dashed arrow
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channel. By the analysis of the deformation and subsequent relaxation some dynamical
features are extracted.
Part II starts o with Chapter 5, in which the conceptual view of the proposed
experimental setup is given by a preliminary analysis of the cross-slot system. In Chapter
6 and 7, the pulsatile pump system for driving the ows and the actual cross-slot system
are described, respectively. The control strategy designated to capture RBCs inside the
cross-slot is given in Chapter 8. Chapter 9 summarizes and discusses most important
ndings. Moreover, some possibilities for the future are given there.
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2

Biophysical behavior of the red blood cell
2.1.

Introduction

2.1.1 A historical review

After the invention of the compound microscope at the turn of the 17th century
by Hans and his son Zacharias Janssen, Dutch spectacle makers, it took about half a
century more before the red blood cell was discovered. There is strong evidence that Jan
Swammerdam made the rst observation of these red granules in blood in 1658, though
his work wasn't published until 1715 by Boerhaave, after Swammerdams death in 1680
(ironically caused by malaria). However, the rst man that reports publicly about the
red blood cell is the Italian doctor Marcello Malpighi (1666) in 'De Polypo Cordis' (65),
although he did not quite appreciate the red cell's signicance. Around the same time,
the vast improvement on lenses for microscopy by the Dutch tradesman and scientist
Antonie van Leeuwenhoek let to more insights in the characteristics of the red blood
cell. It was the 'father of microbiology' Van Leeuwenhoeck himself who drew the rst
connection between erythrocyte mechanics and disease: in 1675 he publishes about an
apparently reversible stiening of his red blood cells during sickness, and the fact that
"...those sanguineous globuls in a healthy body must be very exible and pliant, if they
shall pass through the small capillary veins and arteries, and that in their passage they
change into an oval gure, rearming their roundness when they come into a larger
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room." (66).
As microscopy techniques evolved during the following centuries, probably all have
been used to image erythrocytes, or used as the imaging modality during the mechanical
characterization of the erythrocytes. For an overview, see Appendix 3, Section 3.1.

2.1.2 Red blood cell mechanics
The red blood cell (RBC) is a biconcave, discoid granule, responsible for the oxygen/carbondioxide exchange between lungs and other tissues. The non-nucleated RBC
does not contain other organelles, which makes it easy to study. Therefore, the red cell
can serve as model for investigation of more complex cell types in the area of mechanobiology and biochemistry (67). Moreover, RBCs are easily isolated in large quantities.
Their functional features are widely conserved throughout evolution, as many species
show similar membrane characteristics.
Versatile mechanical properties are demanded throughout the cardiovascular system.
High membrane stability is demanded in locations of high shear such as the greater
arteries and during ejection from the heart. On the other hand, in the microvasculature
and the spleen, deformations well over a 100% must be facilitated without undermining
the structural integrity of the cell, nor at the expense of a large amount of energy
(37). The easy deformability is evolutionary useful for ecient passage through the
microcirculation, where ecient gas exchange and intracellular mixing can take place.
Moreover, the liver and spleen perform a kind of mechanical deformation tests for the
identication and capturing of damaged, diseased and old cells.
Also conspicuous is the great resilience and durability: after deformations of up to
200% the RBC relaxes back to its original shape in a fraction of a second (68; 69).
Considering their lifespan of approximately 120 days and a recirculation time in human
of about 1 minute, every erythrocyte experiences this mechanical challenging cycle for
about 300,000 times.
The remarkable red cell properties were recognized right after its discovery, and subsequently the mechanical characteristics of erythrocytes have puzzled scientists since.
Moreover, the mechanical behavior of the single cell determines the continuum behavior
of blood: the high volume percentage (hematocrit) of RBCs in blood, which is 40-45%,
together with the rather elusive rheological behavior of the RBC provide blood of a nonNewtonian character (16).
One of the rst mechanical analyses of the RBC is performed by Browicz in 1890:
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he reported observations of intracellular vibratory movements, which he correlated with
pathological conditions (70). Later in 1901, Cabot (71) noted that this movement was
quite dierent from apoptotic cells and 'the rapid dancing of malarial pigment', hence
the underlying driving mechanism was still unresolved. In the following fty years little
attention was paid to this vibrational movement, while nearly every imaging modality
(except for polarized light microscopy) pointed to the lack of structure in the red blood
cell. However, in 1949 Pulvertaft rightfully remarks: "...Yet motion is not possible in
the absence of structure..." (72), implying the essence of detailed knowledge of the
structural properties of the cell on elucidating its intriguing behavior.

2.1.3 Red cell structural components
Observing red blood cells, George Gulliver discovered the cell membrane in 1862 (73).
Years later, the membrane components were unraveled. The membrane consists of the
following layers from exterior to interior: glycocalyx, lipid bilayer, and the cytoskeleton.
The latter is a two dimensional protein structure which is closely associated to the bilayer.
The molecular structures of all layers and their mechanical implications are treated in
detail below.
The glycocalyx, a layer consisting of the sugar-like chain ends of glycoproteins, is
the most exterior layer of the RBC. From a mechanical point of view this layer is least
interesting. The peptide side of the glycoproteins are embedded in the lipid bilayer of
the cell. The bilayer forms a impermeable layer around the RBC and is responsible for
the preservation of surface area. About half of the RBC's proteins are found in this
layer, interacting with the lipids through their hydrophobic bodies. The erythrocyte
membrane contains more than 300 dierent proteins, from which about 50 are well
characterized. Functions are various: transport (e.g. ion transporters for maintaining
cell volume), signaling (under which blood group antigens), and adhesion of / interaction
with other structures to maintain RBC function and stability. The proteins, important
for the structural hierarchy and mechanical behavior of the membrane, are described
as a part of this review. They are divided in integral proteins, which are anchored into
the lipid bilayer, and peripheral proteins, which are mainly found in the cytoskeleton.
The cytoskeleton is located at the cytoplasmic side of the cell. It is a two dimensional
network of protein chains, conspicuously regular, that are coupled at junction complexes.
The discrete tethering of this cytoskeleton to the bilayer at many anchor points makes
the network closely associated with the bilayer. The dynamic interplay that results from
this coupling gives rise to the extraordinary material behavior of the RBC membrane. At
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last, the interior of the red blood cell is a solution of hemoglobin in an aqueous medium,
which can be described as a Newtonian (viscous) uid.
Excellent reviews about the molecular building blocks of the red cell membrane have
appeared: about the lipid bilayer (74; 75) and cytoskeleton with its peripheral proteins
(38; 76), or about the RBC membrane as a whole (69). Additionally, much knowledge
has been obtained how the biochemical architecture of the membrane translates into the
mechanical properties that become apparent during deformation (26; 77; 78; 79; 80).

2.2.

Glycocalyx

The glycocalyx is an approximately 10 nm thick layer of carbohydrates, which are negatively charged, located on the external side of the cell. Its density more or less resembles
density of the cytoskeleton, because the carbohydrate chains are linked to (or actually
part of) integral proteins associated with the cytoskeleton underneath. GlycophorinA and -C are the major glycoproteins of the glycocalyx (81; 75; 82), followed by the
GPI-linked protein CD-59 (83). During interaction of the cell with other structures, like
vessel walls or other cells, the electrostatic forces can act as collision buers as they
cause repulsion from one another (84). However, when considering an isolated RBC, the
intermolecular distance of the glycocalyx chains under physiological conditions exceeds
the Debye length by several times (75), such that the electrostatic interaction of the
glycocalyx can be neglected in mechanical analysis of the single RBC.
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2.3.

Lipid bilayer

For cells in general, a substantial fraction of biological activities is mediated by the membrane's bilayer. For the RBC in particular, which has no nucleus nor a 3D cytoskeleton,
the bilayer is involved in almost all biochemical and -mechanical processes. The bilayer,
which has a thickness of 4 to 5 nm, forms a continuous barrier between the inner cytoplasm and the blood plasma: due to its continuity, as a consequence of the chemical
character of the components, the bilayer is impermeable to solutes. The incorporated
proteins facilitate most of the biological signaling between the cytoplasm and external
medium (blood plasma), be it mechanical, biochemical, electro-statical, etc. Additionally, the structure of the bilayer is determined to be decisive for the geometrical shape
of the RBC (74).

2.3.1 Lipid constituents
The cell's bilayer is discovered in 1925 by Gorter & Grendel (85), as they concluded
that the number of lipids extracted from RBCs is sucient to cover the cell's surface
area approximately twice. Indeed lipids are the main constituent of the bilayer in molar
amounts, while this forms only 40% of the total membrane mass. About 52% of the mass
is taken by the much larger proteins (79). The lipids consist mainly of phospholipids,
unesteried cholesterol, and smaller amounts of free fatty acids and glycolipids: about
58%, 24% 13%, respectively (86; 87; 69). The bilayer is shown schematically in gure
2.1.

The cell's lipid bilayer with its integral components. Printed with the courtesy of
Encyclopaedia Brittannica.
Figure 2.1:
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There are 4 major phospholipids that are asymmetrically disposed over the two membrane
leaets: phosphatidylcholine (PC) and sphingomyelin (SM) are predominately located
at the outer monolayer, and phosphatidylethanolamine (PE) and all phosphatidylserine
(PS) are conned to the inner layer (88; 84; 89). In general, more negatively charged
phospholipids are situated on the inner leaet (90), whereas non-charged lipids like
glycolipids are present on the outer leaet (91). Some claim that cholesterol is more on
the outer leaet (90), while others report it is distributed evenly over both leaets (91).
Although some report that the constituents within the monolayers are generally well
mixed (92), contradictory evidence claims the existence of phase separation of lipids
and other constituents under the inuence of several mechanisms. One is the formation of lipid rafts, which are microdomains enriched of sphingolipids and/or cholesterol.
GPI-anchored proteins (Stomatin, Flotillin-1 and -2) are highly abundant in these rafts,
that could be linked to their signaling functionality (93; 94), whereas other results show
1:1 complex formation of cholesterol with highly saturated phospholipids (95). In summary, the lateral distribution of cholesterol and its function remains rather elusive (for
a thorough overview, see (96).
Passive ipping of phospholipids from one monolayer to the other is very unlikely,
since the transport of the polar head through the double layer of apolar tails is energetically unfavorable. Flip-ops will happen on the time scale of hours for lipids in
general (74; 84), which is dependent on chain length but even more so on head group
composition (97). However, cholesterol that is soluble in the bilayer, ips with a rate
in the order of a minute at 37  C (98) or seconds (99). Scramblase proteins facilitate
the transfer of phospholipids without the expense of energy, consequently in the direction of the specic concentration gradient (100; 91). On top of passive transferring
mechanisms, integral proteins called ippases and oppases can transfer phospholipids
from the outer to inner and inner to outer monolayer, respectively, in an energetically
dependent manner (100; 89).
It is vital to erythrocyte functioning that PS is kept at the inner leaet, since PS can
be recognized by macrophages, leading to phagocytosis, which will happen especially in
the spleen. Moreover, PS can acitvate platelets, initiating a coagulant response and
binds to endothelial cells, causing elevated resistance in the microcirculation (89).

2.3.2 Integral proteins
The integral proteins, that exist merely of -helices, are well anchored by interactions
of their hydrophobic domains with the lipids in the bilayer (101; 102).
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The anion exchanger, Band 3
The most abundant integral protein in the bilayer (ca. 1,000,000 copies per cell, 1520% of all RBC proteins) is the anion transporter Band 3 (38; 79). Concerning coverage,
the average intermolecular distance is about 15nm (75), as they mainly exist as dimers
or higher oligomers. About 25% of all Band 3 is clustered in large aggregates, held
together by interactions of their cytosolic domains, and do not undergo any macroscopic
diusion (103). The amounts of larger Band 3 complexes increases with cell age (104).
Free Band 3 are predominantly dimers, whereas Band 3 complexes associated with the
cytoskeleton are mostly monomers, dimers, and tetramers (38). About one third of all
Band 3 is likely to be bound to the cytoskeleton, as it shows oscillating behavior that
correlates with the thermal conformation uctuations of the skeleton (105).
The function of Band 3 is two-sided. First, as the name already reveals, this protein
complex facilitates the transport of Cl and HCO 3 , governing the O2 -CO2 exchange,
which is the primary function of the RBC. The exchange happens on a one-to-one ratio,
driven by the slight increase of intracellular HCO 3 , originating from the hydration of
CO2 . The H+ , which is buered in the RBC's hemoglobin solution, also facilitates O 2
release. These two processes occur reversed in the pulmonary capillaries, both on a time
scale fast enough compared to RBC capillary residence time (106).
Second, as already seemed from above, Band 3 interacts with cytoskeletal (peripheral) proteins, and hence is involved in maintaining stability of the RBC membrane.
Band 3 is known to react with ankyrin (42), protein 4.1 (107), protein 4.2 (108), and
to some extent with hemoglobin (38; 79). This makes the cytoplasmic domain of Band
3 the main adherence point for the cytoskeleton. The bond with ankyrin is strongest,
as experiments indicate that several contact sites are involved (109).
A more detailed analysis of the involvement of Band 3 interaction with the cytoskeleton is given in Section 2.6.

Glycophorins
Glycophorin- A, B, C, and D cover about 2% of the protein content of the RBC
membrane. Although the names of these proteins are like a serie, this is misleading for
their structure: the sequence of glycophorin C is totally dierent from that of glycophorin
A and B. Glycophorin C contains carbonhydrate chains on the exterior of the cell, forming
part of the glycocalyx. The cytoplasmic side of the protein contains a domain with
possesses binding anity to protein 4.1 (37; 79). Patients lacking glycophorin C have
ellipsoidal cells, although their mechanical properties appear to be normal (110).
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2.3.3 Static bilayer mechanics
In the absence of cholesterol, the bilayer would possess some resistance to shear.
However, by the uidizing character of cholesterol, which forms 1:1 complexes with
certain phospholipids, the presence of 12.5% mol cholesterol is sucient to diminish
all shear rigidity (111; 95). In physiology, the cholesterol content is always higher, and
hence, the monolayers behave as two planar liquids with the viscosity of about 0.1-1 Pas
(112; 113; 114). Chien et al. (1978) and Hochmuth (1982) (30; 26) report from their
micropipette aspiration measurements of RBCs that above deformation rates of 100
s 1 , the bilayer exhibits shear thinning. However, in their experiments this could have
been an artifact caused by unstable buckling of the membrane, instead of an intrinsic
shear thinning material property.
Furthermore, the presence of cholesterol increases the expansion modulus and the
stress of failure of the bilayer (111), which is a temperature-dependent mechanism (93).
Cholesterol may also be involved in the mechanisms that determine the bilayer contour
(115). Also the presence of transmembrane proteins are thought to lower the bending
modulus of the bilayer, and hence changing the bilayer shape and increase its stability
(95).
Although the bilayer behaves uidic in lateral direction, in the third dimension the
bilayer exerts elastic resistance to bending, coming forth from lateral resistance to expansion/compression: the molecular packing of the phospholipids creates a barrier to
bilayer compression, while the hydrophobic character of the molecules ensures a high
resistance to expansion (84). This results in high elastic resistance to isotropic deformation, proportional to the bilayer expansion modulus K . Due to the nite and nearly
constant thickness of the bilayer, a modulus for bending, , is dened from K . The
presence of this resistance against bending forces counteracts buckling of the bilayer.
The bending modulus for a monolayer, m is related to the area compression (or expansion) modulus for the monolayer, Km , through the relation given by Landau & Lifshitz
(1986) (116):

m = Km (Db =2)2 =3:
Note that the bilayer compression modulus
modulus  = 2m .
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K = 2 Km

and hence the bilayer bending
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Although the area expansion modulus is high, the molecular mechanisms (Van der
Waals-like forces) that govern it fall o sharply at small distances. Consequently, lysis of
bilayer happens at tensions of 10-20 mN/m, which corresponds with 2-3% area expansion
(26; 79). While expanding the bilayer, two regimes can be recognized. First, at low
tension uctuations of the bilayer are suppressed from which the projected surface area
can be expanded. This entropy driven tension rises exponentially with expansion, and
its rate is proportional to the bending modulus . Second, when all bilayer undulations
have been smoothed out a further area increase can only result by a direct decrease in
the lipid density, proportional to the bilayer area expansion modulus Kb . The total area
compressibility is a superposition of both processes, and the crossover between the two
regimes is determined by the ratio K= (117).
The dierent lipid components all have dierent lengths, dierent number of unsaturated bonds, chemically dierences in polar heads. This will have its inuence on
physico-chemical interactions which each other, which in their turn determine the exact
mechanical behavior of the bilayer (74). For example, the presence of lipids with high
degrees of unsaturation will induce high exibility (117), expressed in a low bending
modulus as well as a low area expansion modulus (because of the relation in (2.1)). Furthermore, the size of the polar head compared to the tail size can inuence the natural
curvature of a phospholipid layer. It the head is much larger than the tail, the monolayer
will have a convex appearance (118). Fischer (2004) states that the constituents of
the monolayers of the RBC are generally well mixed (92). This implies a uniform bilayer
with a uniform bending modulus and a uniform spontaneous curvature (see spontaneous
curvature model).
The presence of 20-30% cholesterol in lipid vesicles will reduce chain dynamics (93)
and as a consequence a several fold increase in the compression and bending modulus
is obtained (119; 111; 95; 96), which is consistent with the polymer melt lipid bilayer
model (see below, (120)). However, in the RBC membrane, this eect is much lower,
contributed to the presence of integral proteins (121; 75). Another aspect of the presence of cholesterol is that the rapid transferring from one monolayer to the other can
facilitate bending, as it diminishes the density dierence in phospholipids in the bent
membrane. This lowers the mechanically induced surface tension dierence between the
monolayers and partly uidizes the bilayer in the third dimension (99; 84). The introduction of the uidic character results in a visco-elastic response in bending, where its
time constant is determined by the ipping rate of cholesterol.
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The red cell bilayer consists out of many dierent components, that all have their own
chemical and structural properties. Even if active transport is not taken into account,
energy minimization processes in the monolayers will cause inhomogeneities in the distribution of the components. For example, vessels of cholesterol for example may result.
Also the geometry of the bilayer may cause segregation: local curvature can induce
phase separation as wedge-formed molecules energetically favor more curved surfaces
(122). The other way around, phase separation can induce certain geometrical features.
This is a result of a raft that has been formed and tries to minimize its edge energy
by decreasing its circumference. First, a random shaped raft becomes circular during
this process. A further reduction in edge energy can be achieved by making use of the
third dimension: if the expense in bending energy is less than the gain in edge energy, a
bud is formed. The circumference of the vessel reduces even further, lowering the edge
energy, and more importantly the total energy. This is called domain-induced budding
of the bilayer (74).

2.3.4 bilayer dynamics
Sudden bending can cause local inhomogeneities in lipid densities (e.g. in membrane
undulation, icker), that can relax laterally. This requires the relative sliding of monolayers, which causes both viscous dissipation as the monolayer molecules are moving as
a uid, as well as inter-monolayer friction as there is relative movement of the monolayers. Seifert & Langer (1993,1994) introduced this intra-monolayer dissipation and
inter-layer friction is their lipid density model to investigate damping of dierent modes
of membrane uctuation (113; 114). Note that this is a linear stability analysis and it
may not hold for very large bending modes. The monolayer viscosity mono and the friction coecient b are not well studied. mono is dened as a surface viscosity, determined
by single particle tracking experiments or deducted from mechanical probing, and has a
value of 10 7 -10 6 Nsm 1 . b is derived in tether formation experiments and is thought
to be 5108 Nsm 3 (112; 113; 114).
Cholesterol may play an interesting role in the bilayer dynamics. From a static point
of view, the presence of cholesterol molecules stiens the bilayer in terms of a higher
bending modulus. However, because of the high solubility of cholesterol and high ipping
rate, in time dependent processes it can reduce stresses, provided that the time scale of
deformation is slower than the ipping rate/eective diusion rate. This implies that the
bilayer reacts stier on a short time scale, whereas relaxation governs a softer response
when bending is occurring at a longer time scale.
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The bilayer is involved in more complex mechanisms of RBC dynamics via the coupling to the cytoskeleton, which is elaborated on in Section 2.6. First, bilayer modeling
is considered below.

2.3.5 Bilayer continuum modeling
Considering that the thickness of the bilayer is about 4 nm and the minor axis of the red
blood cell is about 2m, the separation in scales makes it possible to treat the bilayer
as a 2D surface in a 3D curved geometry. Membrane curvature is given by

Hm = ( R1

1

+

1
1
R 2 )=2 ; K G = R 1 R 2

(2.2)

where Hm and KG are the mean and Gaussian curvature, respectively.
The red cell's bilayer is a biomembrane that can be considered as a special case of
a vesicle, a liposome of heterogeneous composition containing dierent phospholipids,
cholesterol and (glyco)proteins. These thin layers distinguish themselves from liquid
interfaces as their total surface area is nearly constant: it costs much energy to expand
or compress the surface as the layers are composed of a constant number of molecules,
which translates into a surface constraint. The mechanics of vesicles and biomembranes
can be modeled as energy densities on the surface. Throughout the last forty years
several models have been introduced, which are shortly described below. A thorough
mathematical review is given by Seifert (1997) (74).

Minimal model: local curvature only
For a non-at membrane one can expand the local bending energy in the curvature
((123), (124)). The lower order term involves the mean and the Gaussian curvature,
multiplied with the bending modulus  and the Gaussian bending modulus G , respectively:




F0 = 2 (2Hm )2 + G KG dA:
(2.3)
The bending energy of a saddle point is proportional to the product of the two
local curvatures (the Gaussian curvature). However, because the surface integral of the
Gaussian curvature only depends on the genus of a closed surface, the contribution of
this term to the energy equation is equal for all common cell shapes. This is proven by
Do Carmo (1976) using the the Gauss-Bonnet theorem (125). The free energy due to
Gaussian curvature can therefore be ignored (75), and hence, it is left out of further

501191-L-bw-vdBurgt

26 | Biophysical behavior of the red blood cell
equations.

Spontaneous curvature model
If one takes the molecular details of a bilayer into account (i.e. the constituents and
their distribution), an already curved bilayer can result at minimal energy, as described
in Section 2.3.3: properties like chemical nature of polar heads and apolar tails, but
also their size and resulting steric hinder, will inuence the neutral state of the bilayer
(74; 118). However, in a continuum bilayer model it is impossible to consider the
inuence of groups, left alone of individual molecules. The most simple solution is to
average out all eects and add it to the bending energy term as a single constant, C0 .


(2Hm C0 )2 dA
FSC =
(2.4)

2

The equilibrium shape of a vesicle, which is essentially a closed bilayer without a
cytoskeleton, is found by minimizing the total elastic energy (bending energy) under
the constraints of constant surface area and volume. Deuling and Helfrich (1976) have
proposed to incorporate these restrictions with the use of Lagrangian multipliers  and
p for the surface and volume, respectively (126):

FSC jA;V =const =









2 (2Hm C0 ) dA + p dV +  dA
2

(2.5)

Physically the mathmatical parameter  stands for a tensile stress in the bilayer, whereas
p represents the pressure dierence between the outside and inside of the vesicle (i.e.
an osmotic pressure dierence) (126). Elaborating for variation of surface, the shape
equation becomes

p 2Hm + (2Hm + C0 )(2H2 2K C0 Hm ) + 2r2 Hm = 0

(2.6)

which is analytically solved by Naito et al. (1993) nding a biconcave shape (127).

Persistence length of an almost planar membrane
In this model the out-of-plane displacements of the membrane are correlated in the
frequency domain. Here, the eect of the model is only displayed when bending takes
place around a certain length scale: the persistence length (order several nm's). The
end result when involving higher order terms is a bending modulus, which is dependent
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on the length scale of the bend Lp .

p = 

c
4 T  ln(Lp =ap );

(2.7)

in which c is a constant with value 3 (128), T is the temperature, and ap is a molecular
cut-o length on the order of a nm. For a detailed derivation, see Seifert (1997) (74)
and references therein.

Coupling between curvature and lipid densities
When bending of a membrane of nite thickness h is considered, thin plate theory can
be applied. The theory shows that outward bending of the bilayer involves compression
in the inner monolayer and expansion in the outer. This calls for the ability of the
monolayers to be compressible, hence the area compression/expansion modulus of the
monolayers, Km , comes into play. Also the separation of both monolayers must be
known, but from the strong molecular interaction, and the nearly equal lengths of the
apolar chains of the lipids, the separation between the neutral surfaces of the two bilayer
leaets, Db , is a constant of about 2nm (74). Only the presence of integral proteins
could perturb this length scale. The neutral surface of the leaet is the plane in which
the net bending moment caused by the stress prole vanishes (90). The bilayer energy
equation from the minimal model receives an extra term taking the lipid densities in both
monolayers into account. Resistance to density deviations from the equilibrium values
+ ;  , is given by Km :



(2Hm )2 dA + Km [(+ + Db Hm )2 + ( Db Hm )2 ]dA:
F =
(2.8)

2

2

The result is a renormalized (non-local) bending modulus that accounts for elastic
stretch and compression of the monolayers:

~ =  + (Db =2)2 Km :

(2.9)

This together with equation 2.1 results in

~ = 4:

(2.10)

The higher renormalized modulus 
~ shows that lateral relaxation is important. However,
it can only occur when the time scale for lateral relaxation is shorter than for bending
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relaxation, and if there is a reservoir of lipid molecules at the edges of the patch of
membrane under consideration. One can imagine that the latter can be dicult when
the problem involves a closed surface ((74). If lateral relaxation occurs, it involves
the ow of lipids in both monolayers. Therefore, viscous dissipation is caused by the
ow within a layer, and friction losses occur by the relative velocities (sliding) of the
monolayers. This can be modeled by also considering the tangential forces on each
monolayer (113; 114):

r~   Txz + m r~ 2 v~  b(~v +

v~ )

(2.11)

where the tilde refers to in-plane (two-dimensional) quantities. The rst term represents
the surface tension gradient, caused by density dierences, the second term traction of
the surrounding uid from the liquid stress tensor, the third term is the internal viscous
dissipation of the monolayers (with viscosity m ), and the last term represents the losses
by inter-monolayer friction (with friction coecient b). Seifert & Langer (113; 114)
found out that for small wave number bilayer bending movements (as in ickering), the
modes are damped by inter-layer friction and by the surrounding uid. At intermediate
wave numbers, the eective bending rigidity 
~ takes over, as the density uctuations
cannot relax fast enough in a reaction to bending. At the highest wave numbers, mode
damping is predominantly governed by the surface viscosities (113; 114).

Bilayer couple model
Because both monolayers are closed and coupled(read here as number of phospholipids
is constant, which implies the conservation of surface), addition of molecules in one of
the monolayers will higher the surface tension in that layer and causes the bilayer to
bend into that direction. This is another way to demonstrate the elastic behavior of
the bilayer in the third dimension and is called the bilayer couple eect, rstly described
by Sheetz & Singer (1974) (129). Later, Svetina et al. (1982) introduced the bilayer
couple model for a vesicle, which uses the bilayer couple eect by applying the constraint
that the area dierence between outer and inner leaet, A, is constant (130). The
model combines the ordinary bending energy from the minimal model and constraints
for total area, volume, and the total mean curvature. Conceptually, one can state that
the monolayers are treated as being incompressible, but still bendable (74). The surface
being closed in combination with a monolayer separation Db that is very small, results
in very large changes in vesicle contours when A is varied only slightly. It has been
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demonstrated that all observed red blood cell shapes are obtained by varying
than 1% (131; 132; 133).

A less

Area-dierence elasticity model
When the relative areal stretching energy of the separate monolayers is taken into account, a nite, nonzero non-local bending modulus is introduced ( 0 < 
~ < ). This,
combined with hard constraints on total volume and surface area, results in the areadierence elasticity model (134):

1




~ 
FADE = 2 (2Hm )2 dA + 2 2 (A A0 )2
ADb

(2.12)

Area-dierence elasticity model with spontaneous curvature
The implication of spontaneous curvature is also possible in the ADE model. It appears
in the local bending term as described above, and rst performed by Miao et al. (1994)
(135):



~ 
FADE = 2 (2Hm C0 )2 dA + 2 2 (A A0 )2
ADb

(2.13)

Later, this model is also used for the modeling of red blood cell shapes (see Section 2.7)
by Lim et al. (2002) (90), and Svetina et al. (2004) (136).

2.3.6 Bilayer molecular based modeling
Although the continuum models are relatively easily applied, and their parameters can
be determined experimentally, the coupling to the structural components of the cell
membrane remains rather articial. As the parameters of the continuum models described above are governed by the molecular structure of the bilayer, structural membrane changes during deformation are not taken into account in the continuum models.
Concerning dynamic behavior, these changes in structure by (bio)active processes or
induced by the deformation itself, need to be represented for in the constitutive law for
the cell membrane.
Since the introduction of continuum models for the RBC membrane by Evans (1973)
(35) and Skalak (1973) (34), which are described in Section 2.6.1, others aimed for a
more mesoscopic description of the bilayer, including details of the phospholipid and/or
protein structure.
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Fluid mosaic model
One of the early, but also quite accurate representations of the bilayer with embedded
proteins is the uid mosaic model. Singer & Nicholson (1972) formulated the bilayer
as a 2D oriented viscous solution of proteins in a discontinuous uid of lipid molecules.
By considering mainly hydrophilic and hydrophobic interactions, a model is described
that is consistent with thermodynamics. The protein's amphipathic structure facilitates
interactions with the aqueous surroundings outside the bilayer on one hand, and the
formation of a stable membrane by hydrophobic interactions with the lipids on the other.
The proposed model is backed up by various experimental ndings (electron microscopy
imaging of free-etched cells, proteolysis, and specic chemical labeling), most of them
applied to the human erythrocyte (137). The concept of the uid mosaic has formed
the basis for most of the molecular membrane models to follow.

Polymer melt bilayer model
Note that the phospholipids in the monolayers exist out of fatty acid chains, with a
backbone of 14-24 carbon atoms, that are covalently bound to the polar head groups.
The apolar tails can be considered as polymer chains that are constraint at the outer
side by the head groups, which form two conning parallel surfaces. In principle, the
head groups can translate in lateral direction. A depletion zone near these surfaces will
result where the chains do not undergo thermally induced uctuations, but lie straight
and tightly packed. More towards the middle of the bilayer, in between both depletion
zones, the chains are free to move and will have possess a certain root-mean-squared
length. This layer can be treated as a polymer melt (120). Assume that the melt volume
will not change during bending. In outward bending, the melted part of the chains will
get longer in the outer monolayer, whereas the chains in the inner monolayer will shorten,
according to Figure 2.2.
With the assumption that d << R and taking geometric arguments into consideration,
the monolayer thicknesses can be estimated by
d0
d

= 1  dR0 + 31 ( dR0 )2 :

(2.14)

The total bending energy is represented by
Fmelt

2

=  k6B T [Nout ( d rout  ) + Nin ( d rin  )]
out out
in in
0

0

(2.15)

where Nin and Nout are the number of chains per unit surface area, and rin0 , rout0 are
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Figure 2.2:

Illustration of the polymer melt bilayer model: (a) one phospholipid molecule per

monolayer, indicating the depletion zones with length



in

and



o ut

, (b) representation of a planar

patch of bilayer without bending, and (c) shortening (inner layer) and elongation (outer layer)
of the melt part of the phospholipid chains in outward bending (75).

the root-mean-square lengths of the free polymer chains. When this energy equation
is compared to equation 2.4 of the spontaneous curvature model, one can determine
an expression for the bending modulus and the equilibrium curvature in terms of the
molecular parameters of the melt model (for an example, see (75)). Note that this
model is applied with the constraint in area in each monolayer. If the polar heads are
large compared to the fatty acid chains, this surface area is determined by the head's
surface area. In the other case, the surface area of the densely, parallel packed carbon
chains in the depletion zone will determine the layer's surface area (75).

Mattress membrane model
The polymer melt model may take into account fatty acid chain dynamics, but the chemical interaction of a lot of dierent components in the monolayers is hard to incorporate.
The bilayer mattress model attempts to include molecular structure by incorporating
elastic properties of the lipid layers and proteins, and to combine this with indirect and
direct lipid-protein interaction. Indirect interaction is caused by the mismatch in the
length of the hydrophobic region of a protein and its surrounding lipids, which is a repulsive force in essence. Direct interaction is modeled as a Van der Waals-like interaction
of the hydrophobic parts, resulting in attraction. With this model, one can give qualitative predictions about protein segregation. For example, the model indicates that
segregation is promoted in more rigid bilayers, at a larger mismatch in 'hydrophobic
length', and in thicker bilayers. It also occurs more easily when the lipids are in the gel
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phase, for example at low temperature (102)). The eect of minimizing the mismatch
length, which lowers the bilayer total energy, might cause bilayer thickness uctuations,
as shown in Figure 2.3. This can result in dierent local area compression moduli and
consequently locally dierent bending moduli.

Figure 2.3:

Illustration that shows the essence of the mattress model. (a) shows a case where

the hydrophobic part of the integral protein is larger than the mean bilayer thickness.

As a

consequence the larger lipids migrate towards the protein. In (b) the hydrophobic part of the
protein is smaller than the average bilayer thickness, resulting in migration of the smaller lipids
towards the proteins. Image from (102).
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2.4.

The cytoskeleton

Byers & Branton (1985) made the rst clear images of the red blood cell cytoskeleton
using scanning electron microscopy (SEM), shown in Figure 2.4a. They treated the cells
with a non-ionic detergent, which solubilizes most of the lipid material, and discovered
a two-dimensional dense mesh of proteins with a regular organization (138). The mesh
represents roughly the shape of the intact RBC, although some contraction and shape
relaxation are observed upon bilayer removal (58; 139).
The structural support for the bilayer is provided by this spectrin-based cytoskeleton,
prolonging lifetime of the RBCs in the vascular system. The cytoskeletal network is
pinned to the bilayer at frequent anchor points, such that it is associated closely to the
bilayer. Association is facilitated at the network nodes to glycophorin C, as well as near
the other end of the spectrin protein via ankyrin to the anion exchanger Band 3. A
thorough description of the interplay between the cytoskeleton and the bilayer, which
determines largely the dynamic behavior of the RBC, is given in Section 2.6.
The backbone of the skeleton is formed by spectrin, which is an elongated exible
protein. The spectrin chains are coupled together at junction nodes containing short
actin laments, stabilized by several other proteins (see Section 2.4.2). The actin
laments bind ve to six spectrin ends on average, forming a regular hexagonal lattice
(138; 140; 141). The junction bindings are stabilized by several other peripheral proteins,
as shown schematically in Figure 2.4b. All of these interactions are highly dynamic, as
they are inuenced by the physico-chemical environment (e.g. ionic strength of the
medium, pH, and ATP concentration) and mechanical inuences (destabilization by
stretch, shear or shear rate) (53).
First, all components forming the cytoskeleton are described, including the peripheral
proteins that form the interaction between the bilayer and the cytoskeleton. Spectrin,
which is from a mechanical point of view most important, receives extra attention.
Next, the impact of network topology and mechanical characteristics on the dynamical
behavior of the cytoskeleton is addressed.

2.4.1 Spectrin
Spectrin is the main building block of the structural network making up the cytoskeleton. Protein solubilization tests in combination with transmission electron microscopy
let to the discovery of spectrin by Marchesi et al. (1968) (36). It was immediately
the number one suspect for maintaining the membrane structure of the ghosts under
consideration (142; 33; 143).
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Figure 2.4:

(a) shows a scanning electron microscopy image of a part of the cytoskeletal
spectrin mesh, with the courtesy of Byers & Branton (1985) (138). (b) shows the cytoskeleton
schematically, with a zoom-in on one of the network junctions, adapted from (38).

Spectrin is a dimer has non-identical subunits: - and -spectrin, 260,000 and
225,000 Daltons in weight, respectively (84). Each are present in 200,000 copies per
cell its prevalence is 20-25% of the total membrane protein content (79). The two
subunits together form a heterodimer, as they aline anti-parallel (head to tail) to form
a exible rod-like quartenary structure. The
dimer formation is highly favored
over
- and
-dimer association (38). The secondary structure of the spectrin
polypeptide consists for 65-75% of -helices (144; 145). The high contents of -helices,
together with several other ndings, indicate the presence of tertiary folding structures,
18 in total, which consist of series of three -helical strands (146; 147). These foldings
reduce the contour length of spectrin, compared to a peptide -helix of the same number
of amino-acids. Moreover, the triple helical strands, which can unfold under moderate
forces, explain the more exible character of spectrin, in comparison to similar coiled-coil
-helical proteins (38).

Spectrin dimer-tetramer equilibrium
The spectrin dimers can link head-to-head to form a tetramer. This is the most
prevalent structure in the links of the cytoskeleton. The tetramer has a contour length
of 200 nm and a diameter of 2-3 nm (148; 84). Higher oligomers can be formed,
especially at higher concentrations of calcium and magnesium ions. They have been
observed in the intact skeletons under physiological conditions, but are present in the
protein mesh in very small numbers. Hence, they do not play a role in structural sence
(141).
The association and dissociation of dimers and tetramer, respectively, involves a
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high activation energy. Below room temperature, hardly any of both transitions take
place. When the membrane is at rest and under physiological conditions (pH of 7.4,
salt concentration medium of 150 mM, 37  C), the chemical association constant Kdis
amounts 2  105 M 1 , which implies a half time of about 7 minutes. However, under
(shear) deformation of the network the breaking and formation of these non-covalent
bonds is much faster (149; 83).
Additionally, there is a salt-dependent shift in dimer-tetramer equilibrium, which favors the tetramer at higher NaCl concentrations (150; 58). From single particle tracking
(SPT) experiments on human ghosts it seems that under low osmotic conditions (5mM)
67% is dimer, whereas under physiological conditions it is thought to be at least 50%
(151; 105).
The binding sites of spectrin to the network nodes and to bilayer anchor proteins
constrain the freedom of movement of spectrin. This will make the tetramer, or selfassociation state entropically favorable. Note that this holds when the binding sites are
close together. The other way around, tetramer breakup is promoted by dissociations
from the actin network nodes, as entropic inuence is much stronger then (152). Also
Blanc et al. (2010) nd that the spectrin dimer-tetramer equilibrium in situ is much more
shifted towards the tetramers than with spectrin in solution, both in isotone environment.
They contribute the extra stability mostly to the non-covalent binding of proximal spectrin ends to Band 3 via ankyrin, as these binding sites are close to the dimer-dimer
association site (42). Conclusively, because spectrin is connected at the distal end to the
network junctions and at its proximal ends to Band 3 proteins in the bilayer via ankyrin,
conformational changes are restricted. Hence, the in-situ spectrin equilibrium is shifted
into the favor of the tetramers.
Once the spectrin dimers do dissociate, the chains acquire more freedom by gaining
entropy. This stresses the spectrin-ankyrin bond which can dissociate more easily, such
that the spectrin chain may hang into the interior of the cell, as observed in AFM
experiments (153).

Mechanical properties of spectrin
Spectrin chains elongate reversibly under stress, and articial networks of spectrin
also behave elastically (154). Moreover, the shear modulus of an RBC varies proportionally with the spectrin contents (155; 156). On the other hand, vesicles show non-elastic
behavior under shear deformation (32), which points out that the spectrin chains are
the (major) source of shear elasticity (157). The elastic modulus of the network must
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be very low as 100% extension of a spectrin molecule costs 6.7 kJ/mole. This means
that the RBC cytoskeleton is deformed at a low energy expenditure (77).
Although the above is generally accepted, dierent explanations for the elasticity
are posed through time. The inuence of entropy is addressed, as the congurational
freedom of the chains act as entropic springs (33; 158; 154). On the contrary, McGough
et al. (1990) hold the helical structure of the spectrin dimer responsible for the elastic
behavior (159), while Vertessy et al. (1989) contribute it to reversible dissociations of
weak inter- and intra-molecular interactions within the spectrin chain (160).
The remarkable exibility of spectrin can be deduced from the building blocks of
its structure on dierent levels. On the monomer level, entropic behavior dominates.
Fittings of AFM force-extension experiments on -spectrin indicate that behavior can
be well described by a worm-like-chain model with a persistence length of 0.59nm (161).
During the RBC life span an alteration in this chain is held responsible for an increased
stiness (162; 139).
Reich et al. (1982) derived from electron microscopy in combination with viscometry
measurements that spectrin dimers can also be represented by a worm-like chain model,
which indicates an entropic origin of elasticity. A radius of gyration of 17 and 37 nm are
found for dimers and tetramers, respectively (163). Stokke et al. (1985) conrmed this
behavior from temperature-dependent viscometry and found a persistence length of 10
nm for the dimer (164). Others come up with a similar length scale from optical tweezer
deformation of isolated skeletons (58) and light-scattering measurements (165; 154).
This length scale is short compared to the total contour length of this exible rodlike protein, which points to the presence of several exible hinge points in the protein
backbone (163; 164).
The tertiary structure of the spectrin tetramer has 3-strand -helix folds, which
give random coil formations (147). The 18 triple-helical repeats of the spectrin dimer
are structurally heterogeneous considering their thermal stability (unfolding transition
between 21 and 72 C), aecting membrane elasticity: nonlinear elastic properties
come from most unstable folds (166; 167). Dynamics are involved, as the speeds of
unfolding play a role. For the RBC behavior, however, the free energies will not tell us
about mechanical stability directly: the key question is how does this energy vary as a
function of the spatial coordinate, i.e. chain extension (168). Moreover, the unfolding
of dierent regions do not seem to aect each other, according to Rief et al. (1999) and
Lenne et al. (2000), who tested isolated -spectrin (168; 161). However, Discher et
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al. (2003) did nd tandem unfoldings when they performed temperature-coupled forced
unfolding with an AFM on -spectrin repeats, indicating the presence of a stabilizing
eect from one on another (169).
Lee et al. (2001) showed that in the aspirated part of a RBC, which is axially strained
for about 200%, the chain uctuations in axial direction increased. This implies severe
strain-softening of the network at high strain, which is likely caused by the unfolding of
(some of) the triple helical repeats (83). However, the in-vivo forces (1-10 pN) will be
far too small to unfold these helical tertiary structures (unfolding happens from 25-35
pN (168), > 60 pN (161)), such that a dierent mechanism for elastic behavior is looked
for (139).
The in-situ end-to-end distance is roughly half the RMS-distance of the molecule
in solution, which points to behavior as an entropic spring (148; 163; 152). More
evidence is given by the observation of thermo-contractility of solubilized spectrin, which
is characteristic for entropy-driven elasticity (164; 160).
On the other hand, spectrin complexes present in the unextended skeleton do not
display sucient disorder, and hence are too sti to be considered as entropic springs
(170). The steric repulsion of the side chains of the aminoacids and secondary structure
in the form of -helices (>65% of the chain contents (144; 143)) make the backbone
relatively sti (84). But also the tertiary structure, which involves the 18 antiparallel
folded domains that are hard to unfold, cause spectrin to be a string of globular structures and thus not a random uctuating chain (140). On top of that, the quaternary
structure in which the alpha- and beta-spectrin unit form a double helix coil, though
these interactions are very weak except for the end points (171), further stiens the
skeleton chain (84). Moreover, the close apposition of the spectrin chain to the bilayer
via ankyrin and the actin nodes diminishes the coil freedom of the chains, stiening the
skeleton as a whole (42).

Network topology and mechanics
The complete removal of the bilayer will not provide skeletons, which shape is highly
correlated with the resting shape of the parent red cell. This does not indicate a shape
memory of any form. Svoboda et al. (1992) concluded from this that the discoidal shape
is not imposed by the cytoskeleton alone (58). Opposed to this, several groups found
that skeletons extracted from cells by washing with Triton X-100 will display shapes,
and also stability, that are highly correlated with the parent cells (132; 138; 160).
Cytoskeleton chains are slightly extended when in-situ to the bilayer. The cytoskele-
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ton contracts as the bilayer is removed (132). It is argued that the skeleton chains
in-situ are stretched by about 20% (160; 172), as the dimensions of the skeletons are
that much smaller than the original cells. On the other hand, removal of the conning
bilayer (removing cause of steric hinder and facilitation of more congurational freedom) will increase the entropy-driven chain uctuations, which would shorten the chains
(139). Skeleton shrinkage does not happen at very low ionic strengths, which indicates
inter- and intra-molecular repulsion by charged side chains (140; 160). It is not clear
what the dominant driver behind the skeleton shrinkage is, as dierent eects partly
compensate each other.
To far extend the spectrin-based cytoskeleton determines the in-plane elastic properties of the RBC membrane (142; 79). This claim is supported by the visco-elastometry
measurements of Stokke et al. (1985b) on articial spectrin networks: "...the spectrin
network has an elasticity that can be described by linear viscoelastic theory and that the
value of the dynamic storage modulus at low frequencies may be accounted for by simple
elastomer theory..." (173). The elastic response of the cytoskeleton is governed by the
intrinsic properties of spectrin chains, as described in the previous section, in combination with the network topology. The general accepted view on cytoskeleton topology is
that the network is very regular sized and shaped: the spectrin network is a hexagonal
mesh with chains of about 70-80 nm and has six-fold nodes. Deviations from hexagonal
mesh are limited, and mostly restricted to ve- or seven-fold node defects, although 3
to 4 fold nodes in the network are also observed by Byers and Branton with scanning
electron microscopy (138). On the contrary, Swihart et al. (2001) tried to perturb the
cytoskeleton as little as possible in their sample preparation for AFM measurements,
and noticed that most network nodes only had 3 to 4 connections, whereas 6 fold nodes
hardly appeared. Also chain length was found to be shorter than previously assumed:
when the cells were xed to a glass slide the spectrin length was only about 30 nm,
and had a width of about 20nm, which indicates aggregated spectrin (174). Another
deviation of the regular mesh, that was reported by Liu et al. (2003), is that the order
of the network decreases with cell density, which is correlated with cell age. They also
observed that cytoskeleton distance from the bilayer decreases and gets more irregular
in that case, which indicates that the cytoskeleton collapses onto the bilayer (60). This
could be claried by the hypothesis of Gov & Safran (2005) that ve-fold defects make
the skeleton buckle out of the membrane plane, such that local curvature is induced and
distance between skeleton and bilayer is decreased (172).
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Elgsaeter (1991) states that the membrane shear modulus could depend on the local
density distribution of the skeleton (75). As Fischer (1992) discussed for the general
case, the cytoskeleton is locally extended and compressed, which is the consequence
of the minimization of the total elastic energy: "Because the stretch ratios enter the
expression for the strain energy in a quadratic fashion, a minimum is attained when the
surface area decreases where the surface strain is large and as a compensation increases
at locations where it is small." (175). Summarizing, total area of the cytoskeleton is
constant, constrained globally by the bilayer ( Kb
Kc ), but local changes in skeleton
area are possible. This implicates the presence of dierent elastic moduli at dierent
locations on the cell membrane, which can be anisotropic too.
Discher et al. (1994,1996) observed local increases and decreases in skeleton density
in micropipette aspiration experiments. Although parts of the cytoskeleton under aspiration are isotropically strained (e.g. at the aspirated tip), strongly anisotropic uctuations
take place in the network patches near the pipette entrance. This can be translated in
eective strain stiening in the circumferential direction, whereas the network is softened in the stretched axial direction. This results in an anisotropic shear modulus.
Lee & Discher (2001) further addressed the network mechanical behavior by tracking
of uorescent nano-particles attached to cytoskeleton anchor points during aspiration
(83). Anisotropy, as well as a non-linear elastic response were observed. Strain softening could be caused by spectrin-actin dissociations, shift in dimer-tetramer equilibrium
towards the dimers, dissociation of spectrin-ankyrin or ankyrin-Band 3, or unfolding of
spectrin triple helical repeats that increase the congurational freedom of the chain (83).
Strain-stiening near the pipette tip, however, is probably caused by steric hinder between network chains (176). Steck (1989) (84) suggests that in extension the network
stretch in one direction can be facilitated by stored energy in the contracting orthogonal
direction. This lowers the mean resistance in extension, observed as strain-softening
behavior. Steck calls this phenomenon "hypercompliancy", which also allows relatively
large compressions without buckling (84). This mechanism denes a functional aspect
of the skeleton: it prevents the formation of shapes containing buds, caused by the fact
that skeleton shear deformation from large deformations in circumferential dimensions
(of a budding region) is energetically unfavorable (136).
If you inate a RBC (in a hypotonic uid) the anchor points will redistribute themselves over the surface of the new geometry to minimize the membrane free energy. But
when the network is considered static, another topology could give an even lower value
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of free energy. So when a certain deformation is held for a long period of time, changes
in topology by remodeling of the skeleton result in an even more favorable energetic
state. These dynamic structural changes (i.e. topological changes on the microscale)
translate into macroscopic plasticity (177).

Network modeling
Evans (1973a) (35) estimated the shear modulus of the cytoskeletal network using rubber elasticity theory: using a gaussian chain model the shear modulus is proportional to
the chain density. However, the eect of temperature on the network's shear modulus is
softening, which does not stroke with entropic stiening of a crosslinked rubber network
at increasing temperature (33). Moreover, the rubber chain model underestimates stiness as the steric chain-chain and chain-bilayer interaction are not taken into account
(178).
According to Stokke et al. (1985a,b) the network behavior is of entropic origin. The
shear modulus, that is determined by the cytoskeletal network, shows a temperature
dependence, which would be captured nicely by entropy springs (164). Additionally, they
report about measurements in which linear visco-elastic behavior of the cytoskeleton is
found. A model of simple elastomer theory could describe this behavior (173). Later,
Stokke et al. (1986a) proposed the cytoskeletal network to be modeled by a swollen
ionic (elastomeric) gel, which has the ability to undergo a phase transition. This intrinsic
feature is analogous to the breakage of the network all the way to the percolation limit.
The area expansion modulus of the network is strongly dependent on the environmental
conditions (150).
Hansen et al. (1996,1997a,1997b) published about a patch of membrane with discrete spring elements to deduce the continuum scale properties of the cytoskeleton. The
inuence of network large strains in extension are investigated. They conclude that spectrin shows insucient exibility to be a purely entropic spring: simulations show that a
helical coiled-coil model for spectrin is more realistic than a purely entropic model (170).
The behavior of the network at large strains is found to be better described by a central
force linear spring model, wherein the springs are unappended (free to rotate) (179).
With this network model, a coupling of the microscopical topology to the continuum
behavior is made. The spectrin topology and elasticity of individual spectrin strands is
taken as input, whereas the shear modulus , area expansion modulus K , and Poison's
ratio  result as output (177). The latter is essentially governing compressibility of the
skeletal network, and hence determines the local change in skeleton area during loads on
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the cytoskeleton (175). By simulating small patches of the cytoskeletal network, they
nd that the network shear modulus depends on the strain as a cubic function (179),
which can be explained by the sixfold symmetry of the cytoskeleton (180). The ratio
K= goes from 2.0 at 1 = 1 to K= = 1.5 at 1 = 1.5. The cubic relation results in
a 35 % increase of the mean shear modulus at a strain of 1 = 1.5, compared to the
undeformed case (179). With the model above micropipette measurements are simulated. Eects of network randomness and spring constant denition are investigated.
Note that the partly breakup of the spectrin network under high deformations is not
accounted for. The ratio K=, in combination with an experimentally measured , is
used for the estimation of a spring constant for spectrin chains (177).
Boal et al. (1994) introduced a planar network patch simulation wherein the elastic
properties arise from entropic spring elements. Also steric hinder and the presence of
the bilayer are taken into account, the latter by constricting network nodes to the xy plane. The resulting out-of-plane uctuations of the chains are found to be 15 nm on
average. Other observables are temperature and chain contour length. The resulting
network properties are not consistent with simplied models of ideal gaussian springs.
Moreover, the bilayer seems to play a dominant role in network elasticity, as the shear
and compression modulus vary considerably when this inuence is turned o or on (178).
Boey et al. (1998) use a somewhat similar model: a non-linear elastic (polymer)
chain model of a patch of the cytoskeleton, computed by a Monte-Carlo method. With
this method, they investigated the inuence of network pretension, precompression and
a stress-free rest conguration on the elastic moduli. At moderate stress, each network
behaves similar to a planar network of Hookean springs: area increases under tension
and decreases under compression. Area collapse does not occur under these small
deformations. The area expansion modulus K increases at large deformations under
compression and tension. The shear modulus  increases under tension only (181). The
three preload cases all behave qualitatively the same under large deformations, however
quite dierent form a network of Hookean springs: 1) out-of-plane uctuations decrease
under tension and increase under compression, 2) the compression modulus increased
in both tension and compression, 3) the shear modulus increases under tension, but
stays rather constant under compression. The latter aspect is caused by steric hinder
that does not inuence the shear modulus under compression (density stays constant
under shear). Moreover, the inuence of network anisotropy is only noticable at network
extensions above = 0.6 (181).
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The non-linear elastic model of Boey (1998) is used by Discher et al (1998) in the
simulation of micropipette aspiration of a RBC: a coarse graining procedure translates
the molecular non-linear elasticity and steric hinder to two- and three-body eective
potentials, respectively (176).
Conclusively, the choice for a specic model for the spectrin chains seems to depend
strongly on the degree of deformation to be simulated. Only for small deformations, the
cytoskeleton can be modeled as a network of linear (Neo-Hookean) springs. The elastic
moduli (obtained with ensemble averages) show denitely non-Neo-Hookean behavior
at larger strains (181). Two additional problems occur using Hookean springs is network
collapse: 1) the implementation of a triangular network of Hookean springs with a nonzero force-free length in a hexagonal mesh structure shows network collapsing under
pure compression, and 2) the unbounded elongation of the chains after a certain network
expansion (180).

Modeling of cytoskeleton dynamics
Phase transitions that seem to occur during large deformation and long time scale
experiments cannot be described by the models from above. For capturing that kind of
dynamic behavior, those static models do not fulll. Furthermore, the biologically active
processes must be incorporated to eectively take the mechanical changes into account,
that result from the remodelling capabilities of the network. Active remodeling of the
skeleton is facilitated phosphorylation of proteins involved in network stability. It does
not only cause topology changes in the static case, but also inuence dynamic behavior
during deformations at dierent time scales.
If the network connections would not dissociate, pure stretching of passive networks
would result in strain-stiening behavior. However, strain-softening is observed, which
can be explained by changes in network connectivity or internal spectrin conformational
changes. Gov (2007) proposed a direct coupling of ATP-induced defects and deformation: the model shows that a strain-softening shear modulus is obtained from an actively
changing network at the actin nodes (182). In this model, protein 4.1 phosphorylation
is described by equilibrium occupation probability, and this results in the proportion of
dissociated spectrin ends. The shear modulus will be proportional to the fraction of
chains that are still connected at both ends. Estimating the time scales of dissociation
dis (by assuming a minimal elongation for break-up) and association r eas (by assuming an exponential scaling with network elongation) results in a network shear modulus
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dependent on the strain:
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d i s
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(2.16)

where  is the network elongation. By choosing and = 16/7, which is characteristic
for the longitudinal uctuations of a semi-exible lament, experimental data is tted
well (182).
Li et al. (2005) developed a randomized network model, wherein the spectrin chains
are modeled as worm-like chains. Simulations of the complete red blood cell in 3D are
conducted with the direct architecture of the spectrin network, where the equilibrium
shape in rest and deformation of the RBC in an optical tweezers experiment are investigated. Network dynamical changes are incorporated by adding the possibility for
structural relaxation of the network in-plane shear energy. (52).
To look at the network dynamics on a more local scale, Li et al. (2007) have
built discrete simulations of a dynamic cytoskeleton patch, in which remodeling and
uidization of the spectrin network are investigated (53). Spectrin chains are modeled
as 39 beads with 38 springs, where the beads interact with eachother with Lennard-Jones
potentials. The cytoskeleton as a whole can dynamically evolve under the inuence of
non-thermal energies such as strain and biochemical driving forces. Spectrin elasticity,
spectrin-actin dissociation/association, as well as steric hinder of spectrin chains among
themselves and spectrin and the bilayer, are modeled using interaction potentials. Bilayer
bending elasticity is applied to the network nodes, but hydrodynamic interactions are not
taken into account. Using the model cytoskeletal dynamics simulations are conducted
that allow active 3D remodeling via breakable and reformable associations in junction
complexes and spectrin tetramers.
A network patch is sheared without any chemical energy inuence, which behaves
strain stiening, as expected: shear modulus goes from 10 Nm 1 at zero deformation
to 25 Nm 1 at a shear = 0.8. However, when an excess of chemical energy (modeled as an instantaneous kinetic energy transfer) is fed to the patch, the network is soon
percolated and releases its ability to withstand any shear, even without shear applied.
Most interesting is the case where the bond dissociation rate equals the recovery rate:
shear modulus is softened from 10 to 5.3 Nm 1 without deformation. Then, at =
0.6 the network uidizes and the shear stress vanishes. Explanation given is that when a
chain dissociates under shear, the chain recoils and with increasing distance it becomes
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exponentially unlikely that the chain reassociates by uctuating back over that distance.
When the chemical energy is even lower, two plastic deformation regimes turn up: depending on shear rate and chemical energy supply, creep occurs when chemical hit-rate
dominates over shear rate, and yield occurs when shear rate dominates over chemical
hit-rate. Both processes produce plastic displacement bursts at a certain strain threshold. When the dimer-tetramer equilibrium is modeled (with stable spectrin-actin nodes),
similar behavior, including strain stiening, plastic displacement bursts and uidization,
is observed depending on association strength of the dimers(53).
A microscopic model such as described above is too detailed to simulate a complete
red blood cell in full 3D, concerning current computer power. Therefore, a coarse graining method or other translation towards the continuum scale is needed. Considering the
spectrin network, it is only useful to speak of collective or mean-eld properties on length
scales >300 nm (75). The complexity in network behavior, however, is governed by the
molecular structures and their interactions, and this complexity must be incorporated in
the whole cell model to capture the full behavior of the cell membrane.

2.4.2 Other peripheral proteins

Actin
About (5%) of the total membrane protein mass is actin (400,000-500,000 copies
per cell). Actin monomers, which are only present as the -isoform, are the building
blocks for short oligomers of 12-14 monomers, 33-37nm long and 7-8 nm wide (138;
37; 38; 79). This correlates well with experimental ndings that about 30,000 active
actin binding sites should be present in the human RBC (183).
Actin forms the base of the cytoskeleton network junctions, as the laments have
anity for the spectrin molecule ends. The anity is only weak ( KD = 200 M (184))
but is enhanced by the presence of other proteins (see e.g. protein 4.1).
The carboxy terminus of the -spectrin chain, and amino terminus of the -chain
are both required to form a stable bond (185). It is not clear whether both spectrin
ends are bound directly to actin, or that one stabilizes the folded bond of the other.
Furthermore, the binding of spectrin to actin seems not to inuence the polymerization
potency of actin monomers (38).
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Protein 4.1
Approximately 5% of the total membrane protein mass consists of this globular
protein (200,000 copies), which comprises two polypeptide chains (37; 38). Protein 4.1
forms a ternary complex with spectrin ends and actin (or even higher order complexes,
involving dierent proteins), greatly stabilizing the network junctions. The change in
free energy of the ternary complex is -71 kJ/mol, from which the largest amount is
accounted for by the bond of 4.1 and spectrin (184). This shows the stabilization of
the junction.
It is also thought that the spectrin-protein 4.1 complex caps o the slowly growing
site of the actin laments, such that growth at this end is prohibited (184). Protein
4.1 does not bind directly to the actin laments, but is enhances the binding of spectrin
and actin, while it is bound to the terminus of the -spectrin chain in the spectrin-actin
junction (186).
Phosphorylation of protein 4.1 by protein kinase C results in a decreased membrane
stability through the following mechanisms: its ability to form a ternary complex with
spectrin and actin is decreased and the bond between 4.1 and glycophorin C is relieved
(187).
Protein 4.1 that stays associated to the membrane after the removal of spectrin
and actin is about 80% of the total amount. On the other hand, when the bilayer is
removed by nonionic detergents, almost all protein 4.1 remains present on the remaining
cytoskeleton (37; 38). Conclusively, most of the protein 4.1 is associated with both the
cytoskeleton junctions and some of the transmembrane proteins. 4.1 might bind directly
to glycophorin C and to Band 3, but experimental evidence for the latter is not strong
(37; 187).

Protein 4.2
The prevalence of this protein is about 200,000 copies per cell. It was hard to
encounter isolated monomers in solution, as this protein is very likely to form globular
oligomer aggregates. Protein 4.2 is providing membrane stability, as protein 4.2 decient
cells are very fragile. 4.2 shows anity for both the cytoplasmic domain of the anion
exchanger (Band 3) and ankyrin (38). As Band 3 shows a separate binding site for
ankyrin and protein 4.2, it is thought that 4.2 forms a stabilizing ternary complex with
the two other proteins (108). 4.2 also shows some anity for protein 4.1, however no
physical function for this ability is known (38).
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Adducin
Adducin is an irregular, discoid shaped peptide with a diameter of 12.4 nm and
a height of 5.4 nm, present in approximately 30,000 copies per cell (37; 38). Adducin
('adducere' means 'to bring together' in Latin) plays a constructive role in the formation
of the spectrin-actin junction, as it promotes the binding of spectrin to actin (188).
Adducin and protein 4.1 compete for binding sites on the junction. Both stabilize the
junction, however in a dierent manner. Protein 4.1 binds to spectrin alone and to a
spectrin-actin complex, while adducin binds only to the complex. Conclusively, protein
4.1 is a better promotor of the spectrin-actin junction (38). The eect of adducin is
regulated by calmodulin, which binds to the -subunit of adducin. Dependent on calcium
concentration calmodulin inhibits the ability to facilitate spectrin-actin bonding (37).

Tropomyosin
Tropomyosin is a thin, elongated protein, consisting of two subunit polypeptides. It
is present in about 75,000 copies per cell, forming dimers. Tropomyosin shows weak selfassociation, but high anity to bind actin, provided that the magnesium concentration
is not below the physiological value of 1-2 mM. Tropomyosin dimers attach to binding
sites in the helical grooves of the actin-helix (37).
The ratio of tropomyosin and actin is such that number of tropomyosin dimers approximates the number of actin laments. Additionally, the length of a tropomyosin
dimer matches the average length of the actin laments, as observed in electron microscopy images (138; 140). Concerning biophysical properties, tropomyosin has the
features to determine and subsequently stabilize the length of actin laments. Bennett (1990) describes that this functionality " may be thus important for a role of
tropomyosin as a morphogenetic ruler for actin laments in the assembly of the membrane skeleton"... (38) Moreover, it protects the actin laments from mechanical stress
and actin depolymerizing proteins. Actin laments that are coated with tropomyosin
show reduced binding properties for spectrin, which may dene a secondary function of
tropomyosin: regulation of the binding of spectrin to actin (189).

Tropomodulin
Tropomodulin, also called tropomyosin-binding protein, is present in 30,000 copies
per cell and binds to both ends of tropomyosin dimers. It also binds to actin, as it stays
associated with the RBC membrane when tropomyosin is removed. The function of this
protein is the stabilization and regulation of the bond between tropomyosin and actin
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(190; 37; 38).

Ankyrin

Ankyrin, also called band 2.1, populates the RBC membrane in  100,000 copies,
(5% of total protein content). The nearly globular protein binds directly to spectrin and
Band 3, forming the most abundant link between bilayer and cytoskeleton near the 'proximal' ends of the -spectrin chains (near the dimer-dimer interaction site). It binds with
much higher anity to spectrin tetramers than dimers, which suggests that a spectrinankyrin-ankyrin-spectrin complex is formed (38). Furthermore, ankyrin increases the
anity of dimer-dimer association, but also increases the rate of dissociation, which
hints on a regulatory function in the dynamic behavior of the skeleton (191). When the
ankyrin-Band 3 association is inhibited, the result is a shift in favor of spectrin dimers,
which undermines skeletal cohesion and hence RBC stability (42).
Deletion of a small region results in a lower molecular weight version of ankyrin,
called Protein 2.2, which shows increased anity for Band 3, as well as for spectrin.
This more active entity is only present in man, which appears to have the most long-lived
RBCs compared to e.g. rats, sheep, and pigs (38). Tryptic cleavage in the midregion of
the cytoplasmic domain inhibits binding of ankyrin to Band 3, resulting in a diminished
association of spectrin to the bilayer (109).

Protein 4.9
This globular protein, also called dematin, binds not directly to spectrin alone, but
it does interact with actin laments. It has two binding sites for actin and is probably
involved in the occupation of actin binding sites (37). Moreover, protein 4.9 might play
a signicant role in regulation of spectrin-actin interaction, as it is a target for protein
kinases (38).

2.4.3 Regulation of interactions
Most of the protein interactions can be altered by one or more of the processes
described next. It is found that all regulatory functions within the RBC membrane are
inhibitory, suggesting that regulation is always targeted at decreasing binding anities,
and hence relax structural interactions.
First, phosphorylation of mainly protein 4.1 and 4.9, can result in the incorporation
of 1 to 3 phosphates per protein, resulting in less anity to bind spectrin, and bundling
actin laments, respectively. Adducin is also a frequent target for phophorylation, though
that functionality is unknown (192; 38).

501191-L-bw-vdBurgt

48 | Biophysical behavior of the red blood cell
Second, intracellular variations in magnesium and 2,3-diphosphoglycerate regulate
the interaction between tropomyosin and actin and the complex formation of spectrinactin-protein 4.1. The levels of free magnesium ion and 2,3-diphosphoglycerate are
determined by the oxygenation level of the RBC, such that their eects are coupled
to the oxygen-carrying properties of the cell. Their impact on mechanical function and
stability are, however, not well understood (192; 37).
Third, calcium/calmodulin interplay modulates membrane deformability and possibly
stability. The level of free calcium ions rises under the inuence of shear stress, decreasing deformability of the RBC. Normally, the calcium ion level is kept around 20 nM at
normal circustances by a calcium transporter. This transport protein is activated when
associated with calcium/calmodulin complexes. Furthermore, calmodulin mediates the
eect of calcium and destabilizes spectrin-actin-adducin complexes (192; 37; 38).
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2.5.

Cytoplasm

The cytosol of the cell does not contain any structural components. It is an aqueous
solution of hemoglobin, a protein which bears the oxygen and waste gas carrying capacity
of the blood.

2.5.1 Cytoplasmic viscosity
The hemoglobin solution exhibits Newtonian behavior with an average viscosity of
  10mPas (26; 77)). The viscosity of a continuous solution of hemoglobin is lower
than that of full blood with equal oxygen-carrying capacity (193). However, this is
concluded from low shear rate experiments.
The older the cell, the higher the hemoglobin concentration (cell size decreases),
and consequently the higher the internal viscosity (194). Also the density of the cytosol
increased, such that upon centrifuging of the blood, the older cells are located more
downwards in the blood sample.
The physiological range of hemoglobin concentration lies between 290 and 390
kgm 3 , which results in a cytoplasmic viscosity of 4.2-17.2 mPas at 37  C (195; 80).
The concentration-dependent viscosity for dierent solutions is given in Table 2.1.
in

Table 2.1: An overview of the hemoglobin cell solution viscosity as a function of hemoglobin
concentration (69).

Hemoglobin concentration [kgm
270
370
400
450
500

3]

cytoplasmic viscosity [mPas]
5
15
45
170
650

The viscosity of a free hemoglobin solution is equal to the internal cell viscosity when
the hemoglobin concentration is equal. This indicates that the hemoglobin concentration
is governing internal (cytoplasmic) viscosity solely. The internal viscosity is not inuenced
by cytoplasmic, nor by membrane structures (196). The former was already concluded
by Ross & Minton (1977) who stated that long range interactions are not of importance
for hemoglobin solutions (195). The state of oxygenation seems to play a role, especially
for sickle cell diseased RBCs: an increased internal viscosity in irreversible sickle cells is
observed, becoming higher when oxygenation goes down (197).
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The eect of an increased internal viscosity on cell relaxation was tested by Nash
et al. (1983) by probing cells of dierent age. As the increase in relaxation time scale
cannot be accounted for by the increase of internal viscosity alone, it was concluded that
there is a concentration-dependent interaction of hemoglobin with the cell membrane
(198). This is also claimed by Mohandas & Evans (1994) who report that hemoglobin
could act as cytoskeletal network expanders (79).

2.5.2 Eects on deformation
As the cytoplasm in general is a Newtonian solution, it is not supposed to play a role
in the static deformations of a RBC. When the cell is not changing shape anymore, the
uid is standing still without any form of elasticity or memory behavior. A deformation
change, however, is facilitated by the ow of the cytoplasm and of the external uid,
which viscously dissipate energy. This is exhibited by a visco-elastic cell response, e.g. a
certain time constant in a dynamic deformation process, such as strain relaxation (198).
The inuence of the cytoplasmic viscosity on the extensional and bending stiness
of healthy and sickle shaped RBCs is investigated by Evans et al. (1984). They found
that both stinesses are not aected by the hemoglobin concentration in healthy cells.
However, at high concentrations inelastic properties were observed. In sickle cells, this
transition was found much earlier during cell dehydration. The increase in stiness for the
sickle cells was much more pronounces under dynamic than under static deformations.
This suggests that the viscosity near the membrane is inuenced by interaction with
membrane structures, and hence is dierent from the bulk cytoplasmic viscosity (199).
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2.6.

Bilayer-cytoskeleton interaction

In 1964, the rst large-deformation experiment on RBCs was performed by Rand
& Burton (56) in the form of micropipette aspiration (MA) measurements. During
that time, hardly anything was known about the RBC's structural components and their
involvement in membrane mechanical properties. For example, spectrin that is merely
determining the elastic properties, was only discovered in 1968 (36). Its mechanical
implications were unraveled much later, when the secondary, tertiary and quartenary
structures of the proteins were characterized (148; 163; 146; 164; 173; 159; 147).
In despite of the lack of knowledge about membrane structure, mechanical constitutive laws for the RBC membrane have been developed about ve decades ago. In this
section, rst an overview of the early continuum modeling is given. Next, more detailed
insights are reviewed about the implications of the interplay of membrane structural
components on RBC mechanics. It will become clear that bilayer-cytoskeleton interaction is at least as important as the behavior of the individual layers in governing the cell's
dynamical behavior.

2.6.1 Bilayer-cytoskeleton interaction on the continuum scale
In the early 1970's Evans (1973) and Skalak (1973) independently came up with a
constitutive law for the behavior of the RBC, which were developed hand in hand with
the analyses of micropipette aspiration (MA) experiments (24; 34). Evans expanded
the behavior in stresses, while Skalak dened the membranes strain energy functional.
The resulting elastic constitutive RBC membrane models were used to extract the shear
modulus (35), area expansion modulus (200), and the bending modulus (201) from
MA experiments. Although the molecular building blocks of the membrane, and their
interaction, still had to be dened, these models could describe large RBC deformation
to great extent.
Soon after, the time-dependent behavior of the RBC membrane was observed during
the relaxation phase in MA experiments (28; 27; 29) and tether-formation experiments
(25). The experiments were described by a Kelvin-Voigt model, here given for the shear
only case:

Tx

= 2 (2x

x 2 ) + 4 m

_x
:
x

(2.17)

The characteristic time constants for loading and relaxation, from which the membrane
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viscosity is determined, are given by (199)
t0

= (m + in )=

(2.18)

where  is the shear modulus, m and in are the membrane and cytoplasmic viscosity, respectively, and  is the cell thickness (which is about 1 m in the micropipette).
The eect of the membrane viscosity was estimated to be dominant by two orders of
magnitude over the dissipation in cytoplasmic and external uids (28).
Chien et al. (1978) found two dierent time constants in tting of the loading
response during MA: one fast time scale during loading that is inversely proportional to
the deformation (viscosity of 10 7 Nsm 1 ), and subsequently a slower phase independent
of strain with an apparent viscosity of 10 5 Nsm 1 (30). Note that strain of the total
membrane is considered here and does not necessarily correspond to either bilayer or
cytoskeleton strain. The idea of multiple time scales seems to be consistent with the
outcome of membrane icker and magnetic bead twisting experiments (202; 63) and
the non-linear optical trap model, in which a power-law behavior is found (62).
Additionally, visco-plasticity was observed in MA experiments with deformations
above 300% (31). Moreover, at smaller membrane deformations applied for longer
time, residual deformations after stress removal appeared (203). The latter could be
caused by the remodeling of the cytoskeleton chains, which exhibits a time scale of many
minutes.
All these phenomena have their own characteristic time scale, and by application
of equation 2.18 the membrane composite appears to have its characteristic viscosity
parameter in those regimes (Table 2.2).
To summarize, a large scala of material behavior is associated with the RBC membrane. Next to solid and liquid characteristics, the membrane shows the ability to creep,
visco-elasticity, -plasticity, and progressive force relaxation (203; 26). Hochmuth (1982)
has given an overview of these modes, including a specic time scale and viscosity, shown
in Table 2.2 (26).
In the 1980's the insight was gained that the area modulus of the skeleton is about
3 orders of magnitude smaller than that of the bilayer. It was already known that the
bilayer is responsible for the area conservation of vesicles (124). This implied that the
area expansion modulus of the bilayer and cytoskeleton are likely to be independent. On
the other hand, the shear modulus  and area expansion modulus K of the skeleton were
found to be coupled, as they emerge from the same structural component, namely the
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Table 2.2: Overview of the time constants and viscosities at dierent deformation modes of

the RBC membrane (26).

Deformation mode
Solid
Liquid
Visco-elastic
Plastic (creep)

 [Nm 1 ]
6
6
6

 [s]

0.1
>500

 [Nsm 1 ]

10
0.6-0.8
3600-52000

cytoskeleton (79). Moreover, it turned out that the skeleton can have relative velocities
to the bilayer, such that local expansion and compression of the skeleton is possible,
while the bilayer's far larger area modulus makes sure that the total surface area of the
membrane, and thus of the cytoskeleton, is still constant (see below (175; 204)).

Biophysics
The biochemical interactions of peripheral and integral proteins, which mainly form
the connections between the RBC cytoskeleton and the bilayer, are mainly described
above. In summary, most abundant coupling is the complex of spectrin, ankyrin, and
Band 3 at approximately the middle of the spectrin tetramers (37; 38; 187), which also
regulates the association ratio of the spectrin dimers. In physiological circumstances the
spectrin dimer self-association is 90-95%. Blanc et al. (2010) treated healthy RBCs
with NEM (N-ethylmaleimide), which disturbs the ankyrin-Band 3 non-covalent bond,
while leaving the spectrin self-association binding unaected. Treatment of healthy
RBCs lowers the portion of associated spectrin dimers to 25-30%. They concluded that
association of dimers in-situ, which is much higher than in solution, depends on close
apposition of one another on the bilayer (42). Sleep et al. (1999) showed that by
disrupting most of the spectrin tetramers (they claim that about 70% is being transformed to the dimer state) does not make the shear elasticity disappear (43). According
to models of Gov, Li, and Zhang (205; 53; 206), the network should be well over the
percolation limit, which would result in uidization of the skeleton. However, prevailing
shear resistance implies the presence of other couplings of the dimers to the bilayer, or
possibly other inter-chain interactions take over to induce a shear elastic response.
This disruption of ankyrin-Band3 might be partly compensated by other interactions,
such as with phopholipids (89). Additionally, as the majority of the spectrin mesh chains
is disrupted, unhindered diusion of bilayer components is possible (see below for the
SPEQ-gate model (151)). Hence, clustering of proteins can occur more easily. The
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combination of these two could explain a higher eective rigidity of the membrane (42).
A second coupling is located at the actin cytoskeletal nodes, by the association of
the network junction complex with Glycophorin C and Band 3. The former coupling is
clearly weakened by a decrease in cellular pH and O 2 concentration, increase in Ca 2+ and
2,3-bisphosphoglycerate concentration, and increase in protein kinase C activity, which
all shift during physiological circumstances (207). The presence of phosphatidylinositol4,5-biphosphate (PIP2) in the bilayer signicantly increases the anity of protein 4.1 to
bind with glycophorin C (208; 166), whereas the nodal junction bonding of 4.1 is downregulated. Consequently, total membrane stability is regulated by these interactions
(209; 166). However, the mechanical changes resulting from the modulated bond are
not signicant and the biophysical function of bond regulation remains unclear (207).
It is also claimed that the phospholipid PS fullls a role in regulation of the mechanical
function of the membrane at the inner leaet, since it binds to the triple helical repeats of
both - and -spectrin (89; 69). The mechanical signicance of interaction of spectrin
and these negatively charged phospholipids is questioned by others, as spectrin-bilayer
association is very poor in the absence of other proteins (210; 211; 84).
The cytoplasm can inuence membrane behavior too by altering the membrane viscosity indirectly: Nash et al. (1983) found that older or partly dehydrated RBCs, where
the viscosity of the cytoplasm is elevated due to a higher hemoglobin concentration,
exhibit an increase membrane viscosity. This indicates hemoglobin-membrane interactions, be it via the cytoskeleton chains or via bilayer lipids directly. Experiments on RBC
ghosts partly proved this interaction (198).

2.6.2 From molecular structures to mechanics
Dierent membrane protein structures and interactions are responsible for regulating deformability and RBC stability. Where the elastic properties of the cell are merely
governed by the in-plane connections of the cytoskeleton, it is the discrete but frequent
coupling of the skeleton and the bilayer that determines the long term stability of the
RBC membrane (212). The lateral motion of lipids and proteins in the membrane is
greatly inuenced by alterations in the coupling of both layers. Induced stress or strain,
and the strain rate are all of inuence on the state of the membrane. Moreover, phosphorylation of almost all protein structures of the membrane aects molecular stability
on several levels, under which on bilayer-cytoskeleton interaction (192). This makes the
membrane a very dynamic structure, where its state has a prominent inuence on cell
stability.
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In the coming paragraphs, the implication of all molecular bridges is given for dierent
mechanical circumstances, going from the cell in rest to static and dynamic deformations. It will become clear that bilayer-cytoskeleton interaction dynamics are always of
importance for the behavior of the RBC membrane.

Membrane in rest: diusion only

The diusion coecient D for both proteins and lipids in the RBC plasma membrane
are 10-50 times smaller than those in liposomes or vesicles. Here, D should be read as
the macroscopic diusion coecient, Dmacr , on scales of over several 100 nm. It is
known that the presence of proteins and cholesterol will decrease the diusion rate of
all substances, including lipids, but this cannot account for such a severe decrease. The
cell appears to have developed more means to control long-range diusion of membrane
molecules (213).
On the other hand, in membrane blebs, where the cytoskeleton is scarce or not
present at all, D is equal to that observed in reconstituted membranes: here D = Dmicr .
High frequency single particle tracking (SPT) methods have revealed that this movement
is simply Brownian diusion (151). It is found that protein diusivity increases with
temperature (214). However, it is unclear whether this is caused by increased thermal
energy (Brownian motion) or to a decrease in viscosity (membrane viscosity decreases
with a factor 5 from 6-37 C (215).
SPT experiments have also indicated that in the presence of the cytoskeleton all
constituents, including lipids, undergo hop-diusion from one compartment to the other.
This introduces two time and length scales, with two dierent diusion coecients.
Optical tweezers and AFM experiments together with SPT measurements characterized
these compartments, and their size correlates with the cytoskeleton mesh size (105;
153). For the two reasons above, the cytoskeleton was hypothesized to be responsible
for the sharp decrease in macroscopic diusion constant, Dmacr . The research that
followed produced new models for the mechanism and controls membrane diusion.

The SPEQ-gate model and the skeleton-fence model

SPT measurements at submicrosecond resolution show that about half of the spectrin chains act as a barrier for
the motion of Band 3. It is shown that the compartments wherein diusion can take
place unhindered have an area of about four times the spectrin mesh area (105; 153).
A subsequent stabilization of the skeleton reduces Dmacr , without strongly aecting
compartment size (213). Conclusively, intact spectrin chains, which are closely associ-
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ated with the bilayer, sterically hinder the bilayer molecules from wandering through the
bilayer freely.
The diusion-driven motion of molecules over the compartment barriers is called hopdiusion. Several mechanisms facilitate the hop-diusion of Band 3. First, hop-diusion
can take place when the skeleton exhibits tetramer dissociation. The tetramer breakup,
which opens a spectrin fence barrier for passage of bilayer molecules, is described by the
spectrin-tetramer-dimer-equilibrium gate model or SPEQ-gate model (151; 216). The
functional principle of this model is veried by Monte-Carlo simulations (217). Second,
cytoskeleton rearrangements (i.e. when the skeleton undergoes large conformational
changes) increase hop-diusion, as the spectrin fences are transiently changed (218).
Third, spectrin entropic uctuations away from the bilayer, but also thermal uctuations
or icker of the bilayer away from the skeleton can cause hop-diusion to take place,
provided that the separation between bilayer and skeleton becomes larger than the cytoplasmic portion of Band 3 (about 6 nm). Modeling of icker in combination with
Band 3 diusion (both were assumed to be uncoupled processes), has led to at least
qualitative insights that the eect of icker might be just as important for hop diusion
as the other mechanisms (219).

picket fence model Bloom et al. (1983) reported that lipid motion did not seem to
be inuenced by interactions with other constituents of the bilayer (214). In contrast,
Sheetz (1983) found that lipids, also in the external monolayer, are hampered in their
free motion. Sheetz' membrane-skeleton picket fence model can be used to explain
this (220): not only particles that are bonded to the cytoskeleton form barriers that
decrease diusion, but also the substances that will be caught by the skeleton for a
short moment will hinder free movement of all membrane molecules, including lipids.
Note that, dierent from the spectrin chains that only inuence lipids in the cytoplasmic
monolayer, also lipids in the outer monolayer experience these pickets by means of steric
hinder and hydrodynamic friction, the latter extending for several nanometers around a
picket (213). Monte Carlo simulations of this process indicated that 20-30% coverage of
the corral boundary by these caught particles is sucient to conne even phospholipids
for a time that is measurable with the techniques from a decade ago (221). Also each
passage or hop of an integral protein over a compartment edge will take some time
(about 10 s), which implies that every protein crossing will form a temporary picket
itself (213).
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Oligomerization and protein crowding

Furthermore, oligomerization of proteins and
lipids or the formation of other molecular clusterings inuence Dmacr strongly. However,
this is not predicted by the mosaic model by Singer & Nicholson (1972) (137) or by its
derivated continuum uid model (222), which predict a very modest decrease in diusion rate, much less than actually measured for certain oligomers and other aggregates
of proteins (see refs. in (213) for FRAP and SPT experiments). Conglomerates by
oligomerization could be very important in cell signaling when considering the hampered
diusion: the formation of these complexes will make sure that the activated molecules
will stay in the compartment where it received the extracellular signal (213). Deformation and the resulting drag of the cytoskeleton relative to the bilayer can result in a
high concentration of protein in a small area of the compartment. The eect of this
protein crowding on diusion is moderate as long as the obstacles remain mobile, but
when proteins temporarily interact with the cytoskeleton or get clustered, the inuence
will be large, as described by the models above (213).

Spontaneous undulations: membrane icker
Red blood cells show low-frequency oscillations of their membranes, which has a
stochastic character. Under a microscope it looks like ickering of the cells, as cell thickness variations occur. This phenomenon originates from a complex interplay between
the bilayer and the cytoskeleton of the cell. Next to thermal energy input, bio-active
processes are involved, implying the consumption of ATP. However, as red blood cell
icker measurements are vastly used as a mechanical analytical tool, it is treated in
Chapter 3, section 3.1.1 (measurement methods review).

Diusion during deformation
The use of uorescent labels during microdeformation experiments has lead to a
various new insights in the reaction of the cytoskeleton, but also in the movement of
components that are not directly bound to it. Discher et al. (1994, 1996) used uorescent probes to label spectrin, actin, glycophorin C, Band 3, phosphatidylethanolamine,
and CD59 (glycosyl-phosphatidylinositol (GPI)-anchored protein that inhibits lysis of the
red cell) in micropipette aspiration experiments (204; 82). They named this technique
uorescence-imaged microdeformation (FIMD), which involves uorescence recovery after photobleaching (FRAP) measurements of the probe under consideration. It seems
that under deformation it is only possible to have transient gradients in lipid concentration. This conrms the bilayer being a surface uid that will distribute its mobile
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components over its surface (204; 82) However, lipid diusion is hindered by a factor of
4, due to bulky integral proteins according to Discher et al. (1996). These experiments
are not able to elucidate the mechanisms that underly this process, caused by bulk tracking of the probes opposed to SPT. Moreover, timescales in the FIMD measurements are
multiple orders of magnitude larger than that of hop-diusion, left alone of Brownian
diusion within a compartment (213).
In general, the compartment size can change locally during deformation, which will
change the compartment size locally, and therefore the length scale for Dmacr . As
lipids hop more easily than the bulky integral proteins, the ratio of lipids and proteins
goes down when the compartment size decreases, and vice versa. Additionally, when
the compartment is extended, the cytoskeleton will be pulled closer to the bilayer and
icker amplitude will decrease, which makes it harder to hop. On the other hand,
tetramers are broken up to dimers more easily in areas of higher stress, giving rise
to the mean compartment size. These events, which are partly counteracting, partly
enhancing each other, are likely to inuence Dmacr . The magnitude at which the eects
of varying compartment sizes, local dierences in bilayer constituents, and changing
diusion constant inuence continuum scale dynamic behavior remains unclear. Also
whether these eects inuence the eective macroscopic membrane viscosity remains
an open question. These topics seem relevant when an accurate model for RBC dynamic
behavior is sought for.

Static deformation
During a static deformation the bending moments of the bilayer are compensated
by stress in the network springs, resulting in inter-layer forces in normal direction only.
Tangential tractions should only occur during the interval of relative motions of skeleton
to bilayer, which have died out when the membrane is deformed statically (82).
In micropipette aspiration experiments, the cytoskeleton is locally expanded at the
aspirated part and compressed at the part outside the pipette (204; 82; 223; 83). The
nonuniform densities in the skeleton, as a result of the deformation, are governed by the
compressibility and given topology of the cytoskeletal network. Compression is caused
by the fact that the total membrane surface area is constrained by the bilayer (200).
The bounds of the compartment area are given by the length of fully stretched spectrin chains on one hand, and the integral protein contents of one compartment on the
other (crowding of all proteins caught in a spectrin mesh compartment covers about 15%
of the neutral area (175)). Consequently, network condensation has a limit determined
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by the steric eect of packed integral proteins when the strain becomes x = y  1=2:5
(82). The nonuniform network density has several consequences. First, some spectrin
chains are stretched, while others are compressed, given the same network topology.
The chains themselves exhibit a non-linear elasticity, taken into account their entropic
behavior and heterogeneous unfolding regions. This would inuence the elastic moduli of
the membrane, making them nonuniform and anisotropic, depending on the deformation
state of the network. Second, as a consequence of network dilation, be it isotropic, the
chains are pulled up towards the bilayer. This implies more steric interactions that will
repel the network from the bilayer to maximize entropy (224; 166), which stiens the
cytoskeleton. These steric eect are greatly enhanced by e.g. hemoglobin as network
expander, suggesting that steric eects contribute more in older RBCs (79).

Dynamic deformation
During dynamic deformations movements of the skeleton relative to the bilayer do
occur. This implies that the in-plane velocity of the cytoskeleton can dier from that
of the bilayer: vc (x; y ) = vb (x; y ). The velocity dierences can be considered in a MA
experiment, when the RBC is being aspirated into the microcapillary. During the fast
deformations vc
vb by 3 to 4 orders of magnitude. However, during the slow phase
of aspiration vc (x; y ) vb (x; y ), such that the motion of the skeleton relative to the
bilayer governs the transient behavior (175).
Also during tank-treading (TT) of a RBC in a shear ow, which at rst glance
looks like a static deformation, these relative movements take place. As the network
topology is (quasi-)static, the cytoskeletal network has to extend and condense during
TT, which alternate per location on the membrane and per phase in the TT cycle. The
skeletal deformation is dierent from the bilayer's, such that also here relative velocity
dierences occur. For more information, see Section 3.3.
When a sudden deformation takes place, the local area is conserved by the bilayer.
The deformation of the bilayer is expressed as a lateral redistribution of lipid molecules.
A subsequent redistribution of the cytoskeleton for the sake of minimizing strain energy
results, governed by viscous ow: the skeleton relaxes governed by m and the static
boundary conditions, which causes a relative velocity between skeleton and bilayer. This
relative motion of anchor proteins through the bilayer is opposed by a viscous drag that
can be estimated by the force needed to move a cylinder through a thin liquid sheet
of nite size (225). Maybe not all proteins should be treated the same: some are not
connected by the bilayer, so not all proteins contribute equally to the drag. On the other

6



501191-L-bw-vdBurgt

'

60 | Biophysical behavior of the red blood cell
hand, with the partitioned uid model described above, a lot of unbound proteins are
caught in the spectrin net and are translated by the moving spectrin chains, contributing
to extra drag (175).
Dynamic network condensation also causes a redistribution of bilayer molecules.
When the cytoskeleton is associated closely to the bilayer, dragging the skeleton along
the bilayer causes lateral translocation of the transmembrane proteins that exert from the
bilayer (105; 213). The more mobile proteins, like CD59 and other GPI-linked proteins,
are able to cross the spectrin barriers and displace themselves to more 'open' places
when the condensed piece of membrane gets crowded with bulky proteins, resulting in
surface repatterning (82).

2.6.3 Translation to continuum parameters
The presence of proteins in the bilayer has implications for bending behavior of
the membrane. Steck (1989) discusses the signicance of bending resistance of the
cytoskeleton compared to the bending stiness of the bilayer, as the latter is lowered by
the presence of a great variety of lipids and integral proteins (84). Concerning the eect
of spectrin breakup on the stability of the membrane, Kozlov et al. (1990) determined
analytically under what conditions the membrane is stable when parts of the cytoskeleton
disrupt (226). They suggest that skeletal ruptures, be it at the actin nodes or mid-chain,
lead to a redistribution of the skeleton (according to relaxation of in-plane elastic energy,
resisted by viscous dissipation in the bilayer (175)). This results in protein-free regions in
the bilayer, which can lead to vesiculation, provided that its size exceeds a critical area.
The size of a protein-free patch is determined by the skeletons elastic moduli, electrical
interactions of the proteins involved and the geometry of the bilayer. A (nearly) planar
patch restricts the process to have a local character, whereas in a cylindrical shapes
membrane, as found in spicules of echinocytes, the skeleton depletion happens in a nonlocal way. The results of the analysis t experimental data of critical depletion size well
(226).

2.6.4 RBC modelling
One of the rst insights in bilayer-cytoskeleton interaction obtained from modelling
was gained by the work of Markin & Kozlov (1988). They built an analytical axisymmetric model with which a micropipette aspiration experiment was simulated. Best agreement with experiments was obtained by modelling the interaction with freely moving
discrete anchor points. Accordingly, they concluded that the cytoskeleton can redis-
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tribute with respect to the bilayer area (227). This concept is later further elaborated
on by Fischer (1992) which contributed signicantly to the understanding of bilayercytoskeleton interaction and RBC dynamic behavior in general (175).
Recently, Ju et al. (2013) published a review about the numerical methods in the
simulations of the RBC (228). The most important contributions in this eld are shortly
described below, where the classication to macro- and mesoscopic models is made.
Note that not only numerical methods are treated here, but also dierent rheological
models are considered.

Macroscopic (continuum) scale models
Dao et al. (2003) used a neo-Hookean material law implemented in a nite element
method (FEM) platform for extracting elastic properties from optical trap experiments
(50). Simulations and experiments showed great resemblance in both axial and transversal direction, even a large deformations (229).
A more complicated FEM model is published by Klöppel & Wall (2010), where the
RBC membrane is built of two layers: the bilayer is modeled as a visco-elastic anisotropic
ber-reinforced thin layer and the cytoskeleton with a 3rd order isotropic hyperelastic
model. An optical tweezers experiment is simulated, where pre-stress and the inuence
of the loading conditions of the beads is investigated. The experiment is well described by
the model, where bead-cell interaction is an important parameter, dynamics are captured
to large extent (51).
Lim et al. (2002) and later Svetina et al. (2004) showed that statical shape formations can be explained by a coupling of the area-dierence-elasticity model for the
bilayer in parallel with a linear elastic model for the cytoskeleton (90; 136). The energy
for the total membrane model, simulated using FEM modelling in this case is given by
(230)

FCS

= K2



FADE



= 2 (2Hm

Fmem = FADE + ECS ;
~ 
2
C0 )2 dA +
2 ADb2 (A A0 ) ;


( 2 + a3 3 + a4 4 )dA0 +  ( + b1

(2.19)

+ b2 2 )dA0 :

Considering the RBC material behavior, it is found essential by Yoon et al. (2008) to
incorporate nonlinearity in the material model. They searched for the right constitutive
law, with which dynamics of the RBC behavior in optical tweezer experiments could be

501191-L-bw-vdBurgt

62 | Biophysical behavior of the red blood cell
captured. The suggestion is to use a soft glassy material model, Although this model is
usually used to descibe pastes, foams, emulsions, or slurries (231), it is also suitable to
model the cytoskeleton. In that way, linear and nonlinear visco-elastic behavior, but also
molecular-scale dynamics of the skeleton are incorporated (232). To match the RBC
behavior observed in their dynamic optical tweezer experiments, Yoon et al. dene a
time-dependent stiness  = 3h with power-law behavior

(t ) = F (t )=L(t ) = 1 + (t ) = 1 + 0 (t=t0 )

3=4

;

(2.20)

which relates to the strain rate also as a power law (62)

 ( _ )  0  _ 1=4 :

(2.21)

The Boundary Integral Method is used by Pozrikidis (2003,2005) to simulate vesicles with dierent mechanical characteristics in the attempt to describe RBC membrane
behavior. A uid-lled capsule is modeled. Using integral formulations, the equilibrium
is determined between the hydrodynamical forces on one hand, and a hyperelastic membrane (tension and bending moments are taken into account) on the other (233). Next,
tube ow is simulated, during which development of parachute and slipper forms was
observed (234). The method used by Pozrikidis is extended by Franke et al. (2011)
to model RBC ow through microuidic channels, in which the tank-treading dynamics
were well captured. They also simulated sick cells by varying stiness, which showed
excellent agreement with experimental measurement (235).
Eggleton et al. (1998) performed one of the rst calculations of the strain energy
function for RBC deformation in 3D, using the immersed boundary method (IBM). A
Neo-Hookean and Evans-Skalak model are used for the membrane, but no viscosity
contrast is simulated. They concluded that the model should be extended with bending
stiness to simulate more complex cell shapes (236). A similar simulation, also using
IBM, is performed by Zhao et al. (2013), but then for a dense RBC suspension in
a capillary. The cytoskeleton is modeled as a discrete spring network for cell, where
the IBM is used for the coupling on the interface with the surrounding uids (237).
Krüger et al. (2014) combined a bidirectional coupling with IBM between a FEM RBC
membrane and a Lattice-Boltzmann model for the uid. The passage of multiple RBCs
through a microuidic device is simulated, including a viscosity contrast between the
interior and exterior uid (238).
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To incorporate some molecular details into the description of the continuum behavior
of the RBC membrane, Stokke et al. (1986a,d) proposed to model the cytoskeleton
as an ionic gel. This "swollen ionic elastomer" is coupled to an in-plane uidic bilayer.
The skeletal model component is valid for both randomly cross-linked gels and for gel
topologies with a repetitive mesh structure, the latter representing the RBC cytoskeleton
(150; 154). Physical phenomena such as phase transitions and osmotic tension can be
modelled. A micropipette aspiration experiment is modelled with the ionic gel-bilayer
model. Concluded from this work was the importance of the ratio of the cytoskeletal
area expansion modulus and the shear modulus K= in the analysis: the shear modulus
could only be estimated correctly when information about K was known (239). It
appeared that the ratio, K=, is important in the calculation of cell shape and shape
transitions. The ratio is strongly inuenced by the environmental conditions, which can
change cell shape easily if the material model is chosen correctly (240).

Mesoscopic models
Noguchi et al. (2005a,b) used a coarse-grained method called Multi Particle Collision
Dynamics to describe complex uids (13): investigation of purely viscous and purely
elastic membranes in capillary ow was performed. Simulations with this particle-based
hydrodynamics model, in combination with a dynamically triangulated surface model for
the membrane, are performed for a vesicle with shear elasticity. This represents the RBC
membrane better than a uidic membrane in conned ow, where the parachute shape
is observed for the elastic model, similar to experimental observations (13; 241).
Fedosov et al. (2010) used the Dissipative Particle Dynamics (DPD) model representing the uids (dierent viscosity of the external and internal uid) while the membrane is described by a network of visco-elastic springs. The microscopic model can be
coarse grained to perform whole cell simulations. Dierent experiments are simulated
(optical tweezers stretch, magnetic bead twisting, shear and Poiseuille ow), in which
good agreement is achieved, including dynamical behavior (creep, cell recovery) (242).
The coarse-graining method of Pivkin et al. is applied (243). They concluded that the
RBC is represented suciently accurately when more than 100 vertices are taken.
Dubus & Fournier (2006) modelled a triangular network of springs, connected to a
uid membrane with bending resistance and tension harboring capability. Fluctuation
dynamics are investigated, while cytoskeletal defects can be incorporated (244). A
variant of this model is built by Zhang & Brown (2008) in which the uid bilayer is
exchanged for an elastic one. The motion of skeletal anchor points through the bilayer
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and the de- and reassociation of spectrin chains are explicitly accounted for, be it on
a coarse-grained scale. Numerical methods to compute the membrane model were
Fourier Monte Carlo and Fourier space Brownian dynamics, while kinetic Monte Carlo
simulations were used for spectrin association dynamics (206).
Dao et al. (2006) built their molecular-based model with a worm-like chain network
representing spectrin, generated into a random network dominated by 6-node connections. Whole cell geometries with the molecular scale model are compared to a continuum hyperelastic model of the cell, in a simulation of an optical tweezers experiment.
When the deformation was matched, the elastic moduli that are translated from the
molecular-based level were similar to the moduli of the continuum model. The degree
of capturing the folding details of an optical tweezers experiment is inuenced by the
constitutive behavior of the bilayer and cytoskeleton (245).
A more computationally ecient approach is taken by Hartmann (2009) who developed a multiscale method for the simulations of RBC relaxation and an optical tweezers
experiment (54). In this method, energy functionals on network lattice nodes are dened, where a worm-like chain model resembles the cytoskeletal strings. By means of
a homogenization formula the microscopic model parameters can be coupled to that of
the continuum model. As the nodal points of the hyperelastic continuum model can be
chosen freely, independent of the microscopic model, coarse-graining can be performed
easily. Comparisons to the microscopic model of Li et al. (2005) and the experiments
of Henon et al. (1999) showed good agreements (52; 246).
In the case of a ickering RBC membrane, the interaction between the spectrin
skeleton and the bilayer can be modeled as follows: the discrete connection of the
skeleton to the bilayer will impose an eective surface tension on the total membrane,
as the cytoskeletal chains are stretched about 20 % in rest (205; 172). In other words, if
the cytoskeleton is bound to the membrane, an eective tension will appear in the bilayer
that compresses the total membrane and induces bending (247), which is depicted in
Figure 2.5. Because the skeleton also opposes a wall-like structure to the bilayer, the
bilayer is restricted to move in this direction, which asks for an extra conning harmonic
potential. This results in the conning-shell model by Gov & Safran (2003), which links
this continuum energy functional to the out-of-plane membrane uctuations (205; 248):

Fconf

=



1
1
1
 (rh)2 + (r2 h)2 + h2 dA
2
2
2

(2.22)

where  is the eective surface tension,  the bare bending modulus (here  = 2  10
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J), and the conning harmonic potential. As a result, a length-scale-dependent bending
modulus q can be dened, based on the wave number q :


q

=  +  2 +

4

(2.23)

Note that the membrane shear modulus  is hidden in both  and for this model. Gov
& Safran (2005b,2007) extended this model to include the active characteristics of the
cytoskeleton, mediated by ATP (248; 182).

The cyskeletal chains, shown as the wrinkly polymer structures here, are under
tension. Their stretch of about 20 % induces a compression in and bending moment on the
bilayer.
Figure 2.5:

Zhang et al. incorporated eective tension and the diusion of anchor proteins
through the bilayer. Active remodelling of the cytoskeletal chains is also modeled using
kinetic reaction rates, such that a dynamical, actively labile skeleton is simulated in a
coarse-grained manner (206).
The active process results in cytoskeletal remodelling, which lowers the membrane
total energy. Consequently, it also lowers the cytoskeletal shear modulus and the bilayer
tension imposed by the skeleton (172; 182; 202). This can explain the undermined
RBC deformability when ATP is depleted, which was already depicted in 1969 (249).
Conclusively, ATP-mediated remodelling of the bilayer-cytoskeleton coupling gives rise
to non-equilibrium dynamic membrane undulations, which are more pronounced at the
length scale of the cytoskeletal coral size (202). The model of Park et al. describing
the dynamic membrane uctuations found in their measurements, uses a visco-elastic
shell surrounded by viscous uid (Stokes equations). For details, see (49).
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2.7.

Red Blood Cell shape

Using an interference microscope, holographic images of RBCs in rest were made by
Evans & Fung (1972), from which a parametric cell model is deduced. The obtained
analytical description of the thickness of a biconcave RBC in rest is

DRBC (r ) =



1

2
4
(r =R0 )2 [C0 + C2 (r =R0 ) + C4 (r =R0 ) ];

(2.24)

where R0 = 3.91 m, C0 = 0.81 m, C2 = 7.83 m, and C4 = -4.39 m (250).
As is the case with many biological structures, it is the interplay of geometrical
constraints, (bio)physical mechanisms and bio-active, energy-dependent processes that
determine the RBC contour shape. Additionally, it will become clear below that also the
deformation history of the membrane determines the rest shape of the cell.

2.7.1 RBC shape determinants
Non-spherical rest shapes of a certain material cannot be governed by surface tension
alone, as surface tension strives to spheres, e.g. for viscous droplets. Vesicle congurations (note that no cytoskeleton is involved here) are governed by bending elasticity and
not by surface tension as seen in liquids (123; 124). It is generally shown theoretically
(124; 251; 74), experimentally (133; 118), and numerically (252; 136) that bending
elasticity together with curvature determines the geometrical shapes of biomembranes.
These properties also hold for the RBC shape. Because of the liquid character of the
cytoplasm, which is free of any structural components, the mechanical properties of the
2D RBC membrane, combined with geometric constraints, are the main determinants
for cell shape ((32; 84; 79) and many others).
These shape determinants are governed by the molecular interactions of all structural
components, under which bio-active processes. It is claimed that physical properties are
quite uniform from the dimple to the rim (253).

Geometrical properties
First geometrical constraint results from the assumption of incompressibility of the
cell: conservation of total cell volume (79). The volume of the cell is controlled by the
fact that no osmotic pressure will build up (124). Others do report a slight hydrostatic
underpressure caused by the active transferring of electrolytes (84). However, in general
it is thought that this dierence has a minor eect on cell shape.
Second constraint follows from the same assumption, but then for the bilayer of the
membrane: considering this as a two-dimensional incompressible uid, also the total
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surface area of the cell is constant, see Section 2.3. Although the bilayer compression
modulus is nite (it is relatively large (34)), the bilayer can be considered laterally
incompressible for shape determination (35). When bending of the bilayer is considered
however, the nite expansion modulus of the bilayer is of interest. Bending of the
membrane implies local area compression and expansion of the monolayers, which relates
the bending modulus and the expansion modulus, as described in (2.9) in Section 2.3.

Bilayer: inuence of bending properties
For a bilayer in rest, the total energy in minimized, which is governed by bending.
Note that bending elasticity minimizes absolute curvature, instead of nett curvature (84).
Nonlocal bending can be expressed by geometrical constraints (constant total area) and
molecular terms (expansion/compression of inner/outer monolayer or vice-versa). The
lipid compression term enters the energy equation only as second order term in response
to monolayer area change, such that this is only of secondary importance for cell shape
(75).
However, a strong relation between bending and compression of mono-layers has
been found: a dierent monolayer area dierence causes dierent cell shapes (131), as
later showed with modelling by Miao et al. (1994) (135). This can be considered as
a non-local bending property. Energy minimization of the total membrane energy functional, containing bilayer local- and non-local bending energy, cytoskeletal elastic energy
and area (near) incompressibility, predicts RBC shapes accurately (90; 136). This areadierence-elasticity model seems powerful in predicting more complex cell shapes too,
as Mukhopadhyay et al. (2002) found spicule shape and spacing for echinocyte shapes,
which resembled experimental observations unto great detail. The area dierence between the monlayers, A0 , seems to be most sensitive parameter in the model (254).
The lipid redistribution over two mono-layers causes shape changes (132). This holds
for cholesterol, which prefers to be located on the outer leaet. An increase of cholesterol will result in an increase of the outer-inner leaet area dierence, and hence in a
more convex geometry (115). The cholesterol ip rate plays a role in dening RBC contour shape too (99). The shape-dening eect via the area-dierence-elasticity model
also holds for the addition of certain phospholipids (133). Environmental conditions can
inuence the bilayer shape as well. Cation presence in the medium causes a dierence
in compression between the two leaets, because the inner leaet is more negatively
charged: extra shielding leads to less repulsion resulting in a more convex membrane
(132).
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Cytoskeleton: elastic properties
A vesicle bilayer without extensional elasticity also assumes the biconcave shape. In
other words, red cells or vesicles do not need a cytoskeleton to form a biconcave shape
(255; 84). Hence, it seems that the elasticity of the cytoskeleton plays only a minor
role in shaping the RBC. However, at a more detailed level, the skeletal elasticity does
inuence RBC shape: actin-spectrin binding kinetics is controlling cell shape to some
extent (183).
A decrease in shear modulus does not alter cell shape, nor tension in the cytoskeleton does (256). However, skeleton topology does play a decisive role, as shown by
experiments of Fischer (1981). He treated RBCs with diamide, which cross-links the
cytoskeleton (elastic moduli,  and K are increased). Cells were treated under physiological circumstances and when they were swollen hypotonically. When cells with a
comparable shear modulus were considered, the shape transitions during swelling and
deation were very dierent for both cases, implying that RBC shape depends not only
on the magnitude of the elastic moduli, but also on the topology of the cytoskeleton.

Bilayer-cytoskeleton interaction
Next to cytoskeletal internal noncovalent interactions, interaction with the bilayer
might be equally important in determining the cell contour (158). This is illustrated
below by the molecular deciencies in several pathological cases.
According to Wong (1999) lipids play a secondary role in giving shape to the RBC
(257). He proposes dierent mechanisms of shape control, governed by the anion
exchanger Band 3. Anion transport either inward or outward, can fold or unfold spectrin,
where the relative number of outward-facing Band 3 determines the fraction of folded
spectrin chains. Second, the eux of Cl ions, which is facilitated by Band 3, promotes
spectrin unfolding. This is backed up by the fact that a higher salt concentration causes
contraction of the cytoskeleton. Conclusively, cytoskeletal contraction/unfolding and
interaction is mediated by Band 3 via various mechanisms, which in turn are decisive for
the RBC contour.

Bio-active processes
Already in the 1970s the insight was gained that the phosphorylation of spectrin
aects the shape of the RBC (258; 259). Consequently, ATP depletion is responsible for
shape changes: ATP-depletion results in a stier skeleton, because there are fewer loose
chains. As a consequence, the skeleton shrinks and the total bilayer area is projected
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to it, causing echinocytosis, as shown in atomic force microscopy experiments (60).
Side-eect is the increase of the elastic moduli, which in turn inuence the eective
membrane tension. The higher membrane tension causes a change in relative surface
area dierence in bilayer. In principle, this mechanism connects skeleton dynamics to
the ADE-model (172; 248). Another consequence is the decrease of membrane icker
by the increased tension, demonstrated by a clear correlation between membrane icker
and the overall cell shape (260; 49).
Next to the eect of ATP on spectrin, also the bilayer is aected. An asymmetric lipid
distribution driven by MgATP is decisive for the cell to keep its mechanical stability and
its discoid shape, whereas MgATP depleted cells undergo echinocytosis (89). However,
depletion of MgATP does not interfere with cell deformability, indicating that the ability
of the cell to undergo extensive deformations is only governed by the cytoskeleton.

2.7.2 RBC shape memory and its stress-free shape
Shape memory of the RBC can be observed when the RBC undergoes relaxation
upon a nonuniform deformation. After the nonuniform deformation state, membrane
patches return to their original location, i.e. the patch positioned on the rim in rest will
return to the rim after a certain deformation during the relaxation phase. It is suggested
that this memory is governed by the topology of the cytoskeleton, in which the degree
of network nodes might play a role: more concave regions of the cell membrane are
correlated with accumulated static topological defects, such as the ve-fold pyramid
nodes. This could be a source for the shape memory of the RBC. (172).
The forces driving this resilience lie in the elasticity of the cytoskeleton and are
proportional to the derivative of the elastic energy. Bending modes of the bilayer are not
involved in shape memory as uniform bending properties exist over the whole cell (92).
Tank-treading (TT) of RBCs in a diluted suspension, in which the cell is deformed
periodically, shows the phenomenon above, demonstrated in a 'go-and-stop experiment
by Fischer (2004). When the cell is sheared and the ow is stopped when the TT period
is almost at =2, the elastic energy is at its maximum. The cell relaxes back, very
slowly in the beginning. When the relaxation process is about halfway (TT period is
=4), the derivative of the elastic energy is at its maximum, and hence the driving force
is. At that moment, the fastest movement of the membrane is observed, before the
cell's membrane patches have all returned to their original locations in rest (92).
Although TT involves membrane compression, RBC deformation in a shear ow
shows no wrinkling of membrane: local compressibility of the membrane is facilitated
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by bending elasticity and planar uidity of bilayer. However, when the cytoskeleton is
reinforced with extra cross-links, e.g. using diamide, wrinkling does occur (41). When
swollen cells were treated with diamide by Fischer (1981), it was expected that all
shape memory, which is hidden in the topology of the network, would be erased by
the spherically symmetric cross-linking. However, an intermediate behavior was found,
suggesting that the cell properties of the initial shape were not entirely wiped out (41).
The shape memory was erased, however, when the RBCs were treated during tank
treading (TT), applied by continuous shear of the surrounding uid. Cross-linking during
this periodical deformation, wherein membrane extension and compression interchange
(see Chapter 3), results in the loss of shape memory of the RBC. However, no stress-free
membrane shape was found (41).
The existence of the shape memory phenomenon implies that deformation history
eects are of inuence on the rest shape of the cell. Fast switching between deformation
states for a patch of membrane may result in the fact that none of those deformation
states is the resting shape, but that a time-averaged shape results. This is plausible
under the assumption that cytoskeleton relaxation (plastic deformation) is a continuous
process, which has a longer time scale than the interchanging of deformation states
(84). The latter condition is satised, as cytoskeleton relaxation takes a time in the
order of hours (203). Hence, in the circulation deterministic deformation states, which
chaotically follow up each other much faster than the cytoskeleton relaxation time constant, provide the cytoskeleton of a time-averaged topology. This results in a certain
RBC rest contour, which apparently is biconcave (84).
In modelling, dierent stress-free shapes have been evaluated: at (123), biconcave
(41; 32), or spherical (261; 262). Best results were obtained with the biconcave stressfree shape. However, it is likely that no stress-free shape due to stress-relaxation exists,
as the RBC takes on so many dierent shapes in vivo (92).

2.7.3 Shape changes upon the environment
Also environmental changes have an impact on the shape of the RBC. As such,
echinocytes which are RBCs with regular spicules in the membrane extending from its
neutral surface, are formed in the presence of a high salt concentration, anionic amphipaths, a high pH, cholesterol enrichment, and ATP depletion. Eventually, the loss
of membrane material leads to a spheroid echinocyte called an echinocyte III, which
is shown on the most left picture of Figure 2.6. At the other side of Figure 2.6, the
most extreme stomatocyte is shown. This RBC acquired an irregular invagination, as
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the result of a low salt concentration, presence of cationic amphipaths, low pH, and/or
cholesterol depletion (90).

Figure 2.6: A series of RBC shapes, from left to right: an echinocyte III, II, I, discocyte (healthy

RBC), stomatocyte I, II, III. Picture adapted from (90).

2.7.4 RBC shape under aging, damage, and pathologies
The contour shape of a RBC can be dierent from normal caused by abnormalities
in the molecular mechanisms that govern RBC shape (84). Even during lifetime of a
healthy RBC, these molecular mechanisms evolve, expressing dierences in geometric,
osmotic, and membrane mechanical properties, which observed for density-separated
RBCs (263).
The physical and (bio)chemical environment will have its eect on the erythrocyte of
course. Agents like anionic amphipaths, high salt, high pH, ATP depletion, cholesterol
enrichment, and proximity to a glass surface, induce crenated shapes, called echinocytes.
These shapes are characterized by convex rounded protrusions or spicules. Spicules become smaller under further loading and more numerous and eventually bud o irreversibly
as vesicles from bilayer material with cytoplasm inside. The RBC is left behind with reduced area and volume (the spheroechinocyte). Another set of agents, including cationic
amphipaths, low salt, low pH, and cholesterol depletion, induces concave shapes called
stomatocytes. On further loading, multiple concave invaginations are produced, which
eventually bud o to form interior vesicles and leave a spherostomatocyte.
Damage to cells can be acquired by oxidation, e.g. caused by storage in the blood
bank. Storage of blood results in oxidation of spectrin, which results in a gradual decrease
in the ability to bind actin with its -tail (37; 38). Oxidant stress/oxidative damage may
also cause malfunction of the ippases which results in exposure of phosphatidylserine
to the ambient uid (91). Moreover, the oxidation of protein 4.1 causes the inhibition
of binding to glycophorin C (84).
Cell age has its impact on both cell shape and deformability. Although the volume
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and surface area of the oldest RBCs is about 25 % smaller than that of the youngest,
the surface-to-volume ratio is equal. The membrane shear modulus does not seem to
change during the lifespan of the RBC. However, older cells show less volume increase
upon lowering of medium osmolality, and the membrane and internal viscosity of the
old cells are higher for the old cells. The lower excessive surface area and the higher
viscosities are contributing mostly to the lower deformability of the old RBCs (263).
Also molecular defects or disorders can change cell shape, sometimes to an order
that also cell deformability and hence function is impaired. A number of specic protein
defects have been dened in various red cell phenotypes.
Hereditary ellipsocytosis (HE) demonstrates the eects of lateral skeletal protein
linkages on membrane cohesion, resulting in mechanical instability (69). This can be
of qualitative nature (molecular changes in - and -spectrin, or protein 4.1), or on a
quantitative level (decrease in protein 4.1 content) (79). HE is demonstrated by a faster
lateral diusion of Band 3 (264).
Hereditary spherocytosis shows the importance of bilayer-skeletal protein network
linkages on membrane cohesion and deformation: a reduced number of linkages between
membrane and skeleton (Band 3, ankyrin, protein 4.2 deciencies or a decreased spectrin
content) causes the loss of membrane area (79). The resulting lower surface-to-volume
ratio leads to a lower deformability, although structural components are weakened, which
might sound contradictory at rst (84).
Hereditary ovalocytosis is caused by an increase interaction between the bilayer and
the cytoskeleton. This causes a much closer apposition of the skeleton to the bilayer,
which lowers deformability considerably. However, in contrast to ellipsocytosis, these
ovale shaped cells are mechanically stable (79). A genomic deletion of 27 base pairs
in Southeast Asian Ovalocytosis leads to membrane stiening (69). Moreover, linear
aggregates of Band 3 are found, resulting in a much lower lateral diusion of these
oligomers than of 'free' Band 3 (264).
Hereditary stomatocytosis (HS) leads to a leaky membrane, resulting in the shedding
of patches of membrane (264). Here, increasing ion pump activity leads to increased
ATP levels up to a factor of 5 (248). As a result, more skeleton links and bilayer/skeleton
couplings are phosphorylated and hence weakened. Upon this, the bilayer is fully expanded, leading to the stomatocyte shape (cup-shape like, but with a elongated fold).
No membrane uctuations are possible anymore (172; 265). Next to HS, two other
forms of stomatocytosis exist. First, overhydrated hereditary stomatocytosis (OHS), in
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which an increased cation contents leads to an increased cell volume. Second, dehydrated hereditary stomatocytosis (DHS), where a decreased cation contents promotes
the loss of water, leading to an elevated internal viscosity.
Next to hereditary abnormalities, parasitic invasions can also cause disease of the
RBC, aecting morphology and deformability. Most well-known is malaria, caused by
the parasite Plasmodium Falciparum, which claims about 2 million lives yearly (44).
Parasite RBC intrusion is followed by three stages of development. First is the ring
stage, in which a discoid ring is formed about 30 minutes after invasion. Second is the
trophozoite stage, starting about 20 hours after parasite intrusion. Here, the parasite
develops irregularities inside the cytoplasm of the RBC. It grows and forms pigmented
spots. Third, within 40 hours the schizont stage in entered, in which the parasites
spreads and multiplication of its nucleus takes place. Various proteins are introduced
into the cytoskeleton and lipid bilayer of the RBC, resulting in stiening of the membrane
up to an order of magnitude. Next, in the late schizont phase the shape of the cell is
severely aected, which becomes more spherical, which further reduces deformability
(266). Next to a decrease in deformability, a clear increase in adherence to other cells
is observed. This combination causes capillary blockage, leading to the high number of
mortalities when occurring in vital organs such as liver, spleen, the kidneys, or the brain
(44). It seems that parasite invasion is more dicult when the cytoskeleton is more
intact, i.e. when the number of spectrin tetramers is relatively high. This is concluded
from a diminished parasite intrusion of ATP-depleted or volume-reduced cells, compared
to young and healthy RBCs (267). When invasion is successful, however, cell stiness
and internal viscosity increase during developmental stages of the parasite. The cytosol
is more and more lled with the parasite, causing a larger time scale in cell relaxation: it
can go up to 2 minutes, compared to about 0.2 seconds for a healthy RBC (44). This
increase is well captured by RBCs owing through a microchannel contraction. On the
other hand, the increase in stiness is pronounced in an optical tweezers experiment (45),
where continuous force-displacement relations can be determined for dierent stages of
parasitic development (266).
Sickle cell disease (or anemia) involves a point mutation in the hemoglobin gene.
Irreversible sickling is caused by the polymerization of hemoglobin S, which is promoted
by a low oxygen pressure, dehydration, and a decrease in pH. After a certain number
of cycles, damage accumulates to the membrane. The cell will lose its elasticity and it
cannot recover from sickling, suggesting a plastic deformation (84). This results, among
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others, in ischemia by blockage of the microcirculation. The average life span of a sickle
cell is 10-20 days. First publication about this disease appeared in 1910 (Herrick 1910),
though description of symptoms were around for centuries, but were not related to this
disease. It is thought that sickle cell disease is benecial in case of malaria because cells
are destroyed early. This might explain the large presence of sickle disease in malaria-rich
areas (268; 269).
Thalassemia is a autosomal recessive blood disease which involves a reduced rate of
or no synthesis of one of the globin chains of the hemoglobin A protein. Thalassemia
could also be somewhat protective against the eects of malaria, because the easy
degradation of red cells (270).
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Measurement techniques
Countless experimental methods have been applied to the RBC to provide information about its mechanical behavior. The variety is ever increasing, especially now
that the eld of micro-technologies is booming: the introduction of (soft) lithography
and micromachining procedures in many labs has pushed forward the development of
many creative new methods in microuidics, micro-rheology, and the research to cell
mechanics.
What most experimental methods have in common is the necessity of an optical
imaging modality. In fact, the rst mechanical analysis, or actually patho-analysis, was
performed with one of the rst microscopes: in 1675 the Dutch tradesman and scientist Antonie van Leeuwenhoek published about the correlations between erythrocyte
mechanics and disease (66).
Throughout time, many forms of microscopy have been applied to the RBC in elucidating the mechanical behavior, or at least observe the eect of certain physical phenomena concerning this cell. Below, an overview of the used microscopy techniques is
given.
3.1.
Microscopy techniques
Although little contrast is present in the images, bright eld microscopy, as being the
most ordinary form of microscopy, is mostly used. Nowadays, this imaging technique
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is often extended with image analysis algorithms to enhance image quality, resulting in
a higher edge tracking performance (271). Small spot dark eld illumination, where
only light scattered by the sample reaches the detector, is successfully applied by Krol
et al. and by Levin et al. (272; 273) in their study to membrane uctuations. Phase
contrast microscopy (PCM) is used by Pulvertaft (1949) , Blowers (1951), Brochard &
Lennon (1975), Fricke et al. (1984), and Costa et al. (2008), also to measure those
uctuations (72; 274; 275; 276).
Moreover, red blood cells have been studied with dierent interference contrast
techniques: With the use of interference holography Evans and Fung (250) gave a
parametric description of the erythrocyte geometry obtained from a study on a large
number of healthy erythrocytes. Moreover, reective interference contrast microscopy
(RICM) is applied to study spontaneous membrane movements (Zilker 1987, Strey 1995
in comb. with phase contrast) and contact adhesion (J. Evans 2008) (277; 278; 271).
Also dierential interference contrast microscopy (DIC) is applied (Svoboda (1992),
Szekely (2009) (58; 279)).
The advantages of uorescent markers have also been exploited: Discher et al.
(1994,1996) probed several membrane components to determine their diusion properties, as well as density changes during deformations (uorescence-imaged microdeformation FIDM (204; 82)). Fluorescence recovery after photobleaching (FRAP) in micro
aspiration experiments are performed by Lee & Discher (1999) (223). Also uorescent
interference contrast (FLIC) has been performed on ghosts of human erythrocytes by
Lambacher et al. (280).
Although the phase contrast en interference microscopy methods from above give
more information than ordinary bright eld microscopy, they are limited by the fact
that only qualitative information is obtained in axial direction. With PCM thickness
measurements are only quantitative when the axial dimension is much smaller than
the wavelength of light, whereas for quantitative measurements with RICM additional
measurements and approximations are made (281; 282; 283).
In the beginning of this century, progress on quantitative optical measurement methods was made. The addition of optical components 'downstream' of the microscope in
combination with technological development in digital imaging and ever increasing computing power, make it possible to obtain quantitative information about the third spatial
dimension. Fourier phase (284), Hilbert phase (285), and diraction phase microscopy
(286; 61; 287; 202; 49; 288) are examples of these quantitative phase techniques. Ad-
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vantageous of the latter is the possibility of measuring the thickness of the erythrocyte
with nanometer sensitivity at equal lateral and temporal resolution as with ordinary bright
eld microscopy. This quasi-3D technique can be combined with confocal (289) or even
tomographic imaging (290). The introduction of a high speed video camera implies
a very high temporal resolution, whose frames could be processed in real time with
a powerful enough computer. Another quantitative approach can be found in digital
holography microscopy, which is an interferometric technique with sub-nanometer axial
sensitivity. From a 2D interference image a fully 3D image can be reconstructed at high
temporal resolution. Erythrocyte refractive indices and volumes are measured with this
technique by Rappaz et al. (291). Next to optical microscopy, SEM and TEM have
given a lot of insights by identifying the structural components of the erythrocyte (138).

3.1.1 RBC icker observations
When a RBC is at rest (i.e. no external forces are imposed to the cell), it still
exhibits a vibratory movement, which is observed as ickering of the cell. In the end
of the nineteenth century, Browicz observed this rhythmic, shimmering appearance of
the RBC using ordinary bright eld microscopy (70). A decade later, Cabot (1901)
distinguished these wavy undulations from movements of apoptotic cells and from the
"rapid dancing of malarial pigment" (71). Since then, various physiological functions
of the undulations have been postulated, under which cytoplasm mixing and adhesion
prevention (277). Also the unbinding from other RBCs is found to be facilitated by
thermal undulations (292). Additionally, the magnitude of membrane undulations is correlated to lterability, suggesting that icker is essential for an ecient passage through
the micro-capillaries (293). Moreover, cell icker was associated with the biconcave
cell shape, which conclusively is connected to metabolic processes (294). On a smaller
scale, the uctuations seem to be capable of contributing to the macroscopic diusion
constant of integral membrane proteins (hopping to other skeleton corrals, see Section
2.6), keeping the membrane in shape (219).
The nature of the undulation movements has long been unclear. Thermal excitation
of the icker modes was addressed, and has appeared to be the dominant source of
energy. However, another excitation mechanism, being of an active nature, was sought
for, as the experimental data required an additional energy source to be explained. Pulvertaft (1949) stated that glycolysis is likely to be involved in these cell undulations.
This is conrmed by Blowers et al. (1951), who correlated icker strongly with active cation transport through the cell membrane. Moreover, they found that glucose
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energizes icker, which is also involved in the cation transporters (294). Much later,
active molecular mechanisms were postulated in the form of pressure uctuations in the
bilayer by the action of ion pumps (295), and by Band 3 conformational changes as a
consequence of ion transport (296). Another molecular excitation mechanism relates
metabolically activated structural changes in the cytoskeleton to membrane uctuations,
mediated by the complex mechanical coupling between the skeleton and the bilayer (205).
The inuence of metabolic processes was soon incorporated in a theoretical analysis by
incorporating biochemical kinetics (172; 248; 182).
The insights of Brochard & Lennon (1975), who described the RBC cell thickness
uctuations as an oscillatory response to thermal excitations, urged others to explain
the phenomenon of cell icker in terms of membrane dynamics. The observance of the
membrane thickness uctuations appeared to be a valuable experimental tool for investigating RBC dynamic material behavior. With phase contrast microscopy the relative
thickness of a cell can be measured without physical contact: cell membrane uctuations are visible as highly localized light intensity uctuations. By a subsequent spectral
analysis of the uctuations in the temporal and spatial domain, dynamic measurements
of bending properties and elastic deformations of low energy can be performed in a
non-perturbing way (275; 271).
Improvements of microscopy techniques and faster image acquisition and analysis
allow nanometer (axial) and millisecond resolution measurements of cell thickness uctuations: using diraction phase (287) and digital holographic microscopy (297), thickness uctuation maps can be recorded in a full eld, single shot manner. From the data,
detailed membrane movement spectra can be distilled.
Although registration techniques have been improved massively, the way of extracting
uctuation data is not trivial and its analysis remains a challenge. First, the calculations
of spatial and frequency spectra require the excitation model, which is till today not fully
elucidated. Second, for the description of the measured high frequency dynamic deformations, a thorough microscopic understanding of the structural components and the
physical coupling between the cytoskeleton and the bilayer is of fundamental importance
(47).
As experimental icker registration methods were improved, theoretical and numerical models of the membrane icker phenomenon were developed as well. According to
the author's knowledge, Leibler et al. (1987,1990) are the rst that published about
icker simulations, of vesicles in 2D (1987) and later (1990) of a RBC in 3D, using
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Monte Carlo methods (298; 292). Concerning the simulation of the RBC, bending and
shear resistance, membrane asymmetry, and an osmotic pressure dierence over the
membrane are incorporated in the model. The Monte Carlo simulations are conducted
in thermal equilibrium, which resulted in the observation of ickering behavior, which
was qualitatively similar to earlier undulation measurements.
Data analysis techniques evolved as well. Recently two extensive reviews appeared
describing theoretical analysis tools and experimental techniques in the investigations to
membrane icker (47; 48). Below, most important ndings concerning RBC membrane
dynamics, distilled from icker observation experiments, are reviewed.
The analysis by Brochard & Lennon (1975) from phase contrast microscopy data,
involves a plane membrane model in which only curvature energy change is taken into
account, whereas shear resistance, and membrane and the external viscosity are neglected. The internal uid viscosity plays a passive role in damping of the thermally
induced undulations (274). From a frequency analysis of the undulations the bending
modulus of the membrane is estimated, which is followed by others (275; 299; 271).
The analytical model consists of two at disks, such that the surface tension in the
membrane can be neglected. Otherwise the surface area and volume constraint become
coupled and a surface tension has to be included (274). Using this model, the amplitude
h seemed to scale with frequency as h2  f 4=3 for a frequency range of 0.2-30 Hz.
The inuence of the geometrical constraints of preservation of surface and volume
were accentuated by Fricke & Sackmann (1984), who showed that icker vanishes under
hypotonic sphering. However, they stated that for normal, discoid cells lateral isotropic
tension does not play a role, and that icker is governed by curvature elasticity only.
Others state that the long wavelength oscillations are damped by the quasi-spherical
shape of the cell (277; 278; 299). In a plane geometry bending uctuations are independent of stretch (no energy contribution of bending-stretching coupling), whereas
in a membrane with curvature it cannot be omitted: at long wavelengths the energies
involved in shear deformation of the cytoskeleton are of rst order in the normal displacements, such that membrane curvature must be taken into account (278; 300). The
involvement of shear at those length scales implies the inuence of the cytoskeleton and
the dynamic coupling of it to the bilayer (301).
At small length scales up to 0.5-0.75 micron a constant value for the bending modulus
of 0:2  10 19 J is found by Zilker et al. (1987), which is lower than from mechanical experimental methods and lower than of a bare DMPC bilayer (277). This can be explained
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by the fact that the presence of proteins cause a lower bending stiness (120). The material behavior is uid-like, which points at a thermal process such that the equipartition
law holds and h2  q 4 , as described by Brochard and Lennon (1975). Beyond that
length scale a cross-over to solid-like material behavior is observed, conrming Monte
Carlo simulations by Lipowsky (1990) (252).
In the regime where the wavelength is comparable to the length of the cell, undulations are damped by the quasi-spherical shape of the cell. Amplitudes are strongly
modulated by constraints of a xed area/volume-ratio and the bilayer coupling to the
skeleton (301). Strey et al. (1995) explain the cross-over behavior as the presence of
a very non-linear stress-strain relation, which inuences the measured bending modulus.
A low (vanishing) shear regime exists for deformations smaller than the spectrin mesh
scale, resulting in a membrane bending modulus equal to the bare bending modulus of
the bilayer. On the other hand, a larger inuence of shear at scales comparable to
the cell size results in a larger apparent bending modulus, which represents the global
bending stiness. In the intermediate regime dynamic rearrangements of the skeleton
(possibly with use of ATP) lowers the bending modulus when the scale goes down to
the skeleton mesh size (278).
Humpert & Baumann (2003) describe the eects of membrane curvature in terms
of heterogeneities in behavior induced by the curvature. They state that spectrin linkage
has no inuence of icker at center where there is no or even negative curvature, but it
does inuence icker at the rim, which is a location with high curvature. This inuence
is not wave length dependent, provided that the length scale is above the spectrin mesh
size (299).
The importance of the bilayer-cytoskeleton coupling, and the induced surface tension,
in the correct description of RBC icker has already been acknowledged in the 1980's
by Fricke & Sackmann (1984), who reported that the elastic modulus of the skeleton
would not permit the high amplitude movements that were observed. They concluded
that some spectrin bonds should be (temporarily) broken up (275). Strey et al. (1995)
found indications that lateral tension had no inuence on the icker spectra. They
assumed that the cytoskeleton is relaxed, or tension is compensated by the bilayer, which
has a spontaneous curvature by active ipping of phospholipids by ippase proteins. A
decade ago however, the involvement of surface tension in icker was realized and the
method of Helfrich (1984) was followed to incorporate lateral tension in the theoretical
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description of the membrane (302). In principle, the cytoskeleton behaves as a mesh
of entropic springs that is sparsely connected to the bilayer. Gov et al. (2003) state
that for the bilayer, it is experienced as a quasi-2D shell that connes bilayer movements
and hence imposes a restoring force to the bilayer, modeled as a harmonic potential,
. Moreover, the discrete coupling to the bilayer induces a surface tension,  , in the
membrane. Dissociations of spectrin modify the shear modulus and hence the surface
tension (205; 172). As a result, an eective bending modulus, q , is dened, which is
dependent on the wave vector, q : q =  + q 2 + 4 . The tension coecient, which
is found in the analysis of Hilbert phase microscopy obtained uctuation maps, increases
when cells get more spherical, which is consistent with the tension-connement model
from above (281). Additionally, it is argued that the meshwork inuences the membrane
tension severely above and below the mesh size, such that  has a steep cross-over at
the mesh size of the skeleton. This rather sudden jump in the eective stress parameter
can cause the lateral stress to be negative on length scale smaller than cytoskeletal
mesh, providing opportunity for large uctuations or even local buckling (303). Later,
this rather phenomenological connement model is argued by Park et al. (2010), who
used spherical harmonics into their spectral analysis of the convex annulus of the RBC.
In that way, the actual geometry of the RBC is accounted for more accurately. Their
model considers the dynamics of a visco-elastic shell in a viscous uid, having the shear
modulus entering the equations via one of the Lame constants. The spectral decays are
similar to those found Zilker et al. (1992), who also took the quasi-spherical shape of
the cell into account (301).
Auth et al. (2007) describe the uctuations by a coupled membrane model, in which
a solid shell is strongly coupled to a uid membrane, originating from excluded volume
interaction. At wavelengths higher than 400 nm, the membrane acts as a single layer
with an eective bending modulus given by Gov (2003), being a continuum description.
A discrete coupling of bilayer and skeleton and their separation is only of importance at
shorter wavelengths, comparable to spectrin mesh size (304). The view of the membrane
as a composite material was also appreciated by Popescu (2007), who determined the
coherence of waves in the space-frequency domain (spatial correlations between points
at a particular frequency (61)). At low frequencies ( < 2Hz), the coherence length shows
a sharp increase. Thermal contribution to bilayer undulations alone would result in a
lack of temporal correlations in the force uctuations, but the elasticity of the membrane (skeleton) provides a coherence time (memory eect). The sudden increase in
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coherence length indicates ATP-mediated processes that contribute to the uctuations.
From the correlation maps a storage and loss modulus are extracted, treating it as one
single material (61).
The involvement of ATP was found in the early 90's, as ATP contents was correlated
with the amplitude of membrane undulations (273; 293; 305; 306). However, some
did not nd icker to be aected by ATP-contents of the cell at all (271). As bare
skeletons behave similarly to whole RBCs concerning uctuations, and as it was known
that ATP-dependent behavior is originating from skeletal structures, the basis of ATPinduced uctuations is connected to the cytoskeleton and its coupling to the bilayer (see
Chapter 2). ATP stimulates transient dissociations of spectrin chains from the network
nodes and is favoring detachment of the network nodes from the bilayer anchor proteins,
resulting in enhanced icker, as well as determining overall cell shape (205; 49). The
spectrin chains are stretched in their native state, causing an eective surface tension
in and curvature of the bilayer. These two aspects increase undulation amplitude on top
of thermal movements: the direct force release by detachment of a stretched spectrin
chain and the curvature motor eect. Both eects are of comparable inuence (248).
From spectral analysis it appeared that ATP-induced uctuations have a distinct nonthermal character, including a dependence on the uid viscosity (172). Especially on
the length scale of the spectrin mesh size, membrane motion is clearly non-thermal and
cannot be described by the uctuation-dissipation theorem. However, nonlinear behavior
mixes the energy of these modes with modes on a larger temporal and spatial scale, such
that at these larger lengths the behavior can be described as of thermal character, but
then with a higher eective temperature. In other words, at larger scales, the mechanical
energy released by ATP-induced dissociations is proportional to the eective thermal
energy of the membrane undulations (172; 248; 182).
On the other hand, others stress the importance of the partly non-thermal character
of icker, which can be exploited to gain insights into the structural behavior of the
RBC membrane. Park et al. (2010b) found peaks in the spatial spectrum that correlate
strongly with the discrete multiples of the spectrin mesh size. This suggests that these
uctuations were invoked by intra-skeleton and/or skeleton-bilayer dissociations. ATPdepletion diminishes the signicance of these peaks, indicating that a decrease in ATP
concentration causes less dynamics of the structural components involved (49).
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3.2.

Mechanical probing

3.2.1 Micropipette aspiration
Micropipette aspiration is generally applied on a dilute suspension of erythrocytes.
A part of a single cell is aspirated into the mouth of a thin glass micropipette (diameter
 1 mu). A microscope (dierent imaging modalities are possible) with high numerical aperture and monochromatic light minimizing optical diraction, is used to detect
deformation (78). Deformation can be estimated well as preserves axial symmetry is
preserved.
Suction pressure is controlled by a water reservoir via a hydrostatic level, which
translates into a force on a static cell of Fsuc = p  Rp2 , where p is the suction pressure
and Rp is the pipette radius. The minimum displacement in the reservoir determines
the pressure resolution (normally  0.025 Pa), though due to systemic uctuations it is
lowered to dpmi n = 0.1-0.2 Pa. On the high pressure side, pressures to 107 Pa can be
applied (307). Excellent reviews of this method are available (78; 307).
The method is introduced by Mitchison & Swann (1954) (55), upon which Rand et
al. published about the rst experiments on RBCs in 1964 (56). The rst mechanical
analyses were performed by Hochmuth (1970) and Evans (308; 35), where cells can be
in a (physiological) solution or attached to a surface (26).
The continuum parameters of the red cell model of Evans (1973) can all be determined with micropipette experiments (24). When a small caliber pipette is used to
aspirate a accid RBC, the membrane shear modulus  can be extracted (Figure 3.1 on
the left). Fact that the cell is still in its discoid, relaxed shape makes sure that bending
can be neglected (30). While a uidic cell, like a neutrophil, will entirely ow into the
pipette at relatively small suction pressure (95), the RBC will be aspirated only partly.
This elastic shear response is attributed to the cytoskeleton, that extends radially at
the aspirated part of the cell and is compressed circumferentially near the pipette tip
(175; 204). The shear is resisted proportionally to the shear modulus , which can be
calculated using
p  Rp



= 2:45

Lp

Rp

;(

Lp
> 1);
Rp

(3.1)

where Lp is the projection length, i.e. the length over which the cell membrane has
entered the pipette.
The membrane area extension modulus K can be estimated from preswollen RBCs,
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Two RBC micropipette aspiration experiments. On the left a accid cell is aspirated,
from which the shear modulus can be extracted. On the right a swollen RBC is probed for the
membrane expansion modulus. Pictures are adapted from (79).
Figure 3.1:

such as shown in Figure 3.1 on the right. A portion of the cell is aspirated until the part
outside the pipette is spherical. Further elongation of the projection in the pipette must
cause direct area dilation. Now, the law of Laplace can be used to obtain two equations:
for the hemispherical cap in the pipette and the cell outside the pipette:
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where R is the cell radius outside the pipette, and p ; p ;and p are the pressures inside
cell, pipette, and outside the cell, respectively. With p = p p ; p can be eliminated,
what results in:
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The resistance to bending of the RBC is assessed in two ways from micropipette
experiments:
1. When pressures are applied that are large enough to aspire large projection lengths,
the cell starts to wrinkle and crawls up the pipette until the outer part becomes
spherical. From the buckling instability, the bending modulus  is determined as
 = c  R3  p;

(3.4)

p

where c is a coecient dependent on (R =R0 ) which lies between 0.005 and 0.012
p
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(201; 77).
2. A preswollen cell is aspirated until the outer part starts to look spherical. However,
further aspiration does not directly cause area dilation of the bilayer, as surface
undulations are still present. By applying equipartition in the equilibrium theory
to the mean-square normal amplitudes of the undulations, area dilation can be
approximated as a combination of the attening of these undulations and direct
bilayer expansion. In the lower limit, where the tension is still entropically in nature,
the bending modulus can be extracted from the apparent area dilation (117):

=

(

kT
8

)ln (1 + c A) +


K

(3.5)

Also liquid behavior is characterized with the micropipette aspiration technique.
Evans investigated viscous and visco-elastic responses in dierent deformation regimes.
From extensional deformation experiments, he concluded that the membrane viscosity is
dominant in resisting recovery. The cytoskeletal contribution to this dynamic resistance
is thought to be large, as vesicles made of similar components relax an order of magnitude faster (78). However, dynamic RBC bending experiments using a micropipette
showed that the surrounding uid viscosities are contributing most to dynamic resistance to bending (199). At much larger time scales, creep and relaxation processes
were observed. These viscosity coecients are evolving from structural changes in the
cytoskeleton of the cell membrane (119). Hochmuth also contributed extensively to
insights into RBC dynamics by applying aspiration to tethered cells. Yield, continuous
ow, creep, and force relaxation are characterized. For an overview of solid and liquid
behavior of RBCs, see (26).
Discher et al. extended the technique towards an approach aimed more at the molecular structures of the cell membrane. In aspiration experiments, they stained membrane
components with uorescent probes (204; 82). This uorescence-imaged microdeformation (FIMD) gave indications of the compressibility of the cytoskeleton during aspiration, as Fischer already suggested in 1992 (175). Later, Lee & Discher (2001) assessed
deformation-enhanced uctuations in the cytoskeleton during micropipette experiments
by tracking labeled anchor points (83).
Many insights were gained into the mechanical behavior of the RBC in an early
stage using the micropipette aspiration method. However, this technique suers from
some drawbacks. First, the evaporation of water causes a drift in the null setting for
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the pressure ((307)). Second, concerning optical properties, tracking of cell boundaries
is dicult because of cylindrical form of the pipette (refraction) and caused by the
limited optical resolution for determining the cell boundaries (78). Errors of +/- 20%
are common (307). Third, friction between membrane and pipette wall is neglected
(30; 33). Waugh et al. (1979) estimated that the possible error in the shear modulus
by neglecting this friction can run up to 10%. Last, as local cytoskeletal stretch and
compression occur simultaneously, as described above, the deformation is non-uniform.
In the anaysis, however, a local dierence in the density of the network is not taken into
account (82).

3.2.2 Optical trap
A highly focused laser beam with an objective of high numerical aperture, exerts
forces large enough to manipulate small (  m) particles. Radiation pressure of the
incident light has substantial inuence on these mesoscopic particles, such that they
experience a force along the direction of the incident light, due to momentum transfer by
scattering of the photons. Moreover, the beam waste contains a very strong electric eld
gradient. Particles are attracted along the gradient to the point of the strongest electric
eld by this gradient force, towards the center, focal point of the beam. (39; 40; 309).
Although the RBC itself can serve as a dielectric particle (247), the generated force
cannot be sucient to eectively capture the cell at moderate laser power. Hence, for
the trapping and deformation of red blood cells, dielectric particles must be attached to
the cell, e.g. silica beads (246). The adherence sites of the dielectric particles cover a
relatively large surface of the cell (up to 10 m2 per bead (50; 54)). In despite of this
large area, the areas of adhesion focus the force that is applied to the cell, such that
deformation is non-uniform: strain can be 120% at the attachment points, while it is only
30% at the middle region (246; 50). Moreover, numerical simulations have indicated
the importance of the size and location of the adherence sites within the mechanical
analysis of the experiment (51).
Using the optical trap, dierent microstructures in the membrane have been probed
(43). Furthermore, it is also possible to perform measurement on bare cytoskeletons of
the RBC, as the adherence sites for the beads are part of this protein network (58; 139)
The sensitivity of an optical trap setup is high: subpixel interpolation is used to
determine bead positions with a resolution in the order of a nm, while the force is
computed from the distance between the laser focal point and the bead, to the order of
pN (50; 229; 39). The most accurate setup that the author is aware of is described by
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Yoon et al. (2008), where the spatial and force resolution are about 5 nm and 0.22 pN,
respectively. Comparing this to the random uctuations by thermal noise, these values
are well below that of Brownian motion of such a system (62). With this sensitive
system, Yoon et al. (2008) focused on dynamic deformations. They looked at the
correlation between cell modulus and shape, and ATP depletion. The experimental data
from their optical trap measurements was tted with a 3-parameter power-law model:
two components in the cell elastic modulus, which is time-dependent, and a long time
equilibrium modulus. They concluded that there is a relation between cell stiness and
strain rate (shear thickening). Moreover, the measurements showed energy dissipation,
which is attributed to the cytoskeleton which is actively or passively breaking bonds.
Yoon et al. (2008) state that the mechanics found in their optical trap experiments are
nonlinear of nature and depend on the deformation protocol, even for small deformations
(62).
Forces that are generally generated with an optical trap are small: with conventional
systems forces up to 50 pN can be applied (307). Consequently, the experiments on
RBCs are only possible in the small deformation regime. Henon et al. (1999) and
Lenormand et al. (2001) performed experiments with membrane forces to 15 pN and
from 1 to 8 pN, respectively (246; 139), where deformation can be approximated to be
linear (54). However, using high laser power (1.5W) and large beads, Lim et al. (2004)
could generate a maximal force exceeding 400 pN, causing stretch of well over 100%,
entering the non-linear elastic regime (229). These experiments validate the numerical
work of Dao et al. (2003), who simulated these optical trap experiments (Figure 3.2,
assuming the membrane as a thin Neo-Hookean hyperelastic material. (50).
One of the setbacks of this method is the inuence of bead attachment sites (51).
Moreover, deformations are clearly inhomogeneous, but a global force-elongation relation
is determined. Accurate numerical models are needed to t the observed axial and
transversal diameters of the cell, where also membrane folding has to be taken into
account (245). Last, the beads moving through the uid during dynamic measurements
are causing friction, which inuences the outcome.

3.2.3 Atomic force microscope
The atomic force microscope is a member of the family of scanned probe microscopes. The AFM is an adapted scanning tunneling microscope, where the electrode
sensor is replaced by an optical system that detects cantilever deection: a laser beam,
which behaves like a lever, amplies the cantilever deection, which is measured with
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Two situations of RBC stretching with the optical trap by Lim et al. (2004) The
experiments are used to validate the numerical simulations of Dao et al. (2003), which are also
shown here. Figure adapted from (229).
Figure 3.2:

a photo detector, as shown in Figure 3.3a. The AFM generates images of samples by
measuring force interactions between the sample and a small, sharp tip on the end of that
exible cantilever. Interactions between sample and probe give rise to a topographical
surface map. Either the scanning tip or the sample can be moved to provide an image.
Movements are performed by piezoelectric translators (310). Many dierent imaging
modes are possible, under which contact mode, non-contact mode, tapping mode, and
lateral force mode. The tapping mode seems to be best in high-resolution imaging of
sub-cellular structures (311). Measurements are possible in almost any gaseous or liquid environment (310; 312), which implies the possibility to image under more or less
physiological conditions. In that way, little or no sample pretreatment is required, that
could denature or damage the sample (313).
AFM applications in biological areas generally focus on three aspects. First, highresolution images (comparable to TEM) of cellular structures can be obtained, which
provide a true 3D surface prole (311). However, because of the visco-elastic response of
the cell under investigation, the contrast in AFM images is caused by surface topography
as well as by micromechanics of underlying structures. Additionally, adhesive and wetting
forces make it dicult to dene the contact surface between tip and cell. When there
is contact, image quality is deteriorating by 'smearing' the cantilever tip with all kinds
of cellular material in an uneven way (313; 311). Takeuchi et al. (1998) showed by
using dried RBCs that the cytoskeletal mesh could be observed and characterized by
probing the exterior side of the cell with AFM, shown in Figure 3.3c. (153). Swihart
et al. (2001) imaged the cytoplasmic side of the RBC membrane with AFM, displaying
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the spectrin mesh under dierent conditions (174). Liu et al. (2003) revealed more
spectrin network disorder in older cells, when imaging both sides of the membrane with
AFM (60).
Second, the AFM can monitor cellular dynamic processes in real-time, although the
scanning time is usually limited to 60s (311). More applicable is the characterization
of the dynamics of membrane components: several have dynamically probed isolated
spectrin chains using this AFM (168; 161).
Thirdly, an AFM can detect micromechanical properties of the cell, for example by
letting the cell membrane attach to the adhesive tip and subsequently pull at the membrane until released. In these pulling experiments, with which bending properties can be
investigated, inuences of hard substrates are avoided and small (suspected linear) local
deformations are induced (314). Although forces can be applied down to 10 pN, where
they will be mostly masked by thermal uctuations (119; 307), AFM seems a rather qualitative method when aiming for material parameters. Spatial inhomogeneities of the cell
make cellular responses seem to vary. Moreover, tip geometry and properties inuence
spatial averaging and cell adhesion. Using the Hertz model, which is the broadly accepted
standard, only smooth and simple curved surfaces can be probed. Furthermore, small
deformations, compared to the tip radius, must be applied for determining quantitative
parameters (313). When the viscous part of the response is of interest, measurements
at high oscillation frequencies are hampered by hydrodynamic drag on cantilever (76).
A second generation, much smaller cantilevers should reduce drag tremendously (315).

Figure 3.3:

In (a) the principle of AFM is explained visually, adapted from (311).

In (b) the

probing of RBCs is observed, imaged with scanning electron microscopy (315), whereas an
AFM image of the cytoskeleton from Takeuchi et al. (1998, (153)) is shown in (c).
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3.2.4 Other methods of mechanical probing

Cell poking
A glass needle is used for indenting the cell on a glass coverslip on a microscope.
The other end of the glass needle is attached to a wire needle that is driven by a
piezoelectric actuator. Vertical displacements of both ends of the wire are measured
optically. A dierence in displacements between the two points will occur as the glass
needle makes contact with the cell. The force on the tip is simply calculated by Hooke's
law with the stiness of the wire, which can be calibrated. Although cell poking is more
suitable for adherent, spread cells in culture (76), Daily & Elson (1984) used this method
to determine the area compressibility modulus of the human erythrocyte (316). Despite
the fact that small deformations can be applied, resolution in force and visualization
is rather low ( 10 nN and 100nm, respectively), which is poorer than in micropipette
aspiration experiments (76). A method that resembles cell poking makes use of glass
microneedles. The force is measured by the deection of a calibrated thin wire, similar
to the poking setup. However, calibration is performed stepwise: a big rod is calibrated
rst, which is used to calibrate more rods that are getting smaller in each step, such
that the accuracy of the force is increased (76).

High-frequency electric eld
This method aims at determining visco-elastic parameters, based on the deformations
by an electric force. This constant force is calculated by electrostatic principles (MaxwellWagner polarization) by considering the cell as a conducting body in a dielectric uid.
Membrane polarization eects are neglected. A frequency range is selected such that
a constant force resulted in order to minimize dissipative eects. The red cells can
statically and dynamically be characterized for the linear small deformation regime, as
well as the non-linear range. In that way, this technique bridges the deformation gap
between icker spectroscopy and micropipette aspiration. However, at deformations
larger than 3 m tips at the long axis of the cell will form, and it is questionable whether
the applied ellipsoidal model is reliable for these deformations. Another drawback is the
use of low osmolar solutions, in which the RBCs are rapidly deteriorating (317).

Magnetic bead twisting
In the magnetic trap, a magnetic gradient eld on paramagnetic and ferromagnetic
beads imposes forces of 10nN and pN, respectively, on the cell surface. Pulling or
twisting of the beads are applied as deformation (76). Puig-de-Morales-Marinkovic et
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al. (2007) exposed cytoskeletal bound ferromagnetic beads to oscillatory magnetic elds.
The created torque exerted rotational and translational movement of the beads: forces
are small but imposed locally, such that the RBC membrane is deformed rather locally.
Moreover, a broad range of amplitudes and frequencies can be investigated. In the frequency range of 0.1-100 Hz, the storage and loss moduli were measured, from which
the creep function was determined. It was found that elastic properties are frequency
independent, and slight strain-stiening was observed. The loss modulus displayed a
power-law behavior with a tted exponent of 0.64, which suggests that the uctuationdissipation theorem is valid for the dissipation in these experiments (63). However, the
combination of geometrical eects and dierent deformation regimes (predominately
bending, but also shear is involved) complicates the analysis and hence material characterization.

3.3.

Mechanical characterization by uid ow

The cells to be probed need to be submerged in a medium that keeps the RBCs
in healthy shape. It sounds intuitively to also mechanically probe the cells with this
uid, such that their mechanical environment resembles the physiological surroundings
of circulating cells. There is hardly any direct contact between the cell membrane and
another solid, which makes analyses less involved.

3.3.1 Simple Shear ow
In a shear ow cells are more or less in their natural habitat, comparable to the
Poiseuille ow in blood vessels. However, as will seem below complex dynamics are
involved in these at rst sight simple ows. Next to the measurements on freely owing
RBCs, experiments have been performed with point attached RBCs in a shear ow, in
which tethering formation takes place. Those experiments probe especially the plastic
deformation regime of the RBC membrane (23; 25).

Vesicle dynamics
A vesicle exhibits similar physical properties as the RBC: it has a similar phospholipid
bilayer, that behaves uid under surface shear and elastically under bending, and encloses
a Newtonian liquid. The bilayer ensures a constant surface area and volume of the
vesicle, just as for the RBC. On the contrary, the vesicle membrane lacks a resistance to
shear, which in the RBC is provided by the cytoskeleton. However, as a quasi-spherical
vesicle and a RBC have so many resemblances, it is not surprising that they behave
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alike in a shear ow. Below, rst a review about vesicle behavior under shear ow is
performed, where the dierent modes also apply for the RBC. Then, the implication of
the introduction of shear elasticity is given.
The curvature energy (Helfrich energy) of a quasi-spherical vesicle is minimized under
the constraints on surface area and volume. These geometrical constraints imply the
involvement of non-equilibrium dynamics (318; 5). Moreover, the shear ow induces a
singular perturbation, which leads to a non-equilibrium shape of a RBC or vesicle (319).
The thorough analysis of the governing equations on a theoretical and numerical basis,
combined with experimental observations, revealed the following regimes of motion:
 When a vesicle has a high viscosity ratio (  = ext =int ) and the shear rate is low,
the vesicle exhibits an unsteady ipping motion, called tumbling (TU). This is a
solid body rotation, where the inclination angle is described well by the theory for
a ipping rigid ellipsoid of Jeery (1922) (320). The ipping period is independent
of the shear rate (321).
 When the shear rate is increased, and/or the viscosity ration is decreased, the
inclination angle  is steady and in general 0    =2. The inclination angle
depends on the shear rate (14). Then membrane exhibits a rotation around the
interior uid called tank treading (TT, comparable to the rotation of a tread
of a tank). During stationary TT, the leading order in membrane stress and
deformation is independent of the bending rigidity, during which the morphology
is found to be biconcave (13).
Also the membrane viscosity, m plays a role, as reported by Tran-Son-Tay et
al. (1984), who claimed from experimental work on RBCs to be more dissipative
than the internal viscosity. (322). Later, this is elaborated on by others: Noguchi
et al. (2004) state that a larger m decreases  such that a higher shear rate
is required to acquire the same deformation, and hence to induce a biconcaveprolate transition. As such the biconcave shape during TT is more stable when
the membrane viscosity is higher. When the shape is still biconcave, the dimple
region is less aected by m , as it is evading the higher shear zone to some
extent. Their numerical study points out that a prolate vesicle enters the TU
phase sooner with increasing membrane viscosity than a biconcave shaped vesicle,
as the inclination angle decreases faster (323). Concerning the RBC bilayer the
membrane viscosity is high enough to strongly aect the dynamics in this way.
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 For droplets and elastic capsules the leading term in the shape evolution equations
is linear, whereas for a vesicle this term is nonlinear. (324; 5). Systematic analysis
of these nonlinear equations revealed a new mode: an asymmetric oscillatory
motion of the major ellipsoid axis around the main ow axis, while the long and
short axis length oscillate in counter-phase. This is called vacillating-breathing, or
the VB mode (324). The period of oscillation in VB mode is independent of the
shear rate (321).
 The trembling modus (TR) of a nearly spherical vesicle is dened as the oscillation
of the inclination angle around the ow axis (325) and is rst observed experimentally by (326). During TR, periodically stretching and compression occur, just
like during TT. However, the constraints in area and volume are determinant in
the TR modus, where higher order shape harmonics are observed at higher ows
(higher S in the phase diagram). There is a strong sensitivity to thermal noise.
Moreover, the deformed shapes in the TR modus are denitely dierent from the
VB modus deformations (327). With the inclusion of membrane viscosity and a
second order expansion of the Helfrich energy term, as described by Noguchi&
Gompper (2004,2006) (323; 328), the TR regime is dened (325).
TU to TT depends primarily on the critical viscosity ratio c , which decreases with
excess area of the vesicle (324). Close to c , the period of oscillation is long and
the amplitude of out-of-ow plane deformation is signicant, resulting in trembling and
breathing (5). The dierent deformation modes and their transitions can be displayed
in a phase diagram for vesicles. Lebedev et al. (2007) described such phase diagram
for general ow. With their numerical model, all physical parameters were scanned and
eventually the diagram, shown in Figure 3.4 could be spanned by just two parameters
(325):

S=
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p
;
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p3 pa!
p
;
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(3.6)

where ! is the angular velocity and s a parameter deducted from the uid strain matrix,
with which any ow can be described (for a simple shear ow s = ! = _ =2).  is
a dimensionless parameter representing the excess area: when a cell with surface area
A and volume V is considered, A = (4 + )r02 , where r0 is dened as the radius of
a spherical body with volume V : 43 r03 . a is a constant involving all viscous eects:
m
a = 163 (1 + 23
32  + 2ex r0 ).
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The motion of vesicles displayed in a phase diagram spanned by the two parameters
given in (3.6). Picture from (325)
Figure 3.4:

According to Kaoui et al. (2009b) the boundaries of the phase diagram are not
only determined by S and , but also by the excess area  on itself (as S and 
are kept constant). This additional parameter plays a role especially for the amplitude
deformation and inclination angle  in the vacillating-breathing mode (321). The TR
region is separated from the TU regime by the shear rate _ (329).

From vesicle to RBC: the addition of shear elasticity
When an ellipsoid hyperelastic shell with shear and expansion resistance and a high
viscosity ratio  is subjected to a low shear ow, major axis length oscillations occur.
These ow-induced principle tensions that change periodically can lead to compressive
stresses, resulting in a wrinkled membrane (330). The Keller-Skalak dynamic model
(331), which is based on a uidized ellipsoid, is only valid for vesicles and RBCs without
shear deformation. Hence, the relatively large deformations of vesicles and RBCs imposed a problem, as the deformations observed in vivo and in vitro can be large. As long
as the deformations are small, the skeleton density is uniform and hence the elastic moduli are. However, during larger deformations, the topology determines the microscopic
deformation state on a molecular basis, instead of the macroscopic strains. The proteins
are able to move laterally through the bilayer, such that an isotropic deformation can
be counteracted by passive adjustment. Consequently, shear deformation prevails (92).
Although the cytoskeleton diers from a hyperelastic shell considering the above, the
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behavior is quite analogous, as explained below.
Analog to vesicle dynamics, for RBCs the TU to TT transition is governed by increasing shear rate, or decrease in viscosity ratio. During TT the RBC is a tri-axial
ellipsoid, with the longest axis almost in the direction of the ow and the intermediate
axis is parallel to the vorticity. The skeleton deformation oscillates between stretch and
compression every half period. The membrane material is going back to its original position when the TT motion is suddenly stopped, as shown in'Go-and-stop' experiments
(92). The forces driving this shape memory depend on the elastic energy: F  @E@tsk el .
Due to the geometry of the RBC and the TT motion, membrane patches move over a
certain ow line. Conclusively, the deformation states of the patches on dierent ow
lines is dierent. Although stress relaxation can occur within the material on a ow line,
it is less likely that relaxation occurs between ow lines. Consequently, a shape memory
will always be present (92).
The direct consequence of the elasticity-induced shape memory is a symmetric oscillation of the inclination angle around the steady inclination angle, where the period
is twice the TT-period. The cytoskeleton, which has a certain topology, is periodically
stretched and compressed with a frequency of twice the TT frequency (see Section 2.7.2
for rationale). This movement, called swinging (SW) is caused by the dissipation of the
elastic energy (332). SW is superimposed to TT as the inclination angle oscillates.
When the ow slows down, the TT to TU transition is driven by a decrease in shear
rate. The intermittent phase is characterized by TT plus swinging, where every one or
half period is interchanged by one or two ips, during which the orbit angle  is small.
When  > 40 , the TU regime is stabilized. When ow is increased, the TU to TT
transition takes place as follows: rst the membrane material points start to oscillate
lightly. This in contrast to the KS-model, that has no elasticity and hence no shape
memory, which predicts a slowly TT membrane. The elastic strain energy necessary for
TT is too high to be provided by the ow. When ow increases, the barrier of the strain
energy is overcome: the membrane appears uidized and makes a complete rotation
about the cell body, dened as TT. However, during this transition increasing oscillations of membrane material destabilize the orbit angle , and when it reaches 90 , a
frisbee kind of motion occurs: a steady spin of the axis of symmetry about the vorticity
axis, which is called rolling (333). In sinusoidal ows with shears in the physiological
range, also chaotic motion is expected (333).
Various models have been extended with shear elasticity. With a t of the defor-
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Figure 3.5: An RBC deformation experiment in shear ow. Shape memory is demonstrated by

an attached bead, which is an eect by the cytoskeletal elasticity. Picture adapted from (92).
mation of the RBC in a shear ow experiment the internal viscosity  and membrane
viscosity  , and shear modulus  can be found (334; 332). experimental work: The
determination of the eective radius and the excess area of a 3D object from a 2D
contour image leads to errors of 20%. This, together with other problems, adds up to
a potential 100% error in S and a 35% error in . The self-similarity principle, proposed
by Lebedev et al. (2008) (335), also holds for higher vesicle excess areas in the TT
region (329). However, in the TR regime, a discrepancy is found between experiments
and the theory: the oscillatory stretch and compression requires the inclusion of 3rd and
even higher order modes. Observed is the occurrence of membrane concavity as the
consequence of strong shape deformations, implying a negative surface tension. This
mode is dierent from the VB mode described by Misbah et al. (2006) (324).
i

m

Other geometrical properties
When the cell in a shear ow is located near a wall, the ow eld around the RBC
is modied. Consequently, the altered shear ow creates a lift force on a body nearby,
resulting in an asymmetrical deformation of the body (336). This hydrodynamic lift
force decreases with wall distance, but also with an increase in the viscosity ratio , as
the deformation is suppressed (337).
The presence of walls all around cause the ow not to be linear anymore. In quadratic
ows (e.g. Poiseuille ow) the non-equilibrium features of vesicles and RBCs exhibit even
more intriguing dynamics than in a linear simple shear ow. The excess area is distributed
dierently among shape modes, dependent on the distance of the cell to the centerline
of the channel. Near the axis, excess area can be stored in multiple modes, resulting
in various (meta)stable stationary shapes (bullet or parachute shape). Each shape has
its own reason of existence: the bullet shape is obtained when the inclination angle 
is small when the axis is approached, whereas the parachute shape is observed when
ow curvature is high (high uid velocity gradient). Above the critical viscosity ratio 
tumbling and breathing suppresses migration. The migration velocity is independent of
c
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the membrane bending rigidity (338).
The connement of the channel inuences transitions of motion. The transition
from TU to TT can be induced by changing the connement only. The enclosing walls
exert a lubrication-induced torque to the cell (339; 340).
The transformation of a RBC into a slipper shape is coupled to connement and RBC
elasticity, but these two are not essential for the existence. When the cell is exactly in
the center, a bullet or parachute shape would not be tank-treading and there would not
be internal ow. However, the slip velocity will increase with increasing excess area.
The slipper-shape decreases this lag in velocity, such that even at cost of TT and and
internal ow this shape is energetically more favorable (14). This explains the presence
of slipper-shape congurations in vivo that also have been observed in experiments (341).
The phase diagram for conned ow is given by Kaoui et al. (2011) (339).

Translation to macroscopic properties
The complex dynamic features of the microscopic objects in the suspension must be
carried by the macroscopic constitutive law to describe rheology correctly: the microscopic vesicle TU-TT transition has an impact on the rheology on macroscopic level,
which is expressed as a minimum in the eective viscosity (2). A suspension of RBCs
behaves qualitatively similar to a vesicle suspension in despite of the presence of shear
elasticity of the cytoskeleton (21). The eective viscosity is lowered when excess area is
higher, as there is more deformation and alignment with the ow (lower ). When the
viscosity ratio goes up, the eective viscosity decreases, caused also by better alignment
of the vesicles or cells with the ow (5).

3.3.2 Contraction channel
For four decades now the mechanical characteristics of RBCs have been investigated
by applying capillaries (308), micropores (342; 343), and ektacytometry (344; 345). Before the year 2000 the choice of channel geometries was limited by the fabrication techniques. When the soft lithography method was introduced however (346), microuidics
entered the world of biophysical research, lowering the eort of making small channels
with various sizes and shapes.
As a variant of a contraction channel experiment is performed in this thesis research,
a chapter is completely dedicated to this. Hence, this method is not treated further
here, but the reader is referred to Chapter 4.
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3.3.3 Elongational ow
Already in 1934, Taylor introduced the four-roll-mill to create elongational ow: a
ow eld which is free of rotational components (347). About fty years later, Bentley &
Leal (1986) designed a computer-controlled version of the four roll mill, coming together
with a thorough theoretical analysis. They demonstrated that with real-time image
analysis, which extracted the center of mass, the particle position could be controlled
at the stagnation point in the ow (348).
Janssen et al. (1993) designed a dierent device to produce an elongational ow
eld: in a cross-slot geometry with channels of several centimeters two jets are opposed.
This device, which also possesses a control system, droplet breakup is investigated for
polymer research (64).
When the soft-lithography technique was introduced (346), microchannel production
was getting more easy and cheaper. Since then, multiple elongational ow devices
were developed. Kantsler et al. (2007) manufactured a cross-slot geometry, in which
the wrinkling instability of a vesicle upon compression was demonstrated. To achieve
compression, the ow has to switch direction instantaneously, which was made possible
in their device (349). This cross-slot setup was then used for elongation experiments
for giant unilamellar vesicles, which formed long tubular structures under the hyperbolic
ow eld (350). A similar setup is used to stretch DNA-molecules (351).
Lee et al. followed the old idea of Georey I. Taylor to create a microscale four roll
mill, but then the rotations were actuated hydrodynamically, instead of with mechanical
rolls (352). Deschamps et al. (2009b) used this geometry to perform experiments of
vesicles in general ows (327). The microuidic four roll mill seemed to be an excellent
tool to verify the vesicle phase diagram of Lebedev et al. (2007) (325).
In the meantime, reviews were also focused on the implications of microuidic elongational ows in cellular research, including the possibilities in biomechanical analyses
(353; 354).
As real-time control systems are improved, boosted by the ever growing computer
power, cross-slots with feedback control are designed in which particles can be captured
in aqueous solution (355). The low viscosity media need a high feedback frequency to
position the cells. Further steps are made by applying model-based control strategies
(356; 357). Particle control can also be improved by using the results from pre-computed
CFD simulations. By adding this a priori information, a controller is dened that should
be able to capture and sort cells (358).
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The stagnation point in the hyperbolic ow eld can be exploited to position a
cell and observe it on long time scales. Gene expression and growth or development
of cells can be studied in that way (359). To the author's knowledge, mechanical
characterization of RBCs has not yet been performed with a feedback-controlled crossslot device. However, methods have been reported in which the cells are passively
positioned into the stagnation point. Cha et al. (2012) produced a polymer-stabilized
cross-slot ow, in which dierences in deformability of RBCs are characterized. The
polymer molecules ensure migration of the cells towards the center of the cross-slot,
such that probing by the elongational ow is possible (360). However, as the stagnation
point is a saddle point, capture of the cell over a longer period is not possible. Gossett
et al. follow a more rigorous approach in their mechanical characterization of RBCs:
high ow facilitates inertial cell focusing using dedicated channel geometries. The cells
end up in the center of the channel, such that no feedback control is required. Next, the
cells enter the cross-slot with high throughput. The RBCs are elongated with extreme
speeds where they hence experience high stresses. A high speed video camera registers
the cell deformation, which is proportional to their stiness. However, this method is
often destructive of nature for the RBCs under investigation (361).
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Red blood cell in a contracting channel
4.1.

Introduction

The red blood cell (RBC) is able to pass through pores and vessels much smaller than
its own size.
, this is demonstrated frequently in the micro-capillaries and in the
even more narrow sinuses in the spleen. In fact, considering that the cardiac output and
total blood volume of human is 5 L per minute and 5L, respectively, and the average life
span of a RBC is about 120 days, each cell encounters these narrowings about 200,000
times. Deformations are large, to over 100 % (79), after which the cells relax back to
their original shapes with great resilience. All this happens at the expenditure of a very
low amount of energy and without losing mechanical stability.
The deformation of the cells is thought to be responsible for an ecient gas exchange
between the RBCs and the tissue surrounding the microcapillaries (12), as micromixing
of the internal hemoglobin solution is facilitated. The deformability is severely impaired
in pathological cases, such as malaria (266) and diabetes mellitus (12). Hemolytic
anemias (e.g. spherocytosis, ellipsocytosis, stomatocytosis (84; 69), and sickle cell
anemia (30; 199)) also reduce RBC deformability and can result in local ischemia by a
hampered oxygen delivery (362). This all makes the mechanical behavior of the RBC
in the microcirculation intriguing and relevant, and hence, a research subject of great
interest.
From a physiological point of view, micro-capillary ow has been a research topic from
In vivo
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early on, since August Krogh received the Nobel prize in Physiology or Medicine in 1920
for his ndings in the regulatory function of capillary beds (363). Soon after, researchers
discovered the change of RBC concentration and viscosity, a migration of the cells away
from the walls into the center of the small vessels, known as the Fahraeus-Lindqvist
eect (6; 7). Much later, these eects have been investigated on the micro-capillary
level, theoretically and experimentally (see (11; 364), among others). On the level of
the micro-capillaries however, parameters on the continuous scale, such as hematocrit
and apparent viscosity, have to be deducted from the situation of a single line of cells
in a channel. Hence, understanding the rather elusive mechanical behavior of a single
RBC is vital for a correct rheological description of blood ow in the microcirculation.
Already in the early 1930's, pressure measurements over the microcapillaries were
performed in humans (365). However, it took some time before experimental visualizations of RBC deformation in the microcapillaries were obtained from in vivo animal
models (341). Soon after, similar visualizations were performed in glass microcapillaries
(366; 308).
Around the same time, ltering of RBC suspensions with the use of mesh-like structures that were obtained with various techniques, gave insights into blood rheology by
determining the viscosity of cell suspensions of high hematocrit (367). This related
the ow resistance with cell deformations. By the micro-sieving of RBC suspensions,
deformation of the cells was investigated till its physical limit. The results obtained
were consistent with the back then recently discovered basic constitutive behavior of
the RBC (342; 308). Others correlated local cell membrane movements with the lterability (293).
RBC ektacytometry (laser diraction ellipsometry) has also contributed to the insights into deformation of RBCs under Poiseuille ow, including diseased cells (46; 368).
Using this technique, the ellipsoidal shapes of RBCs, as a result from the shear ow, are
indirectly obtained by observing the light scatter patterns, and subsequently quantied
by a deformation index. Later, this method is enriched with RBC modeling to extract
more quantitative parameters from the measurements (369; 345). A related experimental method uses an imposed electric eld instead of a laser, with which the deformation
index is picked up by electrodes (370).
Although (ekta)cytomety is useful in the understanding of blood rheology, the viscosity of the medium is usually relatively high (exception for (345)). This implies that
the part of the RBC dynamics that is governed by the viscosity ratio of inner and outer
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uid, which in physiology is typically > 3, are not probed. Therefore, experiments in
micro-capillaries with a low viscosity medium are valuable for investigating blood rheology in the microcirculation.
The introduction of micro-fabrication technologies opened possibilities to design different geometries of microchannels in an easy and cheap fashion. Moreover, the in
vivo microvascular environment is mimicked, by adding features as vascular compliance
and seading of endothelial cells on the walls (371). Accordingly, experiments with diluted suspensions of RBCs are performed in straight, rectangular microchannels (372),
contracting channels of dierent sizes and shapes (44; 373; 374; 45), channels with
oscillating width (375), and bifurcating networks (12; 376). The focus is shifted more
towards the mechanical behavior of the individual RBC, where numerical simulations
with a suitable constitutive model are deployed for a quantitative analysis. A variety of
numerical methods used in modeling of contraction experiments is used, among which
smoothed-particle-hydrodynamics (377), dissipative particle dynamics (374), and the
boundary integral method (339).
Although in literature quite some agreement about the behavior of RBCs in microchannels exist, results are hard to compare and are often complementary. That is
caused by the fact that the deformation of the cell in a microchannel, be it with or without a contraction, exhibits multiple modes. Depending on geometrical features of the
channels and ow characteristics, the cells are sheared, bent, and folded to dierent extent. In other words, depending on the connement by the vessel wall and ow rate, the
contribution of each mode to the total deformation is altered. Consequently, the cells
exhibit dierent shapes, ranging from ellipsoid (345; 374) to bullet- (11), parachute(12) or slipper-like (13; 14). Also folded and bulging shapes have been observed in
capillary ow (378).
The research presented in this chapter is on one hand performed to characterize
RBC behavior in a dynamical way. On the other hand, the experiments are used to
demonstrate the limitations of methods in which a contact between cell membrane and
a solid material is present. In this study, a diluted suspension of healthy RBCs is driven
by hydrostatic pressure through a converging channel, which ends into a square shaped
cross-sectional channel of 4 by 4 microns. The velocity of the cells is in the order
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of magnitude encountered physiologically (0.1-1 mm/s). High speed video recordings
are shot at a frame rate of 1 kHz. During the passage, the entrance time, tracking
velocity, and relaxation after exiting, are tracked. Also, in each individual case, special
attention is given to the deformation state of the cell under consideration.

4.2.

Materials & methods

4.2.1 Model manufacturing
Contracting channel geometries with a cross-section of 4 by 4 m and 100 m long
are made out of PDMS (a transparent silicone rubber), obtained via a soft-lithography
process: SU-8 photoresist (2050, Microchem) is diluted with cyclopentanone (photoresist thinner, Microchem), in a weight ratio of 12/7. This makes the photoresist less
viscous, and hence, lower structures can be acquired. The photoresist is spread on to
a 4" silicon wafer in two steps: a spread cycle at 500 rpm for 20 s (acceleration of
100 rpm/s), and a spin cycle at 2500 rpm for 60 s (acceleration/deceleration of 300
rpm/s). In that way, a at layer of about 4 m is obtained. Then a softbaking step
of 3 min at 65 C is applied to evaporate the solvent, before it is irradiated with UVlight (100 mJ/cm2 ) through a chrome on glass mask containing the channel structures.
All irradiated areas are crosslinked, while the masked regions remain in their dry lm
(oligomeric) state. Next, the wafer is postexposure baked at 95  C for 3 min, after
which the structures are developed in PGMEA for 1 min.

Figure 4.1: A schematic view of a part of the PDMS model containing the contraction. Sizes

are in mm.

The SU-8 structures on the wafer form the mold or master for the eventual PDMS
model geometries: a 2 component PDMS silicone rubber (Sylgard 184, Dow Corning)
is mixed (base/curer ratio is 10:1), degassed for half an hour under vacuum, and poured
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onto the wafer. It is cured on a hot-plate for an hour at 80  C, after which it is left to
harden overnight.
The PDMS model is cut out and peeled o the silicon wafer. Next, an entrance and
exit hole are punched through the top (1.2mm diameter) for the insertion of the uidic
connectors. To close o the channel, the PDMS model is attached to a glass coverslip
(54x26 mm, #1.5, thickness of 0.18 mm). Bonding is facilitated by treating both glass
and PDMS with discharges of a high frequency electric eld of a Corona treater. Another
baking step of a few hours at 80  C should ensure a tight bond, able to withstand a
hydrostatic pressure of many kPa's (379). Surgical needles, whose diameter matches
the size of the punctured holes, are cut to size and inserted at both entrance and exit
hole. Open syringes are attached at both sides, which are lled with medium. The
syringe diameters are large enough (9mm) to avoid the inuence of surface tension to
the driving pressure.

4.2.2 Cell preparation
10 ml of blood is obtained from a healthy volunteer, which is immediately mixed with
EDTA to prevent clotting. Next, the RBCs are isolated by centrifuging the sample at
1000G for 15 minutes, and subsequently aspirating the plasma and buy coat. The RBCs
are stored in a SAGM medium (8.77 gr/l NaCl, 0.169 gr/l adenine, 9.00 gr/l dextrose,
and 5.25 gr/l mannitol), which enables storing for 6-7 weeks at 4  C. However, samples
used for healthy cell testing are never more than one day old. About three hours before
the experiment, RBCs are isolated from the SAGM and transferred into a phosphate
buered saline (PBS) solution (isotone, pH of 7.4). The volume contents of RBCs
(Hematocrit) is about 0.005 then. Some water containing glucose is added (300mM),
which has a concentration as high to preserve medium isotonicity. Hence, the RBCs
can replenish their energy (ATP) levels if necessary, and hence bring their membrane
back in shape (ATP levels inuence cytoskeletal metabolism as well as the phospholipid
arrangement in the bilayer). Additionally, experiments have been performed on ATP
depleted cell, which have turned into echinocytes (RBCs that lost their biconcave shape
and turned into irregular bulged cells).

4.2.3 Experiments and analysis
When the PDMS walls are left untreated, signicant adhesion between red blood
cells and the walls occurs. Also the entrance time and the tracking velocity can be
inuenced by this eect. To prevent the cells from sticking to the walls, the chips
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are ushed for half an hour with a solution of 1% Pluronic F-127, which is a nonionic
surfactant polyol. This forms a hydrophilic layer at the PDMS walls. Subsequently, to
remove excessive surfactant molecules, a rinse with PBS is performed for half an hour.
Both uids are imposed by a syringe pump (Harvard PHD 2000).
Next, a column of 10 mm of PBS seeded with the RBCs, resulting in a hydrostatic
pressure of 100 Pa, is applied to drive the ow with cells through the contraction
model. During the measurements of the echinocytes, a higher pressure was set (500
Pa). Imaging is performed using bright eld microscopy (Zeiss M200), through a 63x NA
0.75 objective. The microscope is equipped with a high speed video camera (Phantom
V9.0, visionresearch), capturing images at a frame rate of 1000 fps (exposure time of
300 s). The eld of view enables the registration of the cell's entrance and exit of the
contraction.
From these movies, the entrance time, tracking velocity, and relaxation time constants are determined. The entrance time is dened as the moment at which the RBC
rst touches one of the contraction side walls until the trailing edge of the cell is at the
same axial position at the beginning of the contraction. When the cell has entered, the
position of the leading and trailing edge of the cell are followed in time by an automated
process: using the axial positions from image analysis with a custom-written algorithm
(Matlab) the tracking velocity is determined. Also for the relaxation phase, an automated procedure is developed using the Matlab image processing toolbox. A background
subtraction increases contrast, from which the body of the cell is located. Next, the
convex body of the cell is taken, which lls parts belonging to the cell, but had too little
contrast to be recognized. On the resulting blob, an ellipse is tted. The relaxation is
determined by tting the development of the minor axis length of the ellipse in time,
with an exponential function of the form

D = Dmax ae
t

t=

;

where D (t ) is the observed minor axis of the t,
relaxation, and  is the relaxation time scale.

4.3.

(4.1)

Dmax is the cell diameter after total

Results

During the passage of the healthy, normal RBCs, a clearly non-axisymmetric situation
was observed. Cells seemed to fold while entering the contraction and unfolded again
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depends linearly on  and

B:

vcr it = 0:1RR0 2+ 4B  200 ms 1 ;
2

in

cap

(4.2)

where R0 is the eective radius of the cell. Note that these simulations are performed
with round capillaries (radius Rcap ), which are imposing less connement than the square
channel in this study, and that the viscosity ratio of inner uid and medium is taken to be
1 (13). Nonetheless, red cell behavior observed in this study is similar to the predicted
behavior by the model, where the threshold velocity seems to match: The bulging front
end and thinning tail, that we occasionally observed, resembles the slipper-like shape, as
vcr it  200 s 1 is near the velocities encountered in these experiments. This makes
the presence of slipper-shapes plausible, although the slipper shape is usually observed
in less conned cases.
The thinning tail has also been noticed by others (341; 378), who give a dierent
explanation: according to Bagge et al., who observed this phenomenon at similar cell
velocities and channel widths, this is a consequence of the redistribution of hemoglobin
(378), but a more thorough explanation is not given.
Above, only the static shape of the RBC in microchannels is considered. However, it
is clear that the passage through the microcapillaries involves the dynamic, visco-elastic
behavior of the cells, including the inuence of viscosities of the cytoplasm, RBC membrane, and the exterior medium. Especially when the capillary diameter is smaller than
the cell size, static and dynamic rigidities would inuence the rate of entry in capillaries,
as well as pressure drop across small vessels (199). This claim is supported by Quinn
et al (2011), who combined experimental and numerical tools: temperature-dependent
measurements and simulations showed that considering ow behavior of the RBC, the
membrane viscosity starts to play an equally important role to that of the medium, when
the RBC is passing below a certain velocity threshold value (374). Additionally, there
has been concluded from experiments in microchannels, that the membrane viscosity
governs the relaxation process with respect to shear elasticity (376; 374), but that the
cytoplasmic viscosity also plays an important role (373).
The folding behavior that we observed in these contraction experiments resembles
the deformation and relaxation experiments with 4 m diameter micropipettes of Evans
et al. (1984), in which also little membrane extension was observed (199). They
correlated the entrance time with 1=B and 1=f , the latter being the material relaxation
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constant in bending dominated deformation, given by (78)
f

 3

m

2
h2 +  dc =Cm
B

(4.3)

in

where dc is the characteristic size for the cell (oblate ellipsoid's major axis length), Cm is
the membrane curvature, and h is the separation distance between the two monolayers
of the bilayer. The rst term describes the inuence of membrane dissipation, while
the second term represents the inuence of the internal viscous dissipation. When
the hemoglobin concentration, and hence the viscosity, and the bending modulus are
considered to be constant over all tested cells, the inuence of cell size on contraction
entrance time can be investigated. However, from our measurements, a correlation
between size and entrance time could not be obtained. A probable cause is a possible
spread in hemoglobin concentration over the cell population, which we did not measure.
The hemoglobin concentration ch varies with cell age and has an enormous inuence on
the relaxation time constant: f at ch = 320 g/L  0.25 s, while f at ch = 430 g/L 
2-3 s (199).
However, with the help of (4.3), we estimated the cytoplasm viscosity  , by neglecting the inuence of the membrane viscosity ( m = 0), taking the cell radius for
D, and taking the value from literature for the bending modulus ( B = 1:8  10 19 J
(201; 43). f is determined from the development of the minor axis of the tted ellipse
during relaxation, see Figure 4.5. However, the curvature cannot be estimated clearly:
the curve radius of the outer half of the membrane is equal to half the channel width,
but the sharp fold in the inner half cannot be quantied. It must be much smaller than
the channel radius, which implies that this curvature is the main source of resistance
to bending at entrance, and the main driving force during relaxation. Thus, (4.3) can
only be used to estimate the absolute minimal cytoplasmic viscosity, which appears to
be  (min) = 3-9 mPas.
In most cases, cell relaxation showed an exponential behavior, whereas other cases are
discarded because of irregular unfolding patterns, which showed a multimode relaxation
process with more than one time scale. The observed single exponential behavior is
in contrast to the micropipette experiments of Evans et al. (1984), who observed a
more or less linear increase in the cell's minor axis. However, an exponential behavior
as observed in our measurement, is expected, because the moment of curvature, which
drives the relaxation process, decreases during unfolding.
For the experiment with the echinocytes, the hydrostatic pressure was about ve
in

in
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times higher than in case of the healthy cells, but the entrance times and tracking
velocities were more than ten times shorter and higher, respectively. It has been postulated that the intracellular viscosity decreases at higher shear rate (30; 381), which
might explain a shorter entrance time of the echinocytes. However, this shear rate dependency is not likely to determine the dierence in entry times, as it was clearly visible
that the deformation mode for the echinocytes was dierent: a more bullet-shape was
observed in the contraction, followed by a parachute-like shape after exiting. Apparently,
the higher pressure dierence results in a too short entry time to fold the cells. Moreover, the biophysical and geometrical state of the membrane is dierent, which could
be in favor of the parachute shape. The resulting deformation is governed by membrane
extension, implying the importance of the membrane viscosity and shear modulus over
the cytoplasmic viscosity (79). The simulations of Noguchi & Gompper (2005), also
suggest an axisymmetric deformation state at these velocities. Although their computations consider a cylindrical, axisymmetric contraction (13), the cell deformation in a
square cross-sectional contraction is similar when it is governed by membrane extension,
as the gutters do not play a signicant role for the shear stress.

4.5.

Conclusion

The dynamics of RBCs are investigated using a microuidics device, obtained with
the soft lithography process. From the passage of healthy RBCs through the contraction models at low velocity, bending behavior is observed. The relaxation time constant
for bending is determined and matches the values given in literature. With this time
constant, an estimation for the cytoplasmic viscosity is obtained. In the case of the
echinocytes, that pass the contraction at higher velocities, a totally dierent deformation state is observed in the form of an axisymmetric parachute-like shape. A possible
explanation for this transition is the much shorter time scale, in which contraction entrance takes place. This implies more membrane extension, such that the shear modulus
and membrane viscosity become more important, compared to the cytoplasmic viscosity
and bending modulus. Although the number of measurements is low, without variations
in parameters such as uid velocity, channel width, or medium viscosity, some insights
into the dynamic behavior of the RBC are obtained.
As the cells under investigation are tightly conned by the walls, cell-wall interaction,
be it physical or (bio)chemical, must be taken into account, which complicates a more
quantitative analysis severely. Moreover, the parameters to be varied are few: driving
pressure and channel dimensions can be altered, but can result in a dierent deforma-
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tion mode, facilitated by dierent microstructural components. This makes a thorough
mechanical characterization of the red blood cell with this experimental setup complex.
Hence, for probing of microstructures and their interplay, and the subsequent detailed
unraveling of red blood cell membrane mechanics a contactless experimental approach
is called for.
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Concepts of the cross-slot setup
The experiment from the previous chapter is illustrative for the use of mechanical
probing methods involving contact between the cell and another solid: although some
insights about the mechanical behavior can be obtained, a more thorough analysis of
membrane dynamics asks for a contactless experiment.
The objective of this thesis is designing, building and testing of an experimental tool
to study the dynamic behavior of red blood cells in a contactless way. The design principle
is to create elongational ow in a cross-slot geometry, with which deformations of cells
can be induced at dierent frequencies and dierent strains, analog to a conventional
rheometer. The cross-slot microrheometer consists basically of two perpendicular microchannels that are equally sized (Figure 5.1, see also (64; 356)). When a balanced
inow is imposed on two opposite sides and the outows are equal in magnitude too, a
hyperbolic velocity eld is formed. When the cell is positioned at the center, it can be
deformed statically or dynamically by the elongational ow, where the stress on the cell
membrane scales with the ow magnitude. The ow is described in principle as a 2D
potential ow with no rotational components (64; 356).
To apply a well-controlled deformation, the RBC must be kept in the center, which
is an unstable situation, caused by the saddle point in the ow: although the cell will
always ow towards the horizontal asymptote because the stagnation point acts as a
potential minimum in that direction, it will always ow away from the center in
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Figure 5.1: Schematic representation of the cross-slot rheometer. The velocity eld is hyperbolic (elongational ow), and can exert stress for longer time on a particle situated in the
center at the stagnation point of the ow. A feedback system is repositioning the particle by
displacement of the stagnation point. This is achieved by changing the outow ratio Q1 =Q2
with a microvalve. The particle under consideration is guided to the center of the geometry
and stabilized. Once there, the particle will be probed by dierent well-controlled oscillatory
and pulsatile ows, such that frequency-dependent material characteristics can be extracted.
The pump system to produce these ows is described in Chapter 6.
outow direction. Therefore, continuous correction has to be performed by an automated system. Cell positioning is achieved by controlling the outow ratio Q1 =Q2
with a metering valve, as a function of the position of the cell (dimension x in Figure
5.1, taking the center of the cross-slot as origin): by varying Q1 =Q2 suciently, the
stagnation point is displaced just beyond the point of gravity of the cell, such that the
cell is forced back to the center of the cross-slot. Through a microscope, images are
captured by a digital camera, which are real-time run through image analysis software,
which extracts the cell's position.
To characterize RBC dynamics, the inow is made time variant. For that purpose, a
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pump that drives pulsatile ow with a frequency of 10's of Hz, and amplitudes down to
10 nls 1 is designed and built. By periodically deecting a steel plate into a rigid uidic
chamber using a voice coil, an oscillatory ow is produced. Making use of the linearity of
the system, the oscillatory ow is superimposed to the steady ow of the syringe pump,
forming a non-zero mean pulsed ow, with tight control over pulse waveform, amplitude
and frequency.
The integration of all features from above forms the essence of the cross-slot microrheometer. To eectively design such a complex setup, which is described in Chapter
6 to 8, rst some physical aspects about elongational ow, particle kinetics, unsteady
ow, and hydraulic system impedance, have to be depicted.
To get a better understanding of what forces act upon the uid and cells in the
cross-slot, an analysis is performed below with the help of some dimensionless groups.
First, the situation of the cell and the surrounding uid is considered on a local basis.
In section 5.2, all forces in the case where the uid is stagnant are quantied. Next, a
cell in a steady ow is considered. The captured cell, which is positioned in the crossslot center, is a special case of this situation, for which the uid stresses on the solid
boundary are described. However, when the cell is being repositioned (during capturing),
or when a pulsatile ow is imposed to the cell, unsteady eects need to be taken into
account, described in section 5.4.
To design the dynamic control system for repositioning of the cell in the cross-slot,
an understanding of the total hydraulic system is required. Therefore, knowledge about
the frequency dependency of the ows through the entire microuidics chip (i.e. on a
more global basis) is essential. The governing equations for the systemic impedance are
described as a low-order model in section 5.5.

5.1.

Characteristic length scales

Often, the denition of a dimensionless group contains a characteristic length scale,
which is chosen to be the hydraulic diameter. The hydraulic diameter aH of the tube or
channel is dened dierently for dierent cross-sectional shapes:

 in case of a circular cross-section (tube), aH equals the ordinary diameter d :
aH
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 For a non-circular cross-section (elliptical), the hydraulic diameter equals
aH

=



(5.2)

A=;

with A the cross-sectional area.
 in case of a rectangular cross-section,
aH

= W2W+HH

(5.3)

where W and H are the channel width and height, respectively. In the limiting
case where W = H (square cross section), aH = W = H , whereas in the other
limiting case where W
H , aH = 2 H .



When the dimension of the cell enters an equation, the characteristic size can be
dened as the cell diameter, dc , or the cell radius, rc .

5.2.

Cell in a stagnant uid

In the situation that the uid is standing still and gravity is neglected, the only source
of energy for particle movement is through thermal energy. Given the Stokes-Einstein
equation (382; 383), a diusion coecient for the cell can be determined:
D=

kB T
6rc

 6  10

14

m2 s

1

(5.4)

:

However, it does not make sense to speak of a diusion coecient when a single cell is
considered instead of a continuum concentration. Therefore, it is better to estimate the
root-mean-squared displacement of the cell within one feedback cycle, driven by thermal
energy:

p

< x2 > =

p

2D t =



2  6  10

14

 1=60  45  10

9

m:

(5.5)

For t the characteristic feedback time step of 1/60 s is chosen, which is the time
step during the cell capturing stage. Note that the displacements caused by Brownian
motion are signicant and of the order of the resolution of the measurement of cell
position.
When gravity is taken into account, the random displacements of the cell are accompanied with a directed movement in the direction of the gravitational eld: a density
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dierence between particle and uid causes migration in that direction. Viscous dissipation must be taken into account, analogous to the case of Brownian motion in 5.4.
Consequently, the gravitational force, Fg , is balanced with the viscous drag force, Fd ,
as described by Stokes (384):

Fg

= ( c

4

f ) rc3 g = Fd
3

=

6rc vg ;

(5.6)

where f and c , are the density of the uid (1.00  103 kgm 3 for an aqueous
medium) and of the cell (1.05-1.10  103 kgm 3 for a physiological hemoglobin solution),
respectively. g is the gravitational constant of 9.81 ms 2 and H = 100 m. vg is the
equilibrium sedimentation velocity, or terminal velocity, of the cell when dominated by
viscous drag:

vg

=

2 f
9



c

grc2  10 8 ms

1

(5.7)

In conclusion, taking friction into account, the ratio between the convective (characteristic velocity U  10 4 10 3 ms 1 ) and sedimentation velocities is about 10 4 . However,
when the cell is captured, the sedimentation velocity vg does have a signicant inuence
on the cell location, as the residence time is long and channel height, H , is low (H =
10 4 m). The solution applied to avoid sedimentation of the cell is described in Chapter
7.

5.3.

Cell in steady ow

Once the cell has been captured and stabilized in the center of the cross-slot, and
the main ow is steady, alterations in ow caused by the feedback system are minute
compared to the main ow. The situation is assumed to be fully stationary in that case.
The unperturbed hyperbolic velocity eld near the center, so without presence of the
cell, or assuming it to be innitesimally small, is described by (349):

vf (x; y; z ) = ( _ x;

_ y; 0)

(5.8)

where _ is the shear rate, which is about 10 s 1 given the channel dimensions and a
characteristic velocity of about 1 mms 1 . x is the unstable direction for cell control,
whereas gravity is neglected here.
At these uid velocities, the ow is not necessarily fully dominated by viscous forces.
The Reynolds number is determined, that gives the importance of the convective forces
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compared to the viscous forces. The Reynolds number,

Re , can be dened in two ways:

 Based on the channel dimension of the uidic domain, the Reynolds number is
10 3  10 4
= 0 :1 ;
(5.9)
Re = UW
!
Re
(max) =

10 6
where U is the characteristic uid velocity, W the channel width, and  the kinef

f

matic viscosity of the uid, which is taken to be water in this case. The value of
Ref = 0.1 states that viscous forces are dominating, but that the convective term
is not entirely negligible.
 Based on the cell dimension, the denition of the Reynolds number is

Re

p

=

Ud 2
W
p

! Re

p (max )

=




10 3 ( 10 5 )2
= 10
10 6 10 4

3

:

(5.10)

Note that the numbers from above are the maximal values for all cross-slot experiments: these maximal Reynolds numbers represent situations with maximal velocities
and lowest viscosity (aqueous medium). When the cell is owing in, velocity of the uid
is kept an order of magnitude lower, such that it can be captured at ease. As a result,
the Reynolds numbers will be an order of magnitude lower, implying negligibility of the
convective terms in the momentum equations.
To further decrease the Reynolds number, the viscosity can be increased, e.g. by
adding dextran to the medium. Consequently, at equal uid velocities the stresses on the
particle go up linearly with the viscosity, which enables the induction of larger stresses.
With a low viscosity medium, however, the non-zero Reynolds number demands for
a more thorough analysis. We consider the case of a small cell, assuming that the
walls of the cross-slot are far away, such that the uid velocity eld far away from
the cell can be taken as uniform. Close to the cell, the inertial forces are negligible,
as the Reynolds number, Rep , is small there. However, further away from the cell,
these forces, although small compared to viscous forces, are signicant, as the Reynolds
number here is non-zero: Ref = 0.1. When inertia, which would give rise to secondorder eects, is neglected, or modeled using a rst-order approximation, errors in the
velocity gradients far away from the cell are made, such that it is impossible to satisfy the
boundary conditions. This mathematical problem is called the 'Whitehead's paradox':
citing Proudman & Pearson (1957), "...the second approximation to the velocity of
ow past a sphere remains nite at innity in a way which is incompatible with the
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uniform-stream condition." This would imply that for an accurate numerical analysis of
a cell in the cross-slot, the mathematical 'matching' procedure proposed by Proudman &
Pearson (385), or complete modeling of the slot, including the walls, must be performed.

5.3.1 Hydrodynamic stresses on the cell
When a red blood cell is exposed to elongational ow, interfacial dynamics must be
considered. Basically, a uid vesicle enclosed by a membrane with still rather elusive behavior is deformed by a viscous ow. To extract the material behavior of the membrane,
a coupling between the membrane dynamics and hydrodynamics must be performed.
However, it is known that the membrane behaves as a shear elastic interface, such that
it resists a surface tension. The elongational ow causes compression and stretching on
the orthogonal axes, whereas o-axis only shear stresses results, as depicted in Figure
5.2. Consequently, the stresses imposed by the elongational ow will mainly shear the
cell.

Figure 5.2: Stress imposed to a circular shaped body by the velocity eld of hyperbolic, elongational ow. Normal stresses on the orthogonal axes compress and stretch the body in y - and
x -direction, respectively. Additionally, the resulting shear stresses on the body cause a shear
deformation.
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A rst analysis can be performed with help of the (elastic) capillary number, which
gives an impression of the shear resistance of the cell. It can be seen as the ratio of
the imposed viscous forces by the uid and the degree to which the membrane resists
shearing:

Ca =

dp _ 


=

10

5

3

 4  10

5  10



6

10

2

(5.11)

where  =10 3 Pas (dynamic viscosity of pure water). _ is the shear rate, which is
estimated to be 2, based on (5.8).  is the RBC membrane shear modulus of  5 
10 6 Nm 1 (24; 77; 317; 62), whose magnitude is characterized by several experimental
methods (see Chapter 1 and 3).
Assuming that the velocity eld in the cross-slot is represented by a pure 2D extensional ow around a (spherical) body, the stresses are dened as follows:
In a linear ow, the uid velocity around a non-rotating sphere with radius a is given
by (386; 354):

u = E  x [1

(

3
a 5
5 a
x (x  E  x )[ 5
) ]
r
2 r

in which the strain rate tensor
diagonal:

E = [ _  e 11

_

E

a5
];
2 r7
5

(5.12)

is represented by the shear rate magnitude on the

e :

(5.13)

22]

When substituting E in equation (5.12) with (5.13) and changing to the spherical
coordinate system, the velocities are written as

ur

=

u =

r
a

a 2 3 a 4
) +
( ) ] cos(2 );
r
2 r
r
a
U [ + ( )4 ] sin(2)
a r

U[

5

2

u  = U sin  cos (cos2 
where the characteristic velocity
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(

sin

U = _a

2

)[

(5.15)

r
a 4
+( ) ]
a r

(5.16)
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Ultimately, the stresses in the midplane of the sphere are:

r

=

r 

=

p+

U
a 3
[2
+
10(
)
a
r

U
[2
a

7( ar )5 ] cos(2);

(5.17)

5( ar )3 + 8( ar )5 ] sin(2)

(5.18)

When integrating the stresses over the sphere, the total drag equals zero (354; 386).

5.4.

Unsteady ow

The ow in the cross-slot can be unsteady for two reasons. First, when frequencydependent material parameters are investigated, periodic pulsatile ows are imposed to
the cell by the diaphragm pump, described in Chapter 6. Second, during the capturing
phase the valve of the feedback system produces pressure and ow waves. The former
is caused by a change of the total resistance of the system when a valve is actuated,
the latter caused by the volume change of the valve chamber during actuation. These
waves, which are not periodic but transient in nature, make the ow in the uidic chip
non-stationary. Moreover, the feedback system accelerates the cell via the uid, such
that particle dynamics and uid-cell interaction must be taken into account. According
to the particle relaxation time r , dened by

r

2
3 (8 10 6 )2
= 18d = 1:05 10
= 5 10
18 10 3
p

c











6

s;

(5.19)

which thus is negligible, the cell follows the streamlines of the uid instantaneously. This
can also be shown by the Stokes number, which is relates the characteristic time scale
of a particle to the characteristic time scale of the ow. The Stokes number, given by
Stk = d U , is  10 4 10 3 in this case, which also indicates that the cell will follow
the streamlines of the uid instantaneously.
The fact that the cell is not innitesimally small, implies that the uid velocity given
by Equation 5.8 is perturbed in the vicinity of the cell. Considering current computer
power, it is impossible to perform a real-time numerical analysis for obtaining the stresses
on the cell. Therefore, the approximation is made that the cell velocity is equal to the
uid velocity at the center of mass of the cell, when the cell would not have been
present. Bentley & Leal (1986) already stated that this has been empirically proven to
be an adequate estimate, even in the case of large cell deformations (348).
r

c
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5.4.1 Periodic ows
The ows produced by the diaphragm pump system, are fully periodic in nature.
These ows can be described by the Strouhal number, which is dened as the ratio
between transient and steady inertial forces:

St =

!aH

(5.20)

2U

where ! is the angular velocity of the ow pulse. At the highest frequencies investigated
4
3  2, indicating
here (up to 120 rad/s) the Strouhal number is Stmax = 120
2  10 =10
the importance of unsteady inertia in the dynamics over steady inertia. Additionally,
outside the cross-slot microuidic chip, channel dimensions are larger, changing U and
aH in an unequal way. Consequently, the Strouhal number there will be even larger,
implying dierent dynamics, as explained in section 5.5.
To address the involvement of viscous forces in periodic ows, the Womersley number
is determined, which is a combination of the Reynolds and Strouhal number (387):
=

p

2ReSt = aH



!
;


(5.21)


In case of the highest frequencies and lowest viscosity, max = 10 4 40=10 6 = 1,
which again emphasizes the inuence of unsteady inertial forces, but now compared to
the viscous forces.

5.4.2 Cell in unsteady ow
Now that the instationary character of the uid ow is clear, the inuence of that
ow on the cell, which is expected to behave visco-elastically, is considered. The cell as
a whole will respond to unsteady ows with a characteristic time scale, which determines
the range of probing frequencies that the ow should contain. So the time scale of the
ow tp should be a factor smaller than the time scale of the cell response tc , which is
typically 0.15-0.50 s, depending on the deformation mode (77; 78). In other words, the
Deborah number (388),

t
De = c
tp

(5.22)

must be larger than 1 to be able to investigate the visco-elastic behavior of the red blood
cell, implying that measurements during periodic ows with frequencies up to 20 Hz are
required.
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The motion of and forces on a small spherical particle in linear motion in an unsteady
viscous ow, are described by the Basset-Boussinesq-Oseen (BBO) equation, which is
a force balance (389):


6

p dp3

dUp
=
dt

3dp (Uf



Up )

3 p
+ dp2 f 
2



t
t0

6

dp3 rp +

pt 1



12

d
(U
 dt f

f dp3

d
(U
dt f

Up )d + Fg

Up )

(5.23)

The left hand side is the rate of change of linear momentum, whereas the ve right
hand side terms stand for
1. Stokes drag, as given by (5.6)
2. force from the pressure gradient to the cell. This term is important when pulsatile
ow measurements are considered.
3. added mass: as a moving body, that is changing its relative velocity compared to
the uid, must displace a certain volume of the surrounding uid, inertia needs to
be added to the system. This is done by adding mass to the cell, which is actually
relating the uid acceleration to a cell body force.
4. Basset force: an unsteady force due to acceleration of the cell relatively to the
uid. It holds the lagging (temporal delay) development of the boundary layer
around the cell, as the cell is changing its relative velocity.
5. other body forces, i.e. gravitational forces.
The arbitrary time-dependent motion of a particle at small Reynolds number is described mathematically using the reciprocal theorem by Lovalenti & Brady (1993). They
included both the convective and unsteady inertia terms, which are not simply additive,
and considered short- and long-term temporal decay of the force on the particle (390).
A subsequent extension of this analysis to drops and bubbles revealed that the history
force term is inuenced by the drop's density and the viscosity ratio. The decay of this
term, mostly governed by the unsteady Oseen correction, happens at dierent rates for
dierent frequencies of drop motion (391). This implies that the time-dependency of
the ow during cell control in the cross-slot determines the total force on the particle,
and hence, its reactive translation, rotation, and deformation.
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However, for sake of simplicity, the BBO-equation is simplied in this case by neglecting some terms. In the case of cell capturing, only the kinematics of the ow are
considered to be important: the assumption is made that the cell is innitesimally small
and that it moves with the velocity of the uid at the point of gravity of the cell, as
described above.
When the cell is deformed, on the other hand, local perturbations of the uid velocity
eld are important, and the local changes alter the stresses imposed to the cell. But, as
only minor readjustments are performed by the feedback system because the cell is more
or less still at the center (i.e. uid and cell accelerations are small), relative velocity
changes are negligible. Hence, the term for added mass and the Basset force are too.
In the current situation, it is unclear what the time scale of boundary layer development is. Also the existence, and more importantly the signicance of a slip layer cannot
be ruled out beforehand, as the dimension of such a layer (of the order of nanometers)
can have signicant eects on the microscopic scale under consideration here (392).

5.5.

System impedance

Above, it has been emphasized that the ows in the cross-slot are mostly unsteady
in nature. Therefore, it is useful to look at the ows in a broader perspective, i.e.
to consider them on the level of the complete chip. To investigate ow dynamics
throughout the dierent channels, we must determine the systemic impedance of the
chip, which is the complex ratio between the applied pressure and the resulting ows.
To achieve this, the impedances per channel are looked in to.
The impedance in the case of an unsteady, incompressible ow through a rigid channel, is given by

P (s ) = R + Is;
Z (s ) = Q
(s )

(5.24)

where s is the complex variable of the Laplace transform. The inertance of the uid (I),
is modeled as an inductor, whereas the viscous dissipation is represented by a resistor
(R). The elements are put in series, as depicted in Figure 5.3a.
When the uid is compressible (e.g. there is gas present in the uid) and/or the
channels are not rigid, a compliance (C) is involved. Consequently, an element in the
form of a capacitor is added to the system representation (Figure 5.3b). In this case,
it is useful to determine the complex transfer gain from the entering ow, Q , to the
outgoing ow Q . By solving the 2nd order linear dierential equations, the following
in

out
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transfer function is obtained:

!n2
Qout (s ) =
(5.25)
Qin (s ) s 2 + 2!n s + 1 ;
in which !n and  are the natural frequency and damping constant, respectively, given
by


!n = p ;
 = R2 CI
(5.26)
IC
The system parameters ( R; I , and C ) are still unknown. From the dimensions of the
1

channel geometries, the resistance and inertance can be determined for dierent channel
cross-sections. To determine the compliance, a more detailed analysis of all hydraulic
components must be preformed, as is depicted in the third subsection below.

Figure 5.3:

scheme of impedance, in case of a rigid microchannel (a), and in case of a compliant

microchannel (b).

5.5.1 Resistance
The hydraulic resistance of a straight channel can be obtained from the momentum
equations, assuming steady viscous fully developed ow (393). Considering the resistance of a round tube with length L, a Poiseuille prole is formed, which results in the
following relation between pressure and ow:
t
Rtube = (8aL=2)
4
H

(5.27)

The resistance of a rectangular channel is given by (394; 395)
inf
Lc [1 H ( 192 
nW ))] 1 ;
1
tanh(
Rrect = 12
3
5
5
WH
W  n;odd n
2H
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which for high aspect ratio's simplies to

Lc :
Rslot = 12
W H3

(5.29)

5.5.2 Inertance
The inertance is determined by assuming unsteady inviscid fully developed ow. This
results in an inertance of

Itube = (af L=t2)2

(5.30)

H

for a tube with circular cross-section, and an inertance of

Irect = Wf LHc

(5.31)

for a channel with a rectangular cross-section.

5.5.3 Compliance
The system compliance can originate from multiple sources. When using elastic
tubing at relatively high pressure changes, tube compliance comes into play, which is
dened as the volume change per change in intraluminal pressure: Ctube = dV=dp . Ctube
can be determined by calculating lumen increase in a cylinder with inner radius ri and
outer radius ro . When the wall thickness ro ri is smaller than 1=10ri , the tube can be
considered thin walled, implying that circumferential or hoop stress may be considered
equal in radial direction within the wall, such that the compliance is given by
2
Ctube = 2 1 hE ri3 Lt :

(5.32)

When the tube is thick walled, the hoop stress varies over the wall. A rst order
approximation of the compliance is
2
2
Ctube = 2E ( rro2 + rri2 +  )ri2 Lt :
o

i

(5.33)

Determining the compliance of a rectangular channel is more complicated, as the
exact geometry of the surrounding structures have to be taken into account. Hence, it
is beyond the scope of this analysis.
When a deecting diaphragm or membrane is present, as in case of the micropump

501191-L-bw-vdBurgt

5.6. Conclusion | 131
and feedback valves, respectively, the appropriate solid mechanics equations should be
used in determining dV =dp , see Chapter 6.
Additionally, the compressibility of the uid and dissolved gas in the medium can
contribute largely to the system compliance. These eects can be superimposed (396):

Cf

= ( 1 + p

)Vf ;

(5.34)

f

where is the uid bulk modulus (2.2 10 9 Pa for water (394)),  the eective gas
volume per unit of uid volume, and  the ratio of specic heats of gas and uid (1.4
for air (394)), which is needed when an adiabatic process is considered. pf and Vf are
the pressure and volume in/of the uid, respectively.

5.5.4 Exact hydraulic impedance
Concerning (5.24), it is conspicuous that the two terms are originating from two
very distinct ow cases. The assumptions above give errors caused by the lack of mass
eects in determining the resistance and the lack of viscous eects in determining the
inertance. Therefore, the exact impedance can dier substantially from the simplistically
calculated impedance above. In underdamped microuidic systems with dimensionless
frequencies (which is dened as the Womersley number squared, 2 = !a2 = ) between
1 and 1000, the impedance should be modeled exactly. Otherwise errors up to 30 % in
amplitude could occur (393). Here, when a dynamic ow with a frequency of 10 Hz is
applied through the chip, only the lower bound of the critical frequency range is reached.
Moreover, when the medium viscosity,  , is increased, the Womersley number decreases
with the square root of  , such that the impedance approximation fullls.

5.6.

Conclusion

In this chapter, an analysis of all involved forces during dierent phases of the experiment is performed. Steady inertial forces can be neglected, as they are dominated
by viscous forces. However, the instationary inertial forces are signicant, and in some
cases higher than the viscous forces. Also thermal forces are of inuence, as Brownian
motion can cause signicant cell displacements within one feedback cycle. Moreover,
gravitational forces are present in the form of a buoyancy eect. The resulting cell
displacement and deformation, as a reaction to all of these forces, must be cancelled
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to keep the cell in the center of the cross-slot. In terms of stress exerted onto the cell,
the capillary number indicates that noticeable deformation should take place under the
higher ows that are feasible with the cross-slot setup.
Additionally, the cell and ow dynamics are addressed. The assumption is made,
that the cell is purely moved by the kinetics of the uid, without going in too much
detail. However, this could seem to be insucient during the numerical analysis of the
dynamic behavior of the cell, as boundary layer development and the existence of a slip
layer are not taken into account. These phenomena could be signicant during unsteady
ow measurements, considering the microscopic size of the cell.
Concerning the ows entering and exiting the cross-slot, it is essential to design the
system impedance in a way satisfying the desired dynamics. This is crucial when periodic
ows are imposed. The combination of system resistance, inertance, compliance, and
the uid actuators (micropump and valve actuator) is governing the dynamics of these
ows. When ow frequencies higher than 120 rad/s are considered, the exact impedance
should be determined, as otherwise large errors can result.
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Pulsatile pump system
6.1.

Introduction

The last thirty years, various micromachining techniques were introduced, which
opened the eld of MEMS and microuidics. The need to displace uids at small scale
followed, which resulted in the design and evaluation of dozens of microscale pumps.
(for extensive reviews, see (397; 398; 399; 400; 401; 402; 403)). Micropumps are classied according to their pumping mechanism and actuator principles. In displacement
micropumps, a moving boundary or liquid displacement exerts a pressure force, while
dynamic micropumps rely on a direct energy transfer to the uid to be pumped. The
former usually generate pulsatile ow, the latter drive the uid in a continuous, constant
manner (399). The focus here is on diaphragm displacement micropumps, where a solid
diaphragm is deected into a valve chamber to push uid forward. These pumps can be
equipped with passive check valves with moving parts (aps (404) or balls (405; 406)),
or non-moving valves (e.g. Tesla microvalve (396)),
The content of this chapter is based on:
René C.H. van der Burgt, Patrick D. Anderson, Jaap M.J. den Toonder, Frans N. van de Vosse,
A microscale pulsatile ow device for dynamic cross-slot rheometry, Sensors and Actuators A:
Physical 220, 221-229 (2014).
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or be valveless (nozzle-diuser design (407; 408), vortex areas (409)).
Actuation is performed in several ways, among which piezo-electric (410; 411; 412;
413) and electromagnetic or voice coil actuators (405; 407; 410; 414) are most popular.Often, the pump is integrated with a uidic system, ranging from lab-on-a-chip
(415) or micro-total-analysis sytems ( -FACS, -ELISA or -mass-spectrometer (416))
to miniaturized fossil fuel cell batteries (417).
During characterization of these pumps, the focus has been on the eciency and
absolute net ow: how can a maximal net ow be produced with a minimal amount
of power input. However, for some applications, such as the culturing of endothelial
cells in a microuidic channel, the periodic pulsatility is of interest, whereas eciency
is of secondary importance. Another application is experimental characterization of
dispersion-induced boundary layer mixing, demanding two well-controlled pulsatile ows
in counter-phase (418).
In the current work, a device is developed that can serve as a pulsatile ow pump
for a microuidic rheometer, in which complex micromaterial behavior (microgels, cells,
elastic capsules) can be mechanically probed. The micro-rheometer is based on a crossslot setup, which consists of a microuidic chip with crossing channels, a metering valve,
and a feedback system. With the cross-slot setup, in which elongational ow exists, such
as in the four-roll-mill (348), a particle can be captured (Figure 5.1, unpublished, similar
to the hydrodynamic trap of (356)). When captured, hydrodynamic forces are used
to apply stress to the particle. From the observation of the resulting deformation, the
rheological properties of the material can be found.
To extend the cross-slot principle towards a micro-rheometry setup, the inow of the
device should be made pulsatile (non-zero mean ow) with well-controlled period and
amplitude, such that frequency-dependent behavior of the matter under investigation can
be characterized. For that purpose, a pump that drives pulsatile ows with a frequency
of tens of Hz, and amplitudes down to 10 nl/s 1 , is required. Although literature
concerning micropumps is abundant, to our knowledge no data of instantaneous ows
(i.e. waveforms) at these scales have been published.
State-of-the art syringe pumps could not deliver sinusoidal pulsatile ows via the
programming function (Harvard PHD 2000, Harvard Apparatus) or the command line
option (Nexus 3000, Chemyx). Hence, a pulsatile micropump system is needed, with
which the ow waveform is well-controlled and easily tunable. To our knowledge, such
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a device is neither commercially available, nor published about.
Altogether, our goal is to design a pump system, which produces pulsatile ows that
are well-controlled in terms of amplitude, frequency, and pulse shape. In the rest of this
chapter, a motivation for the specic design is given, in which the ow is produced in an
open-loop driven way. During the design phase, aspects concerning geometry, system
dynamics, and uid actuation, are taken into account.
Next, to assess the quality of the waveforms the microscale ows are measured with
high temporal resolution, using micro particle image velocimetry ( -PIV). Third, the
results of steady, oscillatory, and pulsatile ow are presented, as well as passive and
active noise responses. This should demonstrate the behavior of the pump system,
as well as its capabilities. The dynamic behavior of the system can be explained by
discussing dierent physical phenomena. These insights can be used to gain full control
over the ow waveform.

6.2.

Materials & Methods

6.2.1 Pump system design
The exact computation of impedance in oscillatory microow is not straightforward
(393). However, we assumed that our system is linear and time invariant (LTI system), such that a pulsatile ow can be generated using a syringe pump and a reciprocal
diaphragm pump in series: according to the superposition principle the constant and
oscillating ow are summed (419). This has successfully been applied in larger linear
hydraulic systems (420).
The produced pulsatile ow of the pump system equals the stroke volume per unit of
time: Qpulse = Qsyringe + lim Vstroke =t . The required ows impose restrictions to the
t ! 0
geometry and dimensions of the pump (Figure 6.1a). The maximum ow amplitude is
dependent on the pulse frequency: when the mean ow Q = 100 nls 1 , and the minimum
1 . This implies that
in the pulse lies at zero, the necessary stroke volume Vstroke = Q  2f
a frequency of 0.1 Hz demands a volume displacement of 159 nl. On the other hand,
at higher frequencies and low amplitudes, the necessary stroke volume is reduced and
noise suppression becomes more important.
To be in the right range of frequencies and ows, an axisymmetric valve chamber
(radius a = 6.5mm, height Hc = 2mm) holds a circular plate with a thickness of h =
200 m,. An O-ring between the diaphragm and the lid of the pump, which is fully
compressed to make steel-to-steel contract, ensures sealing of the chamber. More-
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over, by using a bending elastic plate in combination with the O-ring seal, hysteresis,
stick-slip, and compliance are largely avoided, whereas accurate plate position control is
straightforward (see actuation section).

Figure 6.1:

(a) Schematic overview of the pulsatile pump setup, where a syringe pump is put
in series with a diaphragm pump. A voice coil deects a stainless steel membrane (with radius
a = 6.5 mm, and thickness h = 200 m) into a chamber of height Hp . Deection y over the
radius r is given by (6.3). By making Rup
R, the ow pulse will mainly travel downstream. A
compressed O-ring in a separate chamber seals the pump housing, without adding compliance.
(b) shows a schematic representation of the plate deection: the stainless steel plate with
thickness h is clamped over its circumference at radius a, as it is deected by the actuator with
a force FL , which acts on a small disk with radius r0 . In (c) a scheme of the impedance of the
diaphragm pump system is shown, which is governed by a hydraulic resistance (R) that covers
the uid viscous dissipation, an inductor (I ) that stands for the unsteady inertance of the uid,
and a compliance (C ) that covers the elasticity of the diaphragm and compressibility of air in
the uid. V
is the input signal of the current driver, whereas Q
is the output, which is
measured.



input

out

Dynamics
Concerning pulsatile ow, frequency-dependent behavior is crucial for creating welldened ow pulses. Any compliance in the system in combination with the large hydraulic
resistances of the narrow channels downstream of the pump, will act as a low-pass lter
such that higher frequencies are damped more. To avoid compliance, setup components
are made rigid by fabricating them out of stainless steel: a circular stainless steel plate is
periodically deected into a rigid uidic chamber, where plate deformation is fully elastic.
This implies a negligible damping by the plate itself, at least for the range investigated
here.
The impedance of the diaphragm pump, including tubing, is schematically given in
Figure 6.1c. The inertia forces on the uid play a signicant role at higher frequencies
in these microuidic circuits (421). As the Reynolds number, Re , that is the ratio
between steady inertia and viscous forces, is small ( Remax = at  Vmax = = 0:05, with
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Vmax the maximum mean velocity, at the tube radius, and  the kinematic viscosity),

steady inertia forces can be neglected. However, the Womersley number , that relates

the unsteady inertia forces to the viscous forces, is larger than 1:
= at  ! = 3:5,
where ! is the angular velocity. Consequently, unsteady inertia is signicant. Inertance
I is highest in the connector tubing, which is given by

I=

Lt
= 7:9  108 kgm
at2

4

(6.1)

;

where  is the uid density and Lt the tube length.
The main contributor to the hydraulic resistance, R, is the resistance of the rectangular glass duct of width W and height H , where the velocity measurements are
performed, see section 2.2.1. The value of R is given by (395)

R=

12L
[1
W H3

inf
H 192  1
nW
tanh(
( 5
))]
W  n=1;3;5 n5
2H

1

= 3:8  1011 kgm 4 s 1 ; (6.2)

where  is the dynamic viscosity and L is the channel length.
To make sure that the oscillating liquid displacement will not travel upstream to
the syringe pump, where some compliance is always present, a hydraulic resistance,
Rup , relatively large compared to the downstream impedance is placed between the two
pumps.

Liquid actuation
A choice for closed-loop ow control can be made, such that a dierence between
the reference ow (desired ow) and the actual ow is corrected for by a sensor-actuator
system. However, ow control on a microscale level is not trivial, as sensors and actuators need to be more sensitive than in macroscopic systems. On the scale of nls 1 , it
is not straightforward to measure the ow with sucient sensitivity without inuencing
the ow itself. Moreover, corrections demand for a fast and accurate actuator ( ms
and < nls 1 , respectively), with preferably linear behavior around the working point.
A simpler approach is taken here, where an open-loop system is designed, built, and
calibrated. Plate deection is always governed by pure bending mechanics when the
following criteria are met (422): the plate is at in the non-deected state, deection
is less than half the plate thickness h, and the thickness is less than a quarter of radius
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a. Furthermore, all forces on the plate must work on it in normal direction, resulting in

deformations that are within the linear elastic limit. The design of the present diaphragm
pump fullls these demands as the maximal deection ymax = 0.62 m at 0.9 N ( current
of 1.3A). Hence, the deection and stroke volume are proportional to the force exerted
on the plate. Considering that the plate is fully clamped at its circumference and the
force is exerted on a small concentric disk with radius r0 (Figure 6.1b), the deection y
over the radius r is given by (422)

y (r ) = F L

a2
(1
16D

r 2
(( ) (1
a

r 2
ln( ) )))
a

(6.3)

in which FL the total force to the plate and D the plate constant given by
D=

Eh 3
12(1

p2 )

(6.4)

where E is the Young's modulus and p the Poison's ratio. The stroke volume can
simply be found by computing the integral of revolution of (6.3).
A linear voice coil actuator is used (LVCM013-013-02, Moticont), exerting a force
proportional to the current through the coil. When using a current source, pump actuation is run in open-loop: coil self-induction is canceled. Moreover, the counterelectromotive force is negligible, as the displacements are in the order of a micron.
In that way, a linear scaling between driving signal (voltage) and uid displacement is
achieved.
Additionally, the plate is prestressed by the actuator, such that it is pushing the plate
during the entire period. This makes plunger-plate xation redundant.

6.2.2 Measurement setup
A model, built with the real-time workshop of Matlab Simulink, runs at 10 kHz on a
quad core desktop computer to drive the actuator and log electronic data. The pulsating
signal for the pump is sent over Ethernet to an Ethercat D/A converter (Beckho
EL3102).
This signal passes a 1st order low-pass lter (cut-o frequency, fc = 36 Hz) to lter
out electronic background noise. Signal components with frequencies above the cut-o
frequency, fc , are damped with 20 dB per decade, such that frequency components of
50 Hz and above are signicantly damped. Then, the ltered signal goes to the current
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driver (TU/e DACS, inhouse manufactured).
The ltered signal, as well as the camera trigger signal, which is used to synchronize
ow and driving signal, are logged (A/D converter, Beckho EL4132).
A steady ow is produced by a syringe pump (Harvard PHD2000, USA), using a 250
l gastight glass syringe (Hamilton). The diaphragm pump is connected with PE tubing
(1.6mm OD, 0.7mm ID), where a stainless steel capillary with multiple contractions is
placed near the entrance to create extra impedance. From the exit of the diaphragm
pump, the uid ows towards a rectangular glass tube (inner dimensions: 2 x 0.1 mm),
in which the ow measurements take place.

Flow visualization
The uid is seeded with 1.0 m diameter uorescent polystyrene beads (FluoSpheres
505/515, Invitrogen). Bead patterns are assessed using a uorescence microscope (Zeiss
M200, 63x NA 0.75 LD objective), equipped with a high speed video camera (Phantom
V9, vision-research). This combination ensures a high enough spatial and temporal
resolution, and sucient light sensitivity (exposure time texp = 300 s). Hence, bead
images are hardly streaked by their movement during the exposure.
The maximal depth for imaging using uorescence microscopy is limited, such that
the camera focus is set just above the plane of symmetry of the glass tube, at 33
m depth. From the bead patterns velocity elds are determined using particle image
velocimetry (PIV), as described below.
-PIV

analysis

Before the PIV analysis can be performed, the recorded out-of-plane uorescence
signal, that lowers the image contrast, must be removed. Out-of-focus particles appear
as blurred, larger disks, that move slower or faster, caused by the velocity gradient in the
channel. High-pass ltering in the frequency domain (FFT-algorithm in ImageJ, cuto
of 10 pixels) partly removes out-of-focus bead images, which are further suppressed by
thresholding.
Filtered images are divided into smaller interrogation areas of 128x128 pixels (75%
overlap). The interrogation area size is chosen such that enough beads (typically 15
to 20) are in focus per area while imaged. Moreover, the combination of area size and
camera frame rate, ensure that the velocity range is sucient to capture all investigated
ows. Two bead patterns in an interrogation area, one time step apart, are crosscorrelated using GPIVtools (423). The position of the correlation peak with respect
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to the center of the window, divided by the frame rate, gives the uid velocity in that
specic area. By performing this correlation over all interrogation areas and consecutive
time steps, a two dimensional velocity eld in time is obtained (424; 425).
As numerous outliers are present in the velocity elds, especially because of the
poor lighting conditions, a spatial data validation procedure has to be performed. First,
extreme outliers are removed by thresholding with the maximum measurable velocity.
Next, assuming that the velocity elds are uniform, peaks lying outside one standard
deviation from the mean velocity of the vector eld are removed. Last, the velocity
elds are subjected to the normalized local median test (426), with a radius of 3 pixels
and a threshold of 0.2. Eventually, the measured velocity vectors are averaged per time
step and scaled to a ow, using the syringe pump ow settings.

6.2.3 Pump characterization
Steady and oscillatory velocity measurements are performed to calibrate the openloop response. The steady ows, that are known à priori as they are set by the syringe
pump, can be used to convert the uniform velocity elds to a ow. Subsequently, these
results are used to create pulsatile ows, in which the minimum is near zero.
During both oscillatory and pulsatile ow experiments, measurements at dierent
amplitudes (V
= 0.25-1.00 V) and frequencies (1-16 Hz) have been performed. The
quality of the measured ow is determined by a signal-to-noise ratio (SNR), which is
dened as the signal magnitude (amplitude of the imposed frequency component) divided
by the sum of the other signicant frequency peaks in the spectrum. By registering the
trigger and ltered electronic signal, magnitude and phase shift information has been
obtained, which can be visualized in Bode diagrams.
Passive and active noise measurements are performed to evaluate background noise
and the open-loop frequency response function. Furthermore, extra insights into the system behavior are obtained by performing frequency-dependent deection measurements
on the bare plate with a laser triangulation distance meter (LK-H1W, Keyence).
Last, results of some special cases, being non-sinusoidal ows, are given to demonstrate the versatility of this pump system.
input

6.3.

Results

6.3.1 Steady ow
Table 1 displays the uid velocities, measured with -PIV, of 3 dierent steady
ows, which make up a total of 22 measurements. Per measurement, 257 images
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are shot during 1 s, from which 256 velocity elds are determined. These velocities
are proportional to the ow set on the syringe pump. The conversion factor between
measured velocity and the actual ow comes down to 1 ms 1  0.70 ( 0.01) nls 1 .

Table 6.1: Overview of the 3 steady ows measured with PIV in the current setup.
Syringe pump ow
33.3 nls 1 (n=10)
50.0 nls 1 (n=4)
66.7 nls 1 (n=8)

mean velocity
47.7 ms 1
70.4 ms 1
97.8 ms 1

standard deviation
4.7 ms 1
10.7 ms 1
8.6 ms 1

6.3.2 Oscillatory ow
In Figure 6.2a and 6.2c, two oscillatory ow measurements of 2 and 16 Hz, respectively, are shown. Their frequency spectra in Figure 6.2b and Figure 6.2d show, next to
the ground frequency peak, concentrations of energy around specic frequencies: higher
harmonics are clearly present in most cases. The velocity amplitude in the oscillatory
ow experiments shows a linear scaling with the applied voltage, as shown in Figure
6.2e. On the contrary, the relation between amplitude and frequency is linear only up
to 4 Hz, after which leveling occurs (Figure 6.2f). The error bars represent the spread
where n=3. The mean amplitude and the mean SNR are given in Table 2. The ows
of the measurements at the lowest voltage amplitude and lowest frequency have the
lowest ow amplitude and the lowest SNR (  12). On the other hand, the higher ow
amplitude measurements are less troubled by noise (SNR  20).

6.3.3 Pulsatile ow
The uid velocity, and corresponding frequency spectrum of two pulsatile ow experiments are shown in Figure 6.3a and 6.3b, respectively. Here, also the syringe pump
is switched on, which contributes to a more noisy ow than in case of the

Table 6.2: Summary of the mean amplitudes and SNRs of the oscillatory ow experiments,

averaged over 3 measurements (n=3).
!
#

voltage
frequency
1 Hz
2 Hz
4 Hz
8 Hz
16 Hz
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0.25 V
mean ampl.
15.0 ms 1
25.6 ms 1
44.8 ms 1
53.4 ms 1
51.6 ms 1

SNR
11.4
13.2
27.6
28.5
13.2

0.50 V
mean ampl.
30.7 ms 1
57.1 ms 1
100.9 ms 1
123.8 ms 1
112.1 ms 1

SNR
20.2
20.3
16.7
23.7
22.6

0.75 V
mean ampl.
45.3 ms 1
87.3 ms 1
156.1 ms 1
186.7 ms 1
178.3 ms 1

SNR
14.0
15.3
23.9
26.3
22.0

1.00 V
mean ampl.
59.1 ms 1
116.6 ms 1
199.2 ms 1
-

SNR
11.5
16.4
11.1
-
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Figure 6.2:

(a) Spatially averaged velocity in time for an oscillatory ow experiment: Driving amplitude is 0.75 V,
frequency is 2 Hz. (b) shows the frequency spectrum, where the signal peak at 4 rads 1 is clearly visible. Furthermore,
the 1st harmonic is found (8 rads 1 ), which is used to determine the SNR of this measurement: SNR = 22.1. (c)
and (d) show similar data, but now for a driving amplitude of 0.50 V and 16 Hz. As expected, the signal peak is
located at 32 rads 1 . The 1st harmonic is present again, but the 2nd is unexpectedly higher in magnitude. In (e)
and (f) the velocity peak values of all oscillatory ow experiments are visualized. (e) shows the scaling between ow
and actuation voltage for the 5 dierent frequencies, and (f) shows how the peak velocity scales with frequency.
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oscillatory experiments. Higher harmonics are again distinguishable from the noisy spectrum.

6.3.4 Noise measurements
The result of a velocity background noise measurement, in which the uid should be
at rest, is shown in Figure 6.4. Looking at the frequency magnitude spectrum, some
signicant concentrations of noise are found at certain frequencies (112, 81, 186, 10
Hz, from highest to lowest magnitude). However, magnitudes are low enough to have
insignicant inuence on the ows under consideration, which typically have a velocity
magnitude of 50-200 ms 1 .

Figure 6.3:

In (a) the time domain results of two pulsatile ow experiments with a pulse

frequency of 4 Hz, and a mean ow of 33 (black curve) and 67 nls

1

(grey curve) are shown.

The minimum velocity in the pulses is almost zero when actuation voltages of 0.25 and 0.50 V
are used for the 33 and 67 nls

1

mean ow, respectively. In (b), the frequency spectra of both

measurements are shown.

The uid velocity response on the applied band-limited white noise (0-5 kHz) is
represented by the blue graphs in Figure 6.5. The red data in Figure 6.5b are the
results from all oscillatory experiments, which lie on top of the noise plot. All voltages
per frequency tested are normalized and subsequently averaged, permitted by the linear
scaling of uid velocities with driving voltage, observed in Figure 6.2e. The frequencydependent relationship between the measured uid velocity and the applied actuator
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input voltage is given by the following transfer function, claried in the discussion section:
!n2
2
s + 2!n s + !n2

vuid (s )
= As
Vact (s )



A = 1020;

p1 = 72 ;



1

s + p1

p2 = 134;

where A is the amplitude scaling and
electronic lter.



1

s + p2

;

!n = 134;

(6.5)
 = 1:80;

p1 is the location of the stable pole of the

Figure 6.4: Passive noise measurement with the diaphragm under a light prestress (0.2V).

The ow is oscillating around a small oset, with the strongest frequency component at 112
Hz. Additionally, a signicant amount of energy is focused between 81 and 186 Hz, and some
around 10 Hz. These components are also present when the actuator is oine, from which can
be concluded that these are mechanical vibrations always present in the system.
The rst order subsystem with pole p2 comes from a hydrodynamic eect (see
discussion). !n and  are the natural frequency and damping constant of the system,
respectively, which are typically present in a linear 2nd order system as suggested in
Figure 6.1c. The transfer function is represented by the black curve in Figure 6.5b and
ts the experimental data up to a frequency of about 500 rads 1 ( 80 Hz).

6.3.5 More complex ow cases
The results of ow experiments that have a more complex frequency spectrum, are
shown in Figure 6.6b-d. To compare, a sinusoidal oscillatory ow is shown in Figure
6.6a. In case of the square wave ow (Figure 6.6b), a relatively long rise time and an
overdamped response is observed. Also shown are the time derivatives of the driving
signals, synchronized with the measurements, which stand for the velocity of the pump
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Figure 6.5:

(a) the frequency spectrum of the active noise measurement in blue, where the
smoothed version is depicted in red for showing the shape of the curve better. In (b) a Bode
diagram of the same data is displayed in blue. The red dots are the data points taken from
the oscillatory ow experiments, which are per frequency averaged over all voltages. The black
curve is the tted transfer function of (6.5).

diaphragm (proportional to the stroke volume). The phase shifts between uid velocity
and driving voltage are clearly visible.

6.4.

Discussion

We introduced a pump system design for dynamic cross-slot rheometry, based on a
diaphragm reciprocal pump, which is capable of producing microscale pulsatile ows with
well-dened ow waves. Pulses with nonzero mean ow with frequencies of 0.1-20 Hz
and amplitudes of 10-100 nls 1 can be obtained, where the pulse shape is controllable.
Furthermore, particle image velocimetry appears to be a suitable method for microuidic
ow assessment. By making use of a high speed video camera and a continuous light
source in combination with uorescent beads, sucient temporal resolution is obtained
to characterize the present microuidic pulsatile pump system.
The measured velocities in stationary ow experiments are proportional to the applied
ow, as expected. Concerning the cases of oscillatory ow, a linear scaling of the
amplitude with frequency was expected over the entire frequency range, which was
rather low in this research. However, at ow frequencies of 8 and 16 Hz (Figure 6.2f)
damping is observed. This behavior is consistent with the active noise response plot
of Figure 6.5a, which is found to resemble ow graphs in literature, e.g. Figure 10 in
(406).
Physical phenomena concerning the damping in these kind of microuidic devices
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Figure 6.6: plots of four dierent uid velocity waves: (a) oscillatory sinusoidal ow, (b) square

wave ow, (c) triangular ow, (d) ow as a result of a physiological blood pressure curve as
input. The time derivative of the input signals are shown in light grey.

have been identied. First, the dominant eect is the system impedance of the hydraulics
(pump chamber, tubing, and other channels), that can be described as the lumped
parameter model of Figure 6.1c. Second, hydrodynamic eects involved in oscillatory
ow, like Womersley velocity proles, inuence local velocity measurements, when the
unsteady inertia forces become comparable to the viscous forces, which is the case at 8
Hz and higher.
Below, these phenomena are considered one by one: the contribution of each eect
on the frequency response function (6.5) is determined by modeling the phenomenon
under consideration and quantifying the model parameters. Hence, à priori known physics
concerning this problem lead to a t of the model to the oscillatory ow data and the
active white noise response in Figure 6.5b. Eventually, this model can be used to further
improve ow waveforms.
The transfer function zero (rst term of (6.5)) is caused by the fact that the ow
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scales with the velocity of the diaphragm, implying Q = dVstroke =dt = A  dVinput =dt .
This derivative gives a transfer function zero at s = 0, multiplied by gain A. Hence, the
nominator of (6.5) becomes, A  s .
When the inuence of the uid is neglected, the diaphragm dynamics are described
by a mass-spring system: y = Mk y , where y is the central deection of the plate. The
spring constant, k , of the plate is high (k = Eh3 =0:217a2 = 1:66  105 N/m (411)),
and the equivalent mass, M , would be the mass of the membrane and actuator body

(7.8 g in total). The expected natural frequency would be f0 = k=M=(2 ) = 734
Hz. In accordance, the 'dry' deection measurement in air using a laser triangulation
meter gives a resonance frequency fres = 714 Hz. However, from literature it is well
known that the instationary inertia of the uid greatly reduce the natural frequency of
the pump (411; 421). Additionally, a squeeze eect, that is based on the Reynolds
equation, as described by Dinh and Ogami (427), could subsequently increase damping
of ow by two orders of magnitude, depending on the frequency. However, the squeeze
eect seems to be of minor inuence here, as the pump chamber is relatively high (2.0
mm).
Now that it is clear that resistance, inertance, and compliance are all contributing
to the impedance of the pump system, the system can be modeled by the resistanceinertance-capacitance (RIC) circuit from Figure 6.1c (396). Although later corrections
to this linear approach have been proposed by calculating the impedance for oscillatory
ow in microchannels exactly by taking Womersley velocity proles into account (393),
the low-order approximation should be sucient in the range of Womersley numbers we
investigate here (up to = 3.5). The RIC circuit translates into a second order transfer
function in the Laplace domain with two complex poles (428), which forms the second
term in (6.5). The natural frequency !n = p1IC , and the damping constant  = R2 CI .
As the dimensions of the channels, that play a signicant role, are known, the values
for I and R are calculated using (6.1) and (6.2), respectively. It appears that the main
contributor to the total inertance is the uid in the tube between the diaphragm pump
and the measurement channel, while the resistance is largely determined by the narrow
rectangular measurement channel.
The compliance component has two contributors, namely the membrane and the air
present in the pump chamber's uid (396). As the pump chamber and the membrane
are thick components of stainless steel, the pumps compliance is negligible. However,
the air present in the uid turned out to be determinant in the systemic compliance. The
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exact value for C is unknown, and therefore, C is one of the tting parameters in (6.5),
together with the magnitude gain, A. The tted compliance is 7:1  10 14 kg 1 m4 s2 ,
which is of the same order of magnitude as the estimated compliance of a pump chamber
volume of water fully saturated with air: Csat = 4:3  10 13 kg 1 m4 s2 (see equation 8
in (396)).
The pole of the 3rd term of (6.5) is determined by the passive low-pass lter in the
electronics. The Laplace representation of this rst order subsystem contains a stable
pole, which lies at p1 = 72 (fc = 36 Hz), whereas the lter DC gain, obtained by
measurements, is 0.68 and is part of the total magnitude gain, A, from above.
A phenomenon that partly explains the the dynamic behavior at higher frequencies, is
the presence of inertia induced alterations of the assumed Poiseuille prole (Womersley
proles). Dependent on the Womersley number, which can also be explained as the
ratio of viscous boundary layer penetration depth and the channel height, the velocity
prole changes (387): the core of the ow will be more dominated by unsteady inertia
forces, causing a lower maximal velocity and a phase lag in the measurement volume.
In the case of a ow oscillating at 16 Hz, the Womersley number in the measurement
channel, , is about 1, such that the velocity prole has undergone a signicant change,
displayed by the centerline velocity shown in Figure 6.7. Here, the centerline velocity is
theoretically calculated according to

vz (r; t ) = Re (

i
(1
!

J0 (i 3=2 r=R) d p^
)) cos!t;
J0 (i 3=2 ) dz

(6.6)

where J0 is the zeroth order Bessel function of the rst kind, and ddzp^ is the harmonically
varying pressure gradient in axial direction of the channel.
This behavior can quite well be represented by a rst order damped system in the
frequency range investigated here resulting in a stable pole located at - p2 = 134
in (6.5). Conclusively, the instationary inertia forces not only change the systemic
impedance, but also the centerline velocity in the measurement duct as a function of
frequency.
The transfer function (6.5) ts the experimental oscillatory measurements, including
the phase shift between driving signal and the measured ows, and explains the sudden
damping of the measurements at 8 and 16 Hz (Figure 6.5b). It also follows the active noise response quite well to about 500 rads 1 ( 80 Hz). Now that this relation
between velocity magnitude and frequency is known, one can compensate for the non-
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proportionalities in the input-output scaling, provided that the system is linear. Pulsatile
ow experiments, where the oscillatory ow is added to a steady ow, show validity
of the superposition principle, which indicates that the system is indeed linear. Under
this condition, amplitude corrections at dierent frequencies of sinusoidal ows can be
performed. Moreover, when a desired ow has a more complicated Fourier series, like
the blood pulse ow (Figure 8d), frequency modulation using Equation 2 will anticipate
the system damping, which should improve results. Hence, by utilizing the acquired
knowledge about the physics of the system, a well-dened open-loop controlled ow
pulse can be obtained.
To extend the linear relation of the sinusoidal ow amplitude and frequency to higher
frequencies than tested here, more attention should be given to the design of the complete system. As discussed, the system impedance is determined by inertia, resistance,
and compliance, which are all non-negligible in this range of oscillatory ows (396).
Therefore, for better performance, diuser/nozzle congurations, pump chamber, and
connection channels should be redesigned, using correct modeling of the impedance
(393). Concerning the compliance, all hydraulic parts should be as sti as possible,
but more importantly, thorough degassing of the working uid should be performed in a
vacuum oven. Taken together, this should result in a higher natural frequency and lower
damping constant, implying a larger bandwidth in which the pump system can operate.
When this pulsatile pump is to be integrated with a microuidic device, the impedance of
the total system is governing the dynamic range it can function in. Therefore, the total
system impedance must be accounted for when designing such a microuidic setup.

6.5.

Conclusion

A pump system, connecting a syringe pump and reciprocal diaphragm pump in series,
is designed to produce well-controlled pulsed ows, in terms of amplitude, frequency,
and pulse shape. This is achieved by constructing an open-loop driven diaphragm pump,
actuated by a voice coil. Diaphragm deection is governed purely by bending mechanics,
such that the displaced uid volume is proportional to the current through the voice coil.
With -PIV analyses of bead image patterns, captured in a uorescence microscope, the
generated uid velocity elds in time are determined. By scaling the velocity values with
the velocity magnitude, obtained during steady ow experiments, in which the ow is
known, the instantaneous ow is determined.
Pulsatile ows, obtained by adding an oscillatory ow to a steady ow of a syringe
pump, show the validity of the superposition principle for this system. Oscillatory ow
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The midline velocity of the velocity prole, normalized to the viscosity dominated
case (Poiseuille ow), for two dierent imaging depths (50 m, which is the plane of symmetry
of the channel, and 
33 m where the measurements are performed). The Womersley number
is dened as = aH != , in which  is the kinematic viscosity and aH represents the channel
hydraulic diameter, dened by aH = W2WH
+H . The increase in amplitude damping as well as the
phase lag is observed for higher Womersley numbers when (a) and (b) are compared, where
the Womersley number is 1 ( 16 Hz) and 2 ( 64 Hz), respectively.
Figure 6.7:

measurements, together with the frequency response on a white noise input measurement, show substantial damping. To a large extent this damping can be described by
including the physical phenomena occurring in the system: the correct impedance with
inertance and compliance, a rst order low-pass behavior for the electronic lter, and
the occurrence of Womersley velocity proles in the measurement volume.
The determined transfer function for this linear and time-invariant system enables
scaling of the input signal, such that sinusoidal ow pulses with a well-controlled amplitude can be created. When the pump is integrated into a microuidic device, the
dynamic range such a system can be increased by taking the impedance into account in
the design phase. Moreover, detailed knowledge about the systemic impedance enables
frequency modulation of the input signal, such that ow pulses with a more complicated
Fourier series can be obtained accurately. For this purpose, the inverse model of the
systemic impedance can be used as an open-loop controller.
Altogether, the design principle of the device tested here is suitable to perfuse the
cross-slot microrheometer with pulsatile ows. However, the pump must be integrated
into the cross-slot setup, incorporating the impedance of the pump and cross-slot structures in the design phase of the total device.

501191-L-bw-vdBurgt

7

The cross-slot setup
As already pointed out in the introduction, the particulate character of blood, and
therefore the dynamic behavior of a single red blood cell (RBC), governs the rheological
description of blood on the continuum scale. Various experimental methods are available
to probe RBC dynamics, described in Chapter 3. However, in many experimental methods a contact between a solid material and the cell is always present, which complicates
the analysis, especially when dynamics are probed. Therefore, we propose a method,
with which the cell is deformed contactlessly.
To investigate the mechanical behavior of complex micro-sized materials in a dynamical way, a microuidic rheometer can be an experimental tool of great value. The
aim is to design and build a microuidic device in which the cell can be deformed in
elongational ow. Additionally, the ow must be tunable in time, such that the stressstrain relationship can be extracted by a frequency sweep. In that way, the frequencyand strain-dependency of the material response can be investigated, as is the case in a
conventional rheometer.
The elongational ow is created in a cross-slot channel, which is located in a microuidics chip, produced with a photolithographic process. The goal is to capture the
cell and bring it to the center of the cross-slot. However, the saddle point in the potential ow there demands continuous feedback corrections, otherwise the cell escapes
in outow direction. The feedback system consists of a sensor, a controller, and an

501191-L-bw-vdBurgt

152 | The cross-slot setup
actuator. A camera, whose image is used to extract the position of the cell, produces
the error of the system (distance between the cell and the center). Next, a controller
determines the right signal, which is fed to an actuator that drives a microvalve in the
microuidic chip.
To gain insights into what the requirements of the setup with feedback system
should be, a numerical study is performed. Specications are extracted in terms of chip
geometry, actuator response time, and control dynamics, such as feedback frequency
and delays. Additionally, by modeling the cell as a deformable particle, information about
what the uid velocities ought to be for a certain cell deformation is obtained.

7.1.

Model-based design

To specify the components of the setup, nite element method (FEM) simulations
of the cross-slot geometry are performed in 2D. The requirements for the hardware are
dened in terms of valve and actuator dynamics, feedback frequency, and ow control.
For that purpose, we numerically address the question whether the control system under
analysis is able to keep the cell at the preferred position. Moreover, the obtainable
cell deformation and the inuence of larger deformations on positioning of the cell are
checked.

7.1.1 Fictitious domain method
Parameter studies are performed with 2D uid-structure interaction (FSI) simulations, using a ctitious domain nite element technique (429). For the uid the Stokes
equations are solved on a mesh representing the cross-slot geometry with additional short
segments of in- and outow channels. The uid mesh is locally rened where velocity
gradients are expected to be largest (near the walls for example) and in the vicinity of
the cell, where a higher resolution is required for the accurate computation of velocities
and shear forces. Moreover, for resolving the uid-structure coupling the resolution of
the uid elements must be similar to that of the solid elements, which is rather ne
compared to the element resolution in the bulk uid. In total, the uid mesh consists
of 13.024 elements. Velocities are computed in all 9 nodes (biquadratically), whereas
the pressure is interpolated linearly at the corner nodes (Taylor-Hood elements). The
Neo-Hookean material representing the cell is described on a mesh of 341 Taylor-Hood
elements.
The uid and solid are coupled using Lagrangian multipliers by a weak constraint on
the interface (continuous linear interpolation, 89 nodes in total). The interaction of the
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uid and solid is dened by equalizing the uid and solid velocity on the boundary of the
solid. This implies no-slip and no-traction conditions on the cell membrane. Because
the uid and solid elements overlap at the position of the cell, the viscosity of the uid
and elasticity of the solid both contribute to the material response of the cell. This
results in visco-elastic behavior, which actually represents the rheological behavior of
the RBC membrane well for this purpose. The viscosity of the uid is chosen to be unity
( = 1), such that the capillary number represents the experimental value (see (5.11)).
The elastic modulus E in the elastic model is chosen to correspond with 100 Pa, such
that the body behaves like a RBC concerning stiness. (membrane shear modulus of a
RBC  = 6  10 6 N/m, while the thickness of the membrane is considered to be 30
nm, in accordance to (300)).
The boundary conditions on the uid mesh are dened by the in- and outows of the
cross-slot. The outow conditions are of special interest, as they determine the uid
velocities on the cell in the instable direction. The outow dynamics are governed by
the control system dynamics as described below.

7.1.2 Boundary conditions
On the walls of the cross-slot, no-slip conditions are prescribed: vf (x; y ) = (0; 0).
At three of the four channel boundaries ows are imposed by problem constraints, using
Lagrangian multipliers. The inows are considered to be equal and known a priori, which
implies an innite impedance of the inow channels against pressure uctuations inside
the cross-slot.
The outows are determined by the sum of both inows and the resistance of the
outow channels. As the sum of both outows equals the total inow (cross-slot is rigid
and the uid incompressible), only one outow is prescribed. The current valve position
determines the resistance of the channel containing the valve. The channel impedances
are assumed to be dominated by the resistive component, as the uidic chip is planned
to be rigid (no compliance), such that no transient ow waves are caused by pressure
uctuations in this ow driven setup. Therefore, also uid inertance can be neglected.
An already functional cross-slot setup (see internal reports of R. Wilkozs, W. Boekhoven) is taken as the starting point to form an educated estimation of the dynamics of
the future valve. The features of this existing setup are all an order of magnitude larger
(channel cross-sections of 1x1 mm) than that of the microuidic setup designed in this
dissertation. An improvement of tenfold concerning actuator response time is expected
for the future valve, which is incorporated into the boundary condition of the outows.
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The image acquisition and analysis software (MATLAB Simulink) of the old setup
was able to extract the cell position from captured images at 32 Hz, where the exposure
time texp was 5 ms. It is expected that further improvements in the software could
speed up the analysis. For that reason, a sample frequency of 50 Hz (sample time t
= 0.02 s) is chosen for in the simulations. Image acquisition and analysis are performed
sequentially, such that the delay at which the cell position is fed into feedback system
is set at 17.5 ms, which equals tdelay = t texp =2.

7.1.3 Simulation results

Geometry and stagnation point
First, a simulation of the uid ow only is performed to investigate dierent crossslot geometries. Also the stagnation point displacement as a function of the outows
is obtained. For the creeping ow investigated here ( Ref = 0.01-0.1, see Chapter 5),
a dierence between cross-slot with square corners and smooth circular side walls is
hardly observed: the velocity eld near the center of the geometry is not signicantly
inuenced.
The position of the stagnation point in the instable direction is directly dependent
of the outow ratio, and hence on the resistance ratio:
R2
=
Q2
R1 + RV

Q1

(7.1)
1

where the resistance values R2 ; R1 ; and RV1 are dened as in Figure 7.5. The stagnation
point displacement is assessed by performing simulations with dierent ow ratio's as
boundary condition for the outow. The data of 100 simulations of dierent ow ratio's
is t with a second order polynomial:
Q1
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(7.2)

Feedback system performance
When an incoming cell is captured and positioned at the center of the cross-slot,
the uid velocity is kept relatively low, implying a large position error but a gradual cell
displacement. To position the cell, the valve must be able to displace the stagnation
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actively stabilized cell position experiences only small perturbations, such that errors stay
small.
During the simulations which focus on cell deformation, the uid velocities were
ten times higher than during capturing simulations (see next section). Now feedback
frequency, delay and valve dynamics do become critical in keeping full control over the
position of the cell. The feedback system, with which the cell was captured ( t = 0.02 s,
tdelay = 0.0175 s), was not capable to keep the cell under control during the deformation
simulation. Control especially deteriorated at deformations at higher frequencies.

The x- and y-coordinate of the cell trajectory are shown as the solid and dashed
graph, respectively. The initial position is (x,y) = (0.2,1.1), whereas the feedback system
parameters are set as described in the text.
Figure 7.2:

Deformation
The visco-elastic response of the cell, which is an artifact of the FDM, on an inow
that changes in time is followed during a frequency sweep. The inow is sinusoidal in
time, where a frequency range from 2 to 16 Hz is investigated. The lengths of the cell's
major and minor axis (Lc and Wc , respectively) at maximal strain are registered, from
which the strains are determined. The ellipticity of the cell is computed by the Taylor
deformation, which is dened as
DTay

c
= LLc + W
:
W
c

c

(7.3)

The Neo-Hookean incompressible material in parallel with a viscous Stokes uid
is represented by a Kelvin-Voigt model:  = E +  _. The resulting stress-strain
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relationship is described as a hyperelastic Hookean plane stress situation where

xx
yy

= E1 (;!2 )


p

1

p

p

1

xx
yy

(7.4)

where p is the Poisson ratio, which is taken to be 0.5 here, and E  is the complex
elastic modulus, which for a Kelvin-Voigt model is given by E  = E + i!app . Apparently,
the viscosity used in the complex modulus must be scaled by a certain factor to make
the amplitude of the frequency response t the results of the simulation.
For a circular body in elongational ow, which is a symmetrical case, only the two
principle stresses have to be taken into account. The simulated maximal principle strains
during each period are t as a function of frequency with (7.4), where E = 100 Pa and
app = 0.56  . The stress that results from the t, following (7.4), is xx = yy 
7.5 Pa. To perform a better t, which is shown in Figure 7.3, a correction for the
ellipticity of the body must be applied as well: the short axis of the elliptical body
(compressive direction) experiences a lower stress in the hyperbolic velocity eld, as the
interface is coming closer to the stagnation point. For the extensional direction the
opposite holds, such that the stresses are larger there. The strains can be scaled with
the Taylor deformation: the factors are 1 + DTay =2 and 1 DTay =2 for the extensional
and compressional direction, respectively.

7.1.4 Discussion and conclusion
The FEM simulations with FSI using the ctitious domain method proved to be an
eective tool for dening specications for the cross-slot setup components. There can
be concluded that the capturing process is dominated by the kinematics of the ow. The
deformation of the solid is only of minor inuence, which is consistent with the claim
of Bentley & Leal (1986) (348). Consequently, full control over the cell is only possible
by full control over the ows. This puts demands on the choice of valve and actuator,
that need to have a short response time (  1 ms). Furthermore, the uidic chip should
be as rigid as possible, as the channel impedances determine the transfer from the valve
to the cross-slot. A purely resistive response (no inertance, no compliance) implies an
instantaneous response, which is desired.
Concerning the control dynamics, a proportional, linear controller in combination
with the valve dynamics of an existing macroscale cross-slot setup seems to be able to
capture a cell eectively in most cases. However, it is questionable whether a simple
linear control strategy is capable of stabilizing the cell in the experimental setup later,
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ments.
It is shown that fairly large cell deformations are achieved at experimentally realistic uid velocities, especially when the viscosity of the aqueous medium is enlarged.
Concerning the frequency-dependent deformation experiments, control of the cell deteriorates with increasing frequency, which also stresses the importance of increasing
bandwidth of the system.

7.2.

Setup overview

Based on the ndings in the numerical studies described above, the following experimental uidic setup design is chosen for, see Figure 7.4. A microuidics chip with
rigid channels and optical access containing the cross-slot geometry and valves is required. Using photolithography, the structures are directly made in a 100 micron thick
photoresist on glass. Valve chambers are micro-milled into the chip.
The channel layer is covered with a PDMS sheet (100 m thickness), that seals
the channels and functions as a exible membrane in the valves. It is deected into
the valve chamber by an amplied piezo-electric actuator, resulting in a higher hydraulic
resistance of the channel that contains the valve. A polycarbonate layer connes the
membrane and holds uid connections and the actuators. An aluminum frame clamps all
layers together and holds 4 heating elements and a heat sensor that enable temperature
control at 37  C.
The uidic setup described above is placed in a bright eld microscope, which is
equipped with a camera. The camera serves as the sensor for the feedback system:
the cell's position is extracted from the images in real time by the custom-made image
analysis software. The position error with respect to the center of the cross-slot is
determined and fed to the feedback controller, which in turn produces the input signal
for the actuator. The sections below give a detailed description of the components of
the experimental setup.

7.3.

Microuidic chip

The dimensions of the channels and valve chambers are dened such that one valve
is able to displace the stagnation point suciently for capturing most cells. There are
two valves controlling the position of the stagnation point, each in one separate spatial
direction.
Dynamic behavior of the inow valve and its control system is of minor importance,
as the cell always moves towards the stagnation point in that direction.
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Figure 7.4: Schematic overview of the experimental setup. From bottom to top: a microscope
objective is focused on the cross-slot in the SU-8 photoresist layer, which is applied to a glass
plate. The SU-8 also contains the valve chambers with inclined walls. On top of the SU-8
a PDMS foil is attached that takes care of sealing of the uidic channel, and functions as a
exible membrane for the valves. A polycarbonate plate, which holds the uidic entrance and
exit channels, and a thermocouple to measure temperature, is clamped to the structure with
an encasing aluminum frame. The piezo-electric actuators are attached to be polycarbonate
construct and deect the membrane into the valve chamber via a small piston.

However, dynamics of the valve controlling the outows must be well dened, as cell
(re)positioning in this direction is critical for cell control. Control is more direct when the
valve is placed closely to the cross-slot and when the uidic channel structures on the
chip are rigid. In that way, compliance is avoided such that damping and extra delays
are avoided. Moreover, no-compliant structures are essential for the time-dependent
stresses exerted by the ow: ideally, all components are purely resistive to the ow (no
frequency dependent response), such that the imposed ow instantaneously results into
stresses on the cell. The lack of compliance also ensures that no transient ow waves
travel upstream during pressure uctuations in this ow driven setup.
Considering these arguments, a rigid uidic chip is built, existing of a 100 m thick
SU-8 photoresist layer on a 1.1 mm thick glass slide. The SU-8 layer holds all the uidic
structures, including the valve chambers. This layer will be sealed by a silicone-rubber
layer (PDMS: Sylgard 184) with a thickness of 95-100 m, that also functions as the
deecting membrane for the valves.
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7.3.1 Microuidic chip design
It was conducted that a channel width and height of about 100 m is ideal, for reasons of hydrodynamic and practical nature. First, the channels should be large enough,
such that deformation of the cell is achieved without inuences of the side walls of the
channel. Second, with relatively small channels the Reynolds number is kept low, resulting in a minor inuence of the uid inertia (negligible convective forces
Stokes ow).
Third, a practical motivation for relatively small channels is the small eld of view in
the experiments (appr. 120 x 160 m), such that most cells injected into the channel
actually end up near the center of the eld of view, enlarging capture success rate.
Concerning the cross-slot geometry, a cross-slot with rounded corners is chosen for,
such that the formation of vortices is prevented. Additionally, corners would be prone
to the adherence of cell material and gas bubbles. For the same reason the channels
are all tapered.
The channels dimensions are governed by the desired channel and valve impedances,
which determine dynamics of the control system. As the position of the stagnation point
in outow direction (critical direction) is changed as a function of both outows, the
ratio of impedances of both outow channels denes this saddle point in the ow in the
cross-slot. Optimization of the resistances leads to the values given in Table 7.1. With
the use of (5.28) and the given channel height of 100 m, the desired channel lenghts
and widths are optimized, dening the geometrical structures on the chip. Although the
equations are valid for straight channels with fully developed ow (395), the tapering
is assumed to have minor inuence on the total resistance, because velocity prole
development is fast and taper angle is small. The above results in the chip geometry
shown in Figure 7.5.
From now on, concerning valve specications the focus is fully put onto the outow
valve, as this is the direction which is critical in gaining full control over the cell position.
From FSI-FEM simulations appeared that the range of the ow ratio must be 0.1-10 to
capture most incoming cells eectively. Applying Ohm's law to the outow channels,
where the pressure drop over both branches is equal, denes the range of hydraulic
resistance that the valve should cover:

!

Q1
R2
Q 2 = R V + R 1a + R 1b ; !
RVmin + R1a + R1b  R1a + R1b = 1=10  R2 ;
RVmax + R1a + R1b  RVmax = 10  R2 :
1
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the walls of the valve chambers have to be inclined.
Two relatively rigid layers (polycarbonate on cured SU-8, see Figure 7.4) can only
create a sealing at moderate clamping pressures when they are perfectly at and smooth.
These conditions are hard to meet, which calls for a compliant layer in between. Besides,
a exible membrane that can withstand deformations up to a 100% is needed for the
valves. A silicone rubber layer stretching over the whole construct solves these problems.

7.3.2 Materials and manufacturing
In short, a thick lm of negative photoresist (SU-8 3050) is deposited onto a 6"
glass wafer using a spincoater, after which the solvent is evaporated by applying a
softbaking step (all procedures performed by Philips Innovation Systems). Next, the
lm is irradiated with UV light through a mask, the step in which the pattern of the chip
is dened. The UV radiation initiates the cross-linking reaction, whereas the masked
regions will stay in a monomeric state. After a post-exposure bake that catalyzes the
reaction, uncrosslinked parts can be disolved chemically with a developer (PGMEA). A
PDMS foil with a thickness of 100 m is attached to the SU-8 structural layer to seal
the channels and acts as deecting layer in the valves.

SU-8 lithography
A Sodalime glass plate (152x152x1.1 mm) is cleaned by using Teepol and DI water in
an ultrasonic/megasonic bath. Then, for extra cleaning, the plate is given an O 2 -plasma
treatment (Tepla Barrel, Kirchheim, Germany). Before applying the photoresist, a 10
nm thick layer of S O is sputtered to promote photoresist adhesion (KDF sputtertool
RF). A UV-Ozone cleaning step follows, after which the plate is ready to be spincoated
with the photoresist. SU-8 3050 (Microchem, USA) is spun according to manufacturer's
instructions chart using a closed lid SSE spincoater. Also softbaking, irradiation, postexposure baking, and developing are performed according to Microchem's instructions.
Chips are not hardbaked, such that sucient unbound, and thus active, epoxy groups
remain at the surface to serve for PDMS adhesion later on (430).
The non-vertical sidewalls required for the valve chambers can be obtained through
adjustments in the lithography process. When the angle of UV irradiation is changed,
sloped walls with an angle r can be manufactured. However, the refractive index of
the medium in which this process takes place, determines the maximal angle that can
be obtained: a theoretical maximum exists at a 90  angle of incident UV light, that
results, according ot Snell's law, in a theoretical maximal wall angle of 39  . However,
i
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in practice it is much lower. Inclined irradiation has been applied by, among others, Han
(2004), Sato (2006), Campo (2007), and Yang (2005), who used air (n = 1.00), water
(n=1.33) and glycerol (n=1.475), and a prism, respectively (431; 432; 433; 434). For
example, the use of glycerol enables a theoretical wall angle of 54 .
However, with the inclined irradiation technique using glycerol the desired valve geometry was not obtained. Due to frequent air entrapment and multiple rather complex
steps of masking, the technique could not be applied successfully. Instead a dierent
approach is taken, in which the structured SU-8 is micromachined. The valve chambers
are milled into the SU-8 layer according to design specications (see Figure 7.6c) using
a 1.5 mm diameter diamond spherical head mill (Technomask). SEM pictures of the
milled structures are shown in Figure 7.6a and b.

Figure 7.6: Scanning electron microscope (SEM) pictures of a part of the valve chamber at
two dierent magnications (a,b). In (c) the theoretical cross-sectional valve bottom is shown,
based on the mill geometry and the milling depth.

PDMS membrane
To achieve eective sealing a Young's modulus must be of order 1 MPa. Furthermore, to facilitate sucient deection the foil must withstand elongations up to 100 %.
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These demands were matched by PDMS (Sylgard 184, Dow Corning), a silicone rubber
with a Young's modulus E of about 2 MPa (for more mechanical properties like temperature dependence of E , creep, see (435; 436), see (437) for surface modications).
The Sylgard two component PDMS mixture of base and curer (mixing ratio 10:1) is
spincoated onto a carrier substrate (PET, 50 m thick). The exible PET foil is applied
to a silicon wafer using a surfactant (5% solution of dishwashing soap in water), such
that the hydrophobic PET adheres to the wafer when it is rolled onto it using a silicone
roller.
After iteratively increasing the thickness as a response to the leakage of uid between
the PDMS and the polycarbonate substrate, the desired thickness of the membrane is
found to be 95-100 m.
When the centrifugal forces are balanced with the viscous forces and evaporation is
neglected, which can be assumed for uncured PDMS (438; 439), the theoretical lm
thickness over time hf (t ) of the spin coating process is determined by

h (t ) =
f

h0
;
t
1 + 4h02 s ! 2 3

(7.6)

s

where h0 is the initial lm thickness at t = 0, s and s are the density and viscosity
of the silicone oil (uncrosslinked PDMS), respectively, and ! the angular velocity. PDMS
foils were fabricated in a table top spincoater. First, a spread cycle is run for 30s at 500
rpm, 100 rpms 1 acceleration, to form a thick uniform lm. Secondly, a spin cycle (60s
at 700 rpm, 300 rpms 1 acceleration) is used to thin the lm down to 95 m, which
corresponds well to data from literature and spincoating models (see Figure 7.7). Next,
the PET-PDMS construct is peeled from the wafer and cured overnight in an oven at
65  C.
The PDMS-polyester foil is cut to size for the SU-8 chip: a microscope slide is placed
on the foil construct and cut with a razor blade. One side is left uncut, which serves
as a free patch to start peeling o the PET carrier. Next, the uidic entrances are
punched through the PDMS with a piercing tool (1.2 mm diameter), leaving the PET
foil intact. To pinpoint the locations, the foil should be placed on a paper copy of the
photolithography mask.

Chip assembly
To achieve a robust sealing of the channels, the PDMS foil must be bonded to the
SU-8 layer. Zhang et al. (2009) propose an amine-epoxide polyaddition reaction to
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are obtained at O2 -plasma asher settings of 50 W for 40 s. Also good performance is
obtained by a Corona treatment of both surfaces for about 60 s. The high frequency
electric eld activates the PDMS and SU-8 suciently, without signicantly damaging
any of the surfaces. Next, the activated surfaces are aligned and placed together by
hand. Once two closely located punched holes are positioned, the rest of the foil is
streaked by a silicone roller to atten the construct. The reaction is catalyzed by baking
overnight at 65 C. When the uidic setup is assembled, the PET foil is peeled o,
starting at the uncut side of the construct.

Chip recycling: PDMS removal
After performing an experiment, the chips can be reused. As long as the chip is still
functional, it can stay clamped in the frame (see below) and used for several days. But
when the chip is clogged or leaking, the chip must be taken out and can be recycled by
removing the PDMS. However, the PDMS sheet is covalently bonded to the SU-8 chip,
which makes removal a challenge. According to Lee & Whitesides (2003), PDMS should
swell (degree of swelling is a measure for solubility of a cross-linked polymer) eectively
in xylenes or chloroform (446). Unfortunately, tests did not show any cases of PDMS
detachment, not even after 48 hours. Next, a silicone remover from a hardware store was
tested (HG siliconen remover). 24 hours after application the PDMS could be rubbed
o. The chips were rinsed with acetone multiple times, then with isopropanol, and
subsequently cleaned in an ultrasonic bath for 15 minutes. The cleaned chips appeared
to have more surface roughness, but were fully functional again.

7.4.

Fluidic connector block and clamping frame

The layer on top of the PDMS foil is required to conne the foil and to form a
connection for the supplying tubing, consisting of two uid entrances, one cell entrance,
and one uid exit. Moreover, to form an eective sealing of the connections at the
PDMS foil, silicone rubber O-rings (2mm diameter) are sandwiched in between the
PDMS and the rigid layer.
Furthermore, the layer holds the actuators and because of its rigidity it forms the
reference with respect to the valve bottom. The actuator mountings, plunger passages,
and uidic channels require excessive material machining, whereas optical transparency
is required for the illumination of the microscope. Therefore, the use of a transparent
polymer is chosen for: polycarbonate (PC). This material outperforms PMMA in the
areas of impact-, chemical- and creep resistance.
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A custom built aluminum frame clamps the assembly together. The two halves are
bolted together by fastening ten M3 screws evenly, pressing the PC block to the PDMS
of the chip construct and thereby compressing the O-rings.
A heating control system is built into the frame to keep the temperature of the
assembly at 37 C. A PTC-resistive sensor measures temperature, which is compared to
the set temperature of the system. The measurement enter the heat control box, which
when necessary drives the four heating cartridge elements, one pair in each aluminum
plate.
Because of the high thermal conductivity and heat capacitance of aluminum, the
frame is suitable to distribute and buer the heat evenly over the total assembly. Four
sharp stands are connected to the frame to avoid excessive loss of heat by conduction
to the microscope. The actual temperature near the cross-slot is checked as an extra
control, which is measured by a thermocouple sensor, positioned in the PC layer.

7.5.

Piezo-electric actuators

The PDMS membrane is deected into the valve chamber to increase the hydraulic
resistance of that channel. To achieve high bandwidth control of the cell, strict specications are put to the valve actuator: in terms of spatial and temporal performance, 100
nm and ms accuracy are demanded. Additionally, its allowed size is small to t in the
microuidics setup. The choice for a piezo-actuator is made for the following reasons:
it is displacement driven with high resolution (O(nm)) and powerful (O(1N)). Moreover,
it has the ability to function as a force sensor, which can be utilized when lining out the
actuator in axial direction.
A piezo-ceramic material is capacitative, implying that a certain charge evokes an
expansion of the element. The capacitance for these small piezo-elements, however, are
of the order of a F, such that the use of a high end amplier results in a response time
of 1 ms.
A commercially available actuator and driver are found (APA 150XXS, driven by the
CA-45 voltage amplier, Cedrat), which has a small enough size to t the setup, while
still having enough axial range to fully open and close the valve. The ceramic material of
the piezo-stack is placed within a leverage construction, such that the range is amplied
to approximately 100 m.
The actuators are equipped with stainless steel plungers that have a footprint of 3
x 0.6 mm, traveling through the PC layer onto the PDMS foil. There is a hinge in
axial direction, made by spark discharge machining, such that the plane of the stamp is
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always parallel to the bottom of the valve chamber.

7.5.1 Hysteresis and creep
Piezo-electric actuators exhibit asymmetric rate-dependent hysteresis, creep, and
drift, which makes the voltage-length relation of the element highly nonlinear (447; 448).
The physical explanation states that the eective number of dipoles in a piezoceramic
material do not switch instantaneously when an external electric eld is applied (449;
450). This results in a nonlocal memory eect, that causes the future output to not
only depend on the current output and future input, but also on the past extreme values
of the input (451). Consequently, the future curve of element expansion becomes
unpredictable.
Although the master curve of hysteresis is provided by the manufacturer (blue graph
in Figure 7.8a), information about smaller amplitude displacements and time-dependent
behavior is still lacking. Therefore, extra measurements are necessary to characterize
the dynamic behavior of this specic piezo-electric actuator-amplier combination.
It is only possible to measure the piezo displacement disassembled from the setup,
which implies a blocked-free piezo element conguration. For characterizing the hysteresis, the actuator is fed with sinusoidal curves of dierent amplitudes. Additionally,
the frequency dependency is investigated. The tip of the plunger is visualized under a
bright eld microscope (Zeiss M2, objective: 40x 0.65 NA). The tip position is captured
by a high speed video camera (Phantom V9.0, 1200x600 pixels) at 500 and 100 fps
for the hysteresis and creep measurements, respectively. From the recordings, actuator
displacement curves with 0.5 m resolution are obtained by converting the images to
binary maps and subsequent correlation. Creep is determined in similar measurements,
but then the actuator step response is observed.
The measured hysteresis curve at maximal amplitude, displayed as the blue curve
of Figure 7.8a, corresponds to the master curve provided by the manufacturer. The
inner curves describe behavior when extreme values are less, which will be the case in
repositioning of the cell during experiments. A frequency-dependence of the hysteresis
is not found.
Creep is observed in the positive and negative step response of Figure 7.8b, although
it is small. Moreover, the time scale is relatively long (  1 s), such that it only work as
amplitude damping at higher frequencies.

501191-L-bw-vdBurgt

501191-L-bw-vdBurgt

7.6. Imaging | 171
by an integrative gain of the cell position controller. For the compensation of hysteresis, however, the existing feedback mechanisms on element displacements (e.g. strain
gauges), are not applicable here, caused by the miniaturization of the components and
their compact assembly. At higher ows it is questionable whether the feedback loop,
that corrects the cell position, is capable to compensate hysteresis, without deteriorating cell control. The actuator minor hysteresis curves can be obtained with dierent
modeling approaches, although some are hard to apply in a real time setting. More
about hysteresis modeling and compensation is found in Chapter 8.

7.6.

Imaging

The imaging of the cell, serving two purposes here, is performed in an adjusted motorized dipping microscope (Axioscope FS M1, Zeiss). First, the position of the cell is
extracted from the image, that serves as input for the feedback control system. Secondly, the eventual RBC deformation must be registered to be analyzed o-line. These
two functions require specications of the imaging and subsequent image acquisition
and analysis, that are far apart in terms of resolution, frame rate, delay and analysis
times. As a solution multifocal plane microscopy is proposed, described below.
The imaging setup is in principle equipped to perform uorescence-, phase contrast-,
or dierential interference contrast microscopy, with which extra structural information
or simply better contrast can be obtained. However, to demonstrate the ability of the
setup to capture cells and probe their mechanics, ordinary bright eld microscopy is
chosen for.

7.6.1 Rotated microscope
According to (5.7), the sedimentation of the RBC during a measurement is signicant, caused by the combination of the density dierence between cell and medium and
the long residence times. To avoid the cell from sinking, the direction of ow is aligned
with the gravitational vector. In that way, the acceleration of the cell caused by gravity
can be compensated by the control system.
To achieve this, the microscope is rotated 90  and is held by a custom built stand.
Gravitation works in one of the movement directions of the cross-table now, such that
the table needs extra xation with a clamp, enlarging the friction. Furthermore, extra
tension is applied to the objective lift of the microscope, such that it does not slide.
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7.6.2 Multifocal plane microscopy
The light diracted by the cell under consideration travels through a long distance
objective (63x NA 0.75, cover glass correction) and the tube lens, after which it is split.
The light through the binocular is focused on a low resolution ethernet camera (Prosilica
GC750, Allied Vision Technologies). This light originates from the symmetry plane of the
cross-slot (half depth) and is used for the image analysis of the feedback control. The
other bundle is imaged by a high resolution camera (M5, IDT vision), which is connected
to the camera port, and is used to capture particle deformation. The imaging distance
is made variable, as the camera can slide over a rail in axial direction, such that another
focal plane can be chosen. In that way, using so called multifocal plane microscopy
(452; 453), the second camera can always get the cell in focus, while it is not always in
the symmetry plane of the channel.

7.6.3 Image analysis
The image analysis for the control loop must be fast, as information about the cell
position is required real time, and as fast as possible to diminish the delay time. The
image acquisition and analysis is performed by a real time process, built in the Matlab
Simulink real time workshop (RTW). Raw camera images, shot by a Prosilica GC-750
ethernet camera, are background subtracted (with the mean of the rst 100 images) and
compared to a greyvalue threshold. In the resulting binary image, an ellipsoid is tted to
the found blob, and its center denes the cell position. The position error is calculated
as the dierence between the extracted position and the center of the cross-slot. The
cell recognition analysis is made robust by discriminating in size and checking whether
the blob is situated entirely in the of eld of view. Additionally, to avoid the capturing
process being disturbed by the presence of other blobs, the eld of view is dynamically
adjusted. All intensity data outside a specic area around the blob, which changes as a
function of the velocity of the blob, is blocked. The cell position error is computed and,
together with some additional data, stored in a shared memory segment.
For analyzing the cell deformation, on the other hand, time consumption is less of
an issue and the focus is shifted towards qualitative performance. Especially, because
of the limited optical resolution and the resulting halo around the cell, a more sophisticated image analysis is required. Here, no eort is invested in an accurate cell contour
detection algorithm yet, but the method of Strey et al. (1995) or Evans et al. (2008)
seem suitable and relatively simple to apply.
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7.6.4 Future work

PIV: multicolor analysis
For the characterization of dynamic material behavior of the membrane, especially
concerning visco-elasticity, accurate time data of the stress are required: the stress that
the uid exerts on the cell must be synchronized with the captured images. A phase
lag between the ow leaving the pulsatile pump and the ow waves in the cross-slot
is probable, but unknown. Therefore, an additional measurement of the instantaneous
ow, or of the velocities in the cross-slot, is needed.
As there is only optical access to the cross-slot here, particle image velocimetry
(PIV) is a suitable method, with which velocity data around the captured cell can be
obtained. For a short description of the PIV method, see Chapter 6. The strategy is
to use dierent color channels of the M5 camera for the registration of the cell and for
the bead patterns used for PIV. The cell can be imaged with blue light in transmission,
which is collected by the blue channel of the camera. The use of short wavelength light
ensures the highest resolution possible for determining the cell contour. The beads in the
uid, on the other hand, can be imaged with light with a longer wavelength, preferably
in uorescent mode, and captured by the red channel of the camera, such that both
datasets are fully separated. To achieve this, the current setup has to be extended with
an extra (long wavelength) light source and the appropriate uorescence and band-block
lter sets for the camera.

Quasi-3D microscopy
The exact shape of the cell is hard to obtain from a two dimensional image, which
is in fact only a cross-sectional view, caused by the small depth-of-eld of the objective.
Hence, for an accurate mechanical characterization of the cell, information about the
third dimension would be useful. The present setup is in principle suitable to be combined
with an imaging technique such as diraction phase microscopy, with which quasi-3D
images (cell height maps) are obtained in a single-shot procedure, with equally ne lateral
resolution as obtained currently. However, this requires additional optics and another
splitter in the light path.

7.7.

Feedback control

The hardware of the control system (i.e. camera, actuator and microuidic chip) is
largely described above. The control strategy is started with a system analysis described
below, which is subsequently translated into a software controller.
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To start the controller design process, the following simplications are made. The
transfer function between the controller output and stagnation point displacement is
assumed to be linear. This implies that the dynamic eects of piezo-element capacitance
and hysteresis, and amplier dynamics are neglected, and that the frequency response
function between the valve membrane to stagnation point displacement is assumed to
be linear.
The velocity of the uid at the cell increases linearly with the distance to the stagnation point, according to (5.8). Furthermore, the change in position per time interval
is
xc =  v (x ; y ; t )d t; x = x ; y = y
(7.7)
xc
c
c
t
t
which can be written as

x

c el l

= v t
xcell

(7.8)

for small time intervals (high feedback frequencies) and low uid velocities near the
cell. Consequently, this part of the plant transfer function has only a single integrator.
To gain control over this system, a proportional controller, in which the position
error is scaled by a constant gain to produce the actuator voltage, should be sucient
to keep a hold on the cell. According to feedback control theory, a steady state error will
remain (428). To also compensate this error, an integrative component is added to the
proportional controller (PI-controller). Moreover, the fact that the exact valve position
is unknown (at zero input the ows are not necessarily balanced), is counteracted with
the integrative gain.
After some preliminary tests, it seemed that the control over the cell is signicantly
better when the nonlinear resistance change of the valve is compensated for by the
controller. This is implemented as an inversed version of the relation RV1  =h3 around
the balance point (Q1 = Q2 ), with h the valve plunger height (see results section).
The controller is part of a Matlab simulink model, which is translated into c-code
using the RTW. The cell position error is loaded from the shared memory, which serves
as the controller input. The high frequencies are damped with a 1st order low-pass lter,
which is necessary to stabilize cell control. The control signal is sent via a custom-made
valve control box (IME Technologies), to the actuator amplier.
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7.8.

Experiment preparations

Now that all setup components are described, the assemblage procedure is given.
The accurate execution of the given procedures is an important condition for a successful experiment. Additionally, the lling of the chip, including a surface treatment, is
described. Lastly, the preparation and storage of RBC samples is outlined.

7.8.1 Setup assemblage
For obtaining a leak free assembly, it is crucial to work in a clean environment and
keep all the parts dust free. It is recommended to perform the following steps in a downow cabinet and clean all the parts with a compressed air ow. When the actuators
have been attached to the PC layer, the plungers are lowered until their surfaces are
in line with the bottom layer of the PC block. The resulting construct is put upside
down in the suitable half of the aluminium frame. Next, the PET foil is pealed from
the chip, such that the PDMS layer is exposed. Then, the chip is aligned with the PC
block, while attention is paid to the uidic connections, as well as to the alignment of
the plungers and the valve chamber. For the latter, positioning in the cross-channel
direction is critical, compared to in longitudinal direction. This alignment procedure is
performed under a stereo microscope (Discovery V8, Zeiss), which provides sucient
magnication, and more importantly, work space. When adequate alignment is obtained,
which might be the result of an iterative process, the frame is closed and tightened.
A successful assembly is followed by the axial positioning of the valve plungers. The
aim is to position the actuator with its surface 50 m above the interface of the SU8 and PDMS layers, such that the valve membrane is partly deected into the valve
chamber. To achieve an accurate position two methods can be deployed, the choice
depending on what equipment is available.
First option is to place the assembled setup under a microscope with a high numerical aperture objective (NA  0.75 is recommended), such that the distances between
specic planes can be measured by traveling through the layers. Note that a strong light
source is required and that the microscope is used in reective mode (light originates
from the objective side) as the actuators block all light in the other direction. Therefore,
a uorescence microscope is ideal. The second method utilizes the capacitive properties
of the piezo-ceramic element. When a force is exerted to the element, e.g. when the
plunger hits the valve bottom, a voltage over the element results. With a high-end voltage meter (input impedance Z > G with negligible capacitance), this signal can be
picked up. From the point where the voltage starts to increase, the plunger is elevated
in
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40 m, which corresponds to a screw rotation of 60  .

7.8.2 Chip lling
Firstly, the rather hydrophobic structures are given a surface treatment. The setup
is ushed with ethanolamine (100 mM dissolved in a sodium phosphate buer at pH
7.6) for 30 min, which hydrophilizes SU-8 (454). This is performed under a fumehood,
as the vapors of ethanolamine are toxic and ammable. A second treatment aims for
the hydrophilization of the PDMS with a 150 mM NaOH solution, which is also ushed
for 30 min (455).
Next, the system is ushed for 30 min with phosphate buered saline (PBS), which
is the eventual medium for the RBCs. Usually, there is still air present in the system,
such that subsequent ushing is necessary. This process of removing air is accelerated
by exciting the valve actuators. This is performed outside the microscope still, such that
a quick visual inspection concerning leaks and air bubbles is always possible.
Degassing of all the uids entering the cross-slot is strongly recommended, as air
is more easily dissolved. Degassing is performed using a vacuum pump. To substitute
syringes without entrapping air in the system, three-way valves are used. The ow
port connecting the setup is closed o, before a syringe is detached. Then, the second
syringe is used as a reservoir to provide the uid for lling the part of the port where the
removed syringe tip has been. A convex meniscus is created at the empty port, which
is subsequently fused with the convex meniscus at the tip of the new syringe. Then,
the new syringe is tightened in the three-way valve, during which the displaced volume
of the new tip is caught up by the other syringe. This results in a new connection of a
syringe without air entrapment, while the pressure in the three-way valve is relieved by
the second syringe, such that the port accessing the setup can be opened safely.

7.8.3 Red blood cell preparation
A fresh blood sample from a healthy volunteer is caught in a tube (9 ml), where it is
mixing with EDTA. Full blood is centrifuged at 1000 G for 15 min, such that the RBCs
forms a compact pallet at the bottom. Then, the layers above are aspirated, after which
the RBC pallet is rinsed three times with PBS. Then, a drop of the cell sample is diluted
a thousand fold with PBS for obtaining a solution to infuse into the cross-slot.
The rest of the sample is put in 20 ml of SAGM (saline-adenine-glucose-mannitol),
which consists of 150 mM NaCl, 1.25 mM adenine, 50 mM glucose, and 29 mM mannitol. This medium keeps the cells into shape, concerning metabolic processes: ATP
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consumption is facilitated, such that the cytoskeleton and the bilayer are able to actively revitalize themselves. In that way, RBC solution can be stored up to 7 weeks
when refrigerated (4 C). However, when deformation experiments are performed, it is
recommended to use cells as fresh as possible. Following the procedure above, the cells
can be tested within an hour after extraction.

7.9.

Results

7.9.1 Valve calibration
The value of the proportional gain still has to be determined. A rst approach is
based on the steady state response of the position of the stagnation point following
dierent steps in voltage on the actuator: as the force on the cell is directly proportional
to the distance between the cell body and the stagnation point in the ow, the response
of the stagnation point position on actuator voltage is governing cell displacement. For
this purpose, the uid is seeded with polystyrene beads, (diameter 1 m). Images, as
shown in Figure 7.9a, were recorded (Prosilica GC-750) at 40 and 80 Hz at inows
between 0.5 and 5 ls 1 , while dierent steps in voltage on the actuator were applied
(0.2-40V). In that way, the open-loop steady state response of the stagnation point is
determined, which is shown in Figure 7.9b. With the use of relations (7.2) and (7.1),
the hydraulic resistance of the valve RV1 can be related to the voltage.
Voltage-displacement charts of the actuators (Figure 7.8) show a non-linear relationship with hysteresis. However, as all measurement points are taken on a monotonously
increasing curve that started at the lower tip of the master curve, the actuator displacement curve of Figure 7.8a can be linearized around the working point. In that way, the
stagnation point displacement and the valve resistance can be expressed as a function
of the actuator height, shown in Figure 7.9c.
The found relation RV1 (h) matches well with an estimation (dotted curve in Figure
7.9c), based on the resistance of a rectangular duct (5.28). Accordingly, the valve
resistance scales with

D1 =h3 ;

(7.9)

where h is the valve height and D1 is a constant based on the valve geometry, dened
as D1 = 12LV =WV , with LV and WV the valve length and width, respectively. This
relation is used from now on in controller design and system modeling (Chapter 8).
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7.9.2 Cell capture
The controller used in the experiments of Figure 7.10, where the x - and y -coordinate
of the cells is given in time, has a proportional and integrative term (PI). The cell
controller output is subsequently scaled via a lookup table to counteract the nonlinear
resistance relation 7.9. This controller seems adequate to capture cells at low ow (200
nl/min) when working at a feedback frequency of 36 Hz. The valve controller, being a
rst order low-pass lter, has a cuto frequency of 8.7 rads 1 ).
Eventually, control over the cells is lost in all cases, but for dierent reasons. In
case (a) an unresolved error in the image analysis software occurred, whereas in (b)
the image analysis is disturbed by another particle that is traveling into the area under
consideration. In case (c), it is expected that the increasing ow is perturbing the
cell more and more, which is visible in the increasing oscillations. However, before this
resulted in loss of control, the memory buer overowed, which ended the experiment.

7.10.

Discussion and conclusions

On the route towards an experimental cross-slot microrheometer, numerical FEM
simulations contributed considerably in the early design phase. By simulating the crossslot in 2D with the cell as an elastic body interacting with the uid, and adding the
dynamics of the feedback system into the boundary conditions, requirements for the
actual setup could be dened.
The requirements were translated in a functional hardware design, where the microuidic chip, including the cross-slot channel, metering valve, and optical access, is
the most important feature. Additionally, the feedback system components and imaging
equipment were chosen with the constraints dened by the simulations in mind.
The resulting setup was characterized by various measurements on element and
systemic level. The dynamic behavior of the piezo-electric actuator is mapped, where
hysteresis and creep are identied. Moreover, the dynamic translation of the stagnation
point is investigated to improve the control loop. When tuned, cell capture was achieved,
giving a proof of principle of the cross-slot for probing RBC dynamics.
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Control design

With the cross-slot microrheometer setup described in the previous chapter, promising results have been obtained. A red blood cell (RBC) is captured, however, this can
only be performed at relatively low ows ( < 200 nlmin 1 corresponding with velocities
< 200 ms 1 ). To obtain moderate to large RBC deformations, this is inadequate, even
when a higher viscosity medium is used. The closed-loop control system, consisting of
the valve with a piezo-electric actuator, the camera as a sensor, and the controller, is
not able to keep the cell stabilized at higher uid velocities for the following reasons.
The linear control strategy deployed sofar suers from a too low bandwidth, caused
by the relatively low feedback frequency, a low-pass lter, and the delay resulting from
the image analysis. Moreover, several nonlinearities are present, which previously have
been linearized, neglected, or simply not recognized in the design process.
First, a destabilizing factor can be found in the nonlinear resistance change of the
valve. The deecting membrane causes a resistive change in that specic outow channel, which is described by (7.9), implying a relation proportional to 1 . Second, the
piezo-electric element shows hysteretic behavior, as shown in Figure 7.8, which also introduces a nonlinearity. Third, the relation between the valve resistance change and the
resulting outow changes on one hand, and the cell displacement on the other, is not
straightforward and denitely fundamentally dierent from the linear behavior assumed
in Chapter 7.
hV3
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Although the aspects above complicate cell capture, control stability is even more
dependent on the impedance of the complete chip and the mechanism of the valve.
When the preliminary experiments were performed with a linear controller with a slightly
higher bandwidth, the cell started to oscillate in the instable outow direction. Increasing
the bandwidth resulted in oscillations in the stable inow direction as well, in the extreme
case even so severely that the cell left the eld of view in upstream direction. From this
is concluded that the compliance upstream of the cross-slot, which has been neglected
during the design phase, does play a large role here: the change in total resistance by the
valve, while the total ow stays constant, results in pressure uctuations in the crossslot. Any compliance upstream, modeled by a capacitance, will be charged, causing a
transient decrease in inow.
Moreover, the valve undergoes a volume change when it is actuated. Its eect is
similar to that of the micropump described in Chapter 6. The presence of another ow
source in the system, in combination with the upstream compliance, results in an extra
injection/extraction into/from the cross-slot when the valve plunger is lowered/lifted.
In the extreme case the inows are reversed, which explains the escape of the cell in
upstream direction.
To improve the stability of the cell position at higher uid velocities, the control
system must be able to tackle the problems described above. In the following of this
chapter, these aspects are analysed and quantied. The insights that come forth from
these analyses should help to dene a suitable control strategy for this nonlinear system.

8.1.

Strategy

First, the systemic impedance is reconsidered, as the compliance inside the microchannel appears not to be negligible. The presence of ow waves traveling from the
valve upstream, implies that knowledge about frequency-dependent behavior of the ows
in all channels is trivial for designing a suitable controller.
From the conceptual knowledge obtained during the study about the micropump
(Chapter 6), notice is taken of the importance of the instationary inertia forces in these
small channels, when the Womersley number becomes larger than unity. When the
controller bandwidth is increased, this will be the case, as the Womersley number will
exceed unity then. Hence, next to the channel compliances, uid inertance must be
incorporated into the system impedance. Together with the channel resistances and
compliances, the inertance determines the frequency-response of the ows in the crossslot.
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Proper system identication cannot be performed by experimental measurements
only, caused by the inaccessibility of system. Moreover, during system identication
measurements, the outcome of multiple eects are superimposed. These eects may
need to be treated separately in the design process to acquire an eective controller.
However, they cannot be separated without detailed knowledge of the complete system,
which is still lacking here.
A solution is found using a combination of experimental and numerical tools. The
dynamics of the complete system are modeled in a Matlab Simulink model, where the
unknown parameters are estimated by a tting procedure in the frequency domain, with
the use of experimental data.
This dynamic model contributes to a functional rheometer in three ways. First,
system identication of the complete setup is performed, which provides information
about all dynamic features in the setup. Second, the model itself is not only able to
compute the cross-slot ows, but also the cell displacements, such that it can be used to
test a controller design in silico, without actually performing an experiment. Third, when
a deformation experiment is performed, the material characteristics must be extracted
from a numerical material model with a constitutive law of choice. The analysis, in
which the deformation state of the experiment is t by the model, can be performed
using the present systemic model as a platform to compute the boundary conditions.
In the following of this Chapter, all components of the cross-slot model are presented
in detail, where the focus is put on their dynamic behavior. Then, system identication
is performed to estimate the unknown parameters. Next, simulations are performed to
elucidate the dierent eects of valve actuation and the systemic impedance.
Ultimately, the model could be used to dene a suitable controller, with which a
successful experiment can be performed at higher uid velocities.

8.2.

Model-based controller design

To model the complete system, a thorough understanding of the dynamics of the
components is essential. The starting point is the schematic overview of this feedback
control system, as shown in Figure 8.1. Below, each component is considered separately
in terms of dynamical behavior.

8.2.1 The plant
The plant is the part of the system that receives the control signal and produces a
certain output, which is in this case the physical position of the cell. The plant is divided
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which is also observed in Figure 7.8a. Additionally, some drift and creep eects are also
part of the nonlinear behavior of the actuator.
To bridge the gap between modeling and control, a simple hysteresis model, which
can be analytically inverted, is required. A control-oriented hysteresis model is built
by Katalenic (2013), which reproduces the actuator's hysteresis curve with sucient
accuracy. The modeling is based on the assumption that the hysteresis can be isolated
from the non-hysteretic part of the behavior. The hysteretic component is described
by a simplication of the Duhem class model, enabling to describe the model with only
two independent parameters. The specic hysteresis model for the present actuator,
consisting of a parametric hysteresis operator, is constructed by estimating these two
parameters from the hysteresis master curve of Figure 7.8a, which is the only required
input. Complexity can be added to the basic hysteretic behavior using external functions.

Valves and channels
Initially, the valve was designed to change the hydraulic resistance of its connecting
channel only. However, the presence of compliance upstream of the cross-slot was
observed indirectly, as the cell showed translations in the direction of the inow channels.
Based on earlier insights into the micropump system behavior, the pumping function of
the valve and the impedance of all channels around the cross-slot must be taken into
account. The volume change of the valve chamber is assumed to be linearly dependent
on the valve plunger displacement, which seems an acceptable simplication when small
plunger displacements are considered. With that in mind, the pumping behavior of the
valve is modeled by a ow source, where the produced ow is proportional to the time
derivative of the plunger height, or in other words to the plunger velocity: QV = D2 h_V ,
where hV is the plunger height and D2 is a constant dened by the valve chamber
geometry (D2 = V=hV  1.5 nl m 1 ). This change in volume is rather large,
considering that the total inow is only 2 to 3 nls 1 during cell capturing and the
response time of the actuator is on the order of a ms ( h_V  1 ms 1 ! QV  Q ).
Another oversimplication in the feedback system sofar is the assumed linear behavior
between valve actuation and outow ratio Q1 =Q2 , implying a linear resistance change in
the valve. However, steady state ow patterns (Figure 7.9) indicate that the resistance
change follows a nonlinear relation: R = D1 =hV3 , where D1 = 12LV =WV is a constant
based on the uid viscosity  and the valve geometry (width WV and length LV ).
Next, a lumped parameter model of the valve, incorporating the two features from
above, is produced (see Figure 8.2a). Note that the small cross-sectional area of the
in
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Table 8.1: Resistive and inductive values of the microuidic chip channels, based on viscous

dissipation described by (5.28), and uid mass inertance described by (5.31), respectively. The
resistance and inductance of the valves are given at their balancing position, i.e. when the
opposite ows of the cross-slot are equal.
Segment

R31 = R3
R32 = R3
R41 = R4
R42 = R4
RV
1
2

a;b

c
a

b

2

Segment

R11 = R1
R12 = R1
R21 = 12 R2
R22 = 12 R2
RV
a

b

1

Inow channels
Resistance [Nsm 5 ]
10.2  1012
3.1  1012
0.25  1012
1.6  1012
6.4  1012

Inductance [kgm 4 ]
185  106
270  106
45  106
223  106
300  106

Outow channels
Resistance [Nsm 5 ]
0.48  1012
0.26  1012
8.2  1012
8.2  1012
7.4  1012

Inductance [kgm 4 ]
77  106
50  106
980  106
980  106
300  106

Cell displacement
The output of the plant consists of the position of the cell in two dimensions, in
inow and outow direction. It is assumed that the velocity of the cell equals the uid
velocity at the center of mass of the cell, (see Chapter 5). As the velocity eld of the
uid is fully described by the 4 ows entering and exiting the cross-slot, (see (7.2)),
the velocity of the cell is governed by those ows and its position. The velocity eld
around the stagnation point is assumed to be hyperbolic, as described by (5.8). When
the distance between the stagnation point and the cell stays small, the uid velocity can
be probed at the location of the cell ( xc ; yc ) to determine its velocity ( vxc ; vyc ):

vx =
vy =
c

c

c1
c1

 Q1 + Q2
in



x + Q 2Q ;
y + Q 2Q :

c
2
Q 1 +Q2
c
2

1

2

1

in

2

in

(8.1)

By taking an innitesimally small time step, the following analytical relation for the
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cell velocity is integrated over time to obtain the cell position:
xc
yc

=
=

t

+ x (0) =
d t + y (0) =

0 v cx d t

t

0 v cy

c

c

 t  Q1 +Q2

c1 0

t

c1 0

2 xc
+
1 Q 2
yc
2

Qin

in

+
+

Q1

2

Q2

Qin1

2



dt

Qin2

+ x (0)
d t + y (0):
c

(8.2)

c

State-space modelling of the plant
From the microchip's schematic representation in Figure 8.3, a system of ordinary
dierential equations (ODEs) is derived using the Kirchho voltage and current laws
(see Appendix A). These can be written into the state-variable form, such that total
of internal energy of the system is directly written as the collection of all the states in
the system. The state variables describe the energy in this case in terms of compliance
pressure (elastic energy), inertance ow (kinetic energy), and cell position (potential
energy). The state-space representation has the advantage that all ODEs are incorporated in a clear and ecient manner and that all signals are treated in the time
domain. Moreover, the state-space approach can more eectively cope with a multiple
input-multiple output nonlinear control problem, as encountered here: using state-space
modelling modern control design tools can be used.
After casting the ODEs into the state equation, the second order derivatives of
the inputs that result from the volume displacements of the valves, are removed by
writing the system into its canonical form. Next, a linearization step is needed to treat
the nonlinearities in the valve resistance. The outcome is a fully linear state-space
description of the uidic chip.
Four states are of particular interest, namely the four ows that are imposed to
the cross-slot and appear in (8.1). The cell position is represented by two additional
states, xc and yc . The derivatives of these states are already given as a function of the
state vector, being equation 8.1. In other words, (8.2) is a part of the state equation.
However, as the rst term is a multiplication of two states, it is nonlinear. The equation
is linearized around the working point, which is chosen to be the center of the cross-slot
where the error is zero.

8.2.2 Sensor dynamics
The plant output, being the instantaneous physical position of the cell, is translated
into the system error e through the sensor. The acquisition of images that are subsequently analyzed implies a digitization of the signal with a time step equal to one over
the frame rate of the camera (36 Hz full frame). As it takes some time to acquire the
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image of the cell (typical exposure time texp = 10 ms), during which the cell is moving,
the cell image is blurred. Consequently, the measured error extracted by the image
analysis software, which looks at the center of mass of the cell after thresholding, is an
averaged value of the location where the cell has been during the exposure.
Assuming that the cell had a constant velocity during the exposure, the image acquisition introduces a delay of texp =2. Also contributing to the total delay is the time spent
on the image analysis, which is dependent on the eld of view (FOV) of the camera.
Analyzing an area stretching the complete cross-slot results in a delay of typically tan =
17 ms, when the feedback rate is 36 Hz and the exposure time 10 ms.
The image analysis software is able to determine the cell position with subpixel
accuracy when sucient contrast is present, such that one can neglect sensor noise
here.

8.2.3 Model parameter estimation
Most parameters of the state equations are determined by geometrical sizes of the
channel structures. However, the values of the compliances, CV1 ; CV2 ; C2 and C3 (see
Figure 8.3b), and constant D2 , which scales the volume change of the valve as a function
of plunger height, are yet to be determined. These parameters are quantied by tting
experimental measurements with a numerical model of the complete cross-slot, which
combines the microuidics chip impedance and the valve dynamics including hysteresis.
In that way system identication is performed in the Fourier space, while optimizing the
parameter space by minimizing the error between frequency response functions (FRFs)
of the experiment and the simulation.

Measurement setup and PIV-analysis
The microuidics chip in the fully assembled cross-slot setup is perfused with a
steady ow produced by a syringe pump (Harvard PHD2000), using a 250 microliter
glass syringe (Hamilton). The uid is seeded with 1 m diameter uorescent polystyrene
beads (FluoSpheres 505/515, Invitrogen). The imaging setup is equal to the one used
in the work of the diaphragm pump (Chapter 6).
From the bead patterns that are imaged in both outow channels just downstream
of the cross-slot, velocity elds are determined using particle image velocimetry ( -PIV),
as described in the next paragraph. The velocity elds are scaled to a ow, using the
ow that is set on the syringe pump, such that the inuence of the valve actuation on
the stagnation point position can be determined indirectly.
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To extract the frequency response function (FRF) of the system, a frequency sweep
is imposed to the piezo-electric actuator of the outow valve. This is performed in two
sequences, as the memory of the camera was not sucient to store all the images for a
single data set. The FRF ow data (1st sequence: ! = 10-120 rads 1 , camera frame
rate of 512 Hz; 2nd sequence: 80-2000 rads 1 actuation, camera frame rate of 1024
Hz) is concatenated after the PIV analysis, such that the Bode diagrams of the FRFs
of the ows in both outow channels are obtained.
The PIV analysis is equal to the analysis performed in the work of the diaphragm
pump (Chapter 6), applying to both the pre-ltering of the images and the subsequent
cross-correlation of the interrogation areas. The reader is referred to Section 6.2.2 for
details.

Fitting the FRFs of the outows
The parameter estimation is performed by least squares error minimization method
using Matlab: the 'multistart' algorithm computes from multiple starting points in the
parameter sets a local minimum in the parameter space error. In the error function, the
data points are weighted to compensate for the lower sampling of the low-frequency
range, such that the higher frequency data does not dominate the tting procedure.
By choosing sucient starting points, an absolute minimum is found with sucient
condence.
The results of the best t during system identication for both outows, which are
of interest for cell control in the unstable direction, are shown in Figure 8.4. One can
see that both models follow the experimental data well until a frequency of about 500
rads 1 = 80 Hz. The state-space model, which is a simplied and hence faster running
model from/than the nonlinear Simscape model, does hardly perform less in the t. The
parameters for the best t obtained are given in Table 8.2.

Table 8.2: Parameter values resulting from system identication.
Parameter

C V1
C V2
C2
C3
D2
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Value
8  10 3
30  10 3
0.25  10 3
12  10 3
1.9  10 6

Unit
m5 N 1
m5 N 1
m5 N 1
m5 N 1
3
m m 1 = m2
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Figure 8.4: Bode diagrams of the ow oscillating through the outow channels, as a reaction

to the frequency sweep imposed to the outow valve actuator.

8.3.

Model coupling for displacement validation

In order to validate the correctness of the analytical description of cell displacement
as a function of the outows and the cell position, given in (8.1) and (8.2), the analytical
description is compared to a nite element method simulation.
The model of Section 7.1 is adopted for the validation simulations: 2D FEM simulations with uid-structure interaction, modeled with a ctitious domain method, of the
cell in the cross-slot (Neo-Hookean solid in Stokes ow) are run. As boundary conditions, the lumped parameter model described above is run to determine the cross-slot
ows for each time step (0.1 ms). Hence, the microuidic chip dynamics, including the
volume displacement of the valve, and the actuator dynamics (be it without hysteresis)
are coupled to the cell displacement simulation.

8.3.1 Analytical model validation
The average uid velocity in the cross-slot channels is 50 ms 1 in both cases,
whereas the center of mass of the cell is dened to be the cell position in the model.
The comparison is shown in Figure 8.5. It shows that the cell track is very similar for

501191-L-bw-vdBurgt

8.3. Model coupling for displacement validation | 193
both cases: under the conditions of small position errors and small stagnation point
displacements (both restricted to a few percent of the channel width), the dierences
are barely noticeable. Note that the dierence in cell position is a cumulative error, as
the errors in the velocities are integrated, such as (8.2) already suggests. The x -velocity
in the analytical description is expected to be inaccurate, as the eect of a displacement
in y -direction (inow direction) on the x -velocity component is not taken into account.
Therefore, the maximal position of the analytical model is slightly higher than that in
the numerical simulation, where the full 2D velocity eld is computed.
Conclusively, equation 8.1 is validated by the model and found to be suciently
accurate to be used in following simulations. This is a very ecient way of computing
the cell displacement in the numerical simulations in the search for a suitable control
strategy, as computational eort is decreased strongly.

Figure 8.5: Comparison of analytical description of (8.2) and the numerical FSI model.
8.3.2 Platform for RBC analysis
The created interface between Matlab Simulink and the nite element method package TFEM makes it possible to combine system dynamics with the mechanical aspects
happening locally in the cross-slot. Moreover, the hysteresis modelling toolbox (456),
which is only available in Matlab Simulink, can be used together with detailed simulations
of the cell in the cross-slot. Hence, next to the validation purposes of the numerical
FSI simulations, the model can serve as a platform to test constitutive models of cell
membrane behavior. The parameters of the material model can be tuned until a t of
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the deformation data obtained in an experiment is found. The controller signal during
the experimental measurement is known. With that the ows through the cross-slot
in- and outow channels can be determined by the model. Using the ows and the cell
shape, the stresses on the cell can be computed. Hence, a real time determination of
the local velocity eld inside the cross-slot seems not to be required.
In the future, the FEM simulations can be performed in 3D, which can easily be incorporated into the systemic lumped parameter model, although it will be time consuming.
As also computer power and multi-thread techniques are evolving, the integration of the
FEM model into the lumped parameter state-space model forms a suitable platform for
future material characterization analyses.

8.4.

Improving controller design

When the total feedback model of Figure 8.6 is studied, it becomes clear that there
are multiple sources of nonlinear behavior. First, there is the nonlinear behavior of the
resistance change of the valve with respect to actuator height, given in (7.9). Because
of the straightforward behavior, this nonlinearity can easily be counteracted by the use
of a lookup table in the controller.

Figure 8.6: A detailed representation of the total feedback model of the cross-slot setup, which

is an extension of de model in Figure 8.1. The actuator, chip and cell displacement models
form the plant and are determined in the sections above. The controller is lled with lters
that counteract the valve nonlinearity and piezo-element hysteresis.
Another nonlinearity is hidden in the voltage-displacement relation of the piezoelectric actuator, which contains an asymmetric hysteresis window. In the next section
the control strategy for this issue is described. Last, in the plant of the system, the
cell position enters the cell velocity description. This is a nonlinear contribution, which
complicates the control strategy: linear control tools might not be sucient to tackle
this challenge in cell control under higher ows.
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8.4.1 Hysteresis compensation
The hysteresis eect of an actuator is inuenced by the actuator itself and by the
motion system in which it is incorporated. Therefore, a customized approach for each
application is advised. The control strategies for actuator hysteresis compensation are
various: it can be compensated by feedforward control, using model-based (451; 447;
456), or data-based techniques, or using dierential equations (457).
Here, a model-based approach is chosen. The known hysteresis loop of the actuator
is captured by a simplied Duhem class model, as described above, upon which a direct
inverse parametric operator is calculated. This operator is used in a feedforward manner
in the controller (456). A controller test on piezo-electric actuator displacement outside
the cross-slot setup showed that the inverse operator is very eective in hysteresis
compensation for this piezo-electric actuator.
8.4.2 Increasing bandwidth
As the disturbances in the cross-slot system can have a high-frequency character,
increasing the bandwidth of the control system would improve cell control. Especially
when the uid velocities increase, ow adjustments must be faster, introducing more
power in the high-frequency range.

Parallelization of image acquisition and analysis
Currently, the image acquisition rate is only 36 Hz. The cell position is extracted
by image analysis in the same realtime model, implying that acquisition of the following
image start after the analysis (see Figure 8.7a). By splitting both operations and divide
them over two separate realtime processes, which can run on two separate CPU cores,
the acquisition and analysis is performed in parallel. In other words, the acquisition
process starts to acquire a frame, while the previous frame is being analyzed by the
analysis process. Implementation of this, shown in Figure 8.7b, increases the frequency
from 36 to 60 Hz.

Decrease delays
The increase in feedback frequency to 60 Hz only marginally improved the overall
cell control. What is currently detrimental to cell control are the delays that are induced
by the image acquisition and subsequent analysis. A delay introduces an early phase
drop at higher frequencies, aecting control ability there. The total delay time between
output of the plant and controller output is largely determined by the exposure time and
the image analysis time:  = texp =2 + tan . Shortening of both of these time factors can
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is not suciently accurate. More experiments are required, preferably in the form of
closed-loop system identication measurements with a captured cell, such that control
performance improvement can be quantied.

8.5.

Conclusion

A detailed feedback model of the complete cross-slot setup is built, containing sensor,
actuator and plant dynamics. Concerning the sensor, the image acquisition time (delay)
and sampling with digitization are incorporated. The actuator contains the amplication
dynamics, piezo-element capacitance, and a hysteresis model. The microuidics chip
is modeled as a network of second order linear elements, including the valve dynamics
with nonlinear resistance change. The cell displacement in the cross-slot, as a function
of the uid ow, is given as a simple analytical equation, validated by a nite element
simulation. Although the relation between ow and cell displacement is simple, the
position of the cell enters the equation of the cell velocity, inducing a nonlinearity in the
plant. The controller of the feedback loop contains a lookup table for compensating
the nonlinear resistance change of the valve. Moreover, a customized inverse hysteresis
model is incorporated, which should compensate the hysteretic behavior of the actuator.
In that way, the application of linear control techniques should have a better chance in
achieving cell control at higher ows.
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Discussion and Conclusion
9.1.

Discussion

The literature reviews in Part I clearly implicate the importance of the dynamical character of a correct description of the RBC membrane material behavior. Although the
dynamical behavior of a RBC is probed to certain extent with the contraction channel experiment treated in Chapter 4, the Chapter mainly shows the limitations of experimental
methods involving contact with a solid material, concerning the investigation of dynamical membrane properties. In the search for a contactless experiment, the cross-slot setup
prototype, designed and built in this project, proves to be a promising experimental tool
for nding an accurate RBC membrane constitutive model. Moreover, as the stresses
on the membrane can be computed locally with a numerical model, local variations of
material parameters could be investigated, among which strain-induced bond changes
in the cytoskeleton. In that way, a coupling between microscopical structural changes
and an alteration of continuum scale material behavior can be identied. The crossslot setup also allows inducing these molecular structural changes, (bio)chemically or by
changing the environment, while the RBC characterization experiment is running.
The goal of this PhD project was to design, build, and test a working cross-slot setup,
with which the above can be realized. Concerning the main assembly of the setup, the
center is formed by a microuidic chip with the cross-slot geometry and optical access.
The other element is the feedback control system with a camera and microscope as
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a sensor, piezo-electric actuated microvalves for manipulation of the cross-slot ows,
and a controller to keep the cell in the center automatically. Moreover, a pump system
capable of producing pulsatile ows on the microscale had to be built.
A nite element method simulation of the cross-slot including a RBC proved to be
an eective tool for dening the requirement specications of the setup. By coupling
the cell to the uid using a uid-structure interaction approach, control systems for cell
repositioning could be tested in the design phase, before actually building the setup.
Based on the outcome, the elements were chosen or designed and built. Each element
was separately characterized, in order to map its inuence on cell control in the crossslot. Once assembled, the elements formed a functional cross-slot setup.
The design of the pulsatile pump system is based on an open-loop control strategy,
which combines a linear uid actuation principle with hydraulic elements which are also
linear in nature. The hydraulic dynamics, encompassing resistive, capacitive, and inertial
elements, are caught by a lumped parameter model, which is characterized experimentally. The inverse of this model can be used in an open-loop controller to produce
well-dened ows in terms of pulsatile amplitude, frequency, and waveform.
The cross-slot chip assembly was designed as a sti photoresist layer on a glass
layer, covered with a exible PDMS layer. Piezo-electric actuators were incorporated
to tune the cross-slot ows with sucient accuracy and response time. Although much
attention has been paid to the design phase, as described above, the resulting elements
are not ideal: the actuator introduces nonlinear behavior into the system and the valves
cause ow peaks in the cross-slot, which were underestimated in the modelling phase.
Moreover, the components are not to be assembled easily, requiring a delicate procedure
for an experienced operator. Most diculties during assembly are found in making the
setup completely leak tight. As the nominal ows through the microchip are on the
order of a nls 1 , any small leak will seriously aect the functionality of the cross-slot.
Moreover, it seemed dicult to ll the complete microuidic chip gas-free. The chance
of catching a gas bubble in critical geometrical features of the chip is high and subsequent
removal was hard. Attempts to improve chip lling by altering the physical properties of
the walls were unsuccessful.
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9.2.

Future work

With all insights gained while testing the current cross-slot setup, the design of a
new prototype can solve problems concerning the dynamical behavior of the total system. The integration of the oscillatory diaphragm pump and a valve design with lower
volume displacement on-chip, should enable better control over the captured cell. Furthermore, all connecting channels have to be carefully balanced in terms of impedance,
such that complexity in the frequency response functions is decreased for the relevant
bandwidth (up to an order of magnitude higher than the frequencies relevant for RBC
material behavior). In the redesign, also leak-tightness and gas-free chip lling have to
be addressed by clever material choices and geometrical design.
Another condition to fulll is a higher bandwidth controller, which is also able to deal
with the nonlinearities present in the cell control process. Moreover, the delays in the
system, existing in hardware and software, should be decreased to achieve more direct
control in the higher frequency range.
To capture the cell deformation accurately, a three-dimensional image of the cell, or
at least information about cell thickness (quasi-3D) is required for making an accurate t
with a numerical model. For that, two additional tools are needed. First, the next crossslot prototype should be suitable to be t with a single-shot 3D microscopy method,
such as diraction phase microscopy (DPM, (286)) or digital holography microscopy
(DHM, (291)). Second, a full 3D numerical platform of cross-slot ows interacting
with the cell is still sought for, on which dierent constitutive models can be tested.
The numerical model providing the boundary conditions for this platform is presented in
Chapter 8.
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9.3.

Conclusion

In conclusion, a cross-slot setup with optical access, a metering valve, a cell position
control system, and a pulsatile pump has been obtained, with which RBC dynamical
behavior can be probed in a contactless way. In the design phase, the setup requirements
were dened with the use of a FEM model with uid-structure interaction, such that
the inuence of the system on the cell could be determined.
Next, the components were chosen and/or designed, followed by the actual building
and testing of the setup. By characterizing the complete setup, as well as the separate
elements, insights in the dynamical behavior were obtained, which helped in dening
a suitable control strategy. Using these insights, a lumped parameter model of the
complete system was built, and used as a platform to test dierent control strategies.
After increasing the system bandwidth and decreasing delays, the nonlinear control
issues still exist. This has to be solved in the future to enable large cell deformations.
Furthermore, by designing a second prototype, in which more attention is paid to the
system dynamics, higher ow amplitudes and frequencies are made possible.
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A

State-space modeling
Below, the complete derivation of the state-space representation for the cross-slot
uidic system is presented. We start o by describing the cross-slot chip hydraulics
as a set of ordinary dierential equations (ODEs). The capacitance voltages (pressure
over the wall compliances) and current through the coils (representing unsteady inertial
forces) are the states of the system. Linearization has to be performed, which is elaborated on in the rst section. In the second section, the hydraulics are coupled to the cell
displacement equations, according to (7.7) in Chapter 7. There, two extra states are
introduced: the cell positions in xc and yc coordinates in the hyberbolic potential ow,
representing the potential energy of the cell.

A.1.

Equations of the hydraulics

The ows through the channels are derived by applying Kirchho's voltage and
current laws: the sum of voltage in a closed loop and the sum of the currents in each
node in the network must be zero.
The network of the cross-slot from Figure 8.3 is simplied in one way, as the valve
controlling the inow is considered to be passive: it does not participate in the control
loop and is constantly in the balanced position (in steady state). This implies that the
the valve's resistance and inertance are constant and the ow source in the inow valve
is set at zero (the source is cut o), as depicted in Figure A.1. Consequently, the
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V_CV 1a
I_LV 1a
I V1

IL11

=

I_LV 1b

D2 h_

=

I_L21

=

V_C2

=

I_L22

=

(A.12)

;

VQ1 RV1a (h)ILV 1a
;
LV1a (h)
ILV 1a

(A.13)
(A.14)

ILV 1b ;

VCV 1b RV1b (h)ILV 1b
;
LV1b (h)

(A.15)

ILV 1a IL12
;
CV

=

I_L12

=

V V1

=

V_CV 1b

C V1

VCV 1a

=

=

ILV 1a

(A.16)

VCV 1b

RV1b (h)IL12
;
L12

(A.17)

VCS

VC2 R21 IL21
;
L21

(A.18)

IL21

IL22

;

(A.19)

R22 IL22
:
L22

(A.20)

V C2

C2

Here, RV1 and IV1 are dependent on the outow valve's actuator input h and its
derivative h_ , respectively:
a;b

RV1a;b
IV1a;b

=

=

a;b

(A.21)

D1 =h3 ;

(A.22)

_
D2 h;

in which h is the height of the valve plunger with h = 0 representing a fully closed valve.
From Equation A.1, Vin is determined:
Vin

=

L31 L41 _
L41 R31
Iin (t ) +
IL31
D4
D4

D4

=

L31 + L41 :

+

L31 R41
IL41
D4

+

L41
VC
D4 3

+

L31
VC ;
D4 4

(A.23)

where
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Likewise, by elaborating (A.4),(A.9-A.11) and (A.18), VCS can be written as
VCS

= L21 L32 L42 (VC
+

V

+ RV1 IL11 ) + L11 L32 L42 (VC2 + R21 IL21 )

D3
R32 IL32 ) + L11 L21 L32 (VC4
D3

L11 L21 L42 (VC3

R42 IL42 )

(A.25)
;

where
D3 = L11 L21 L32 + L11 L21 L42 + L11 L32 L42 + L21 L32 L42 :

(A.26)

The voltage at the valve ow source is derived by working out (A.13)-(A.15), whose
result shows the rst and second derivative of the input:
V V1 =

VCV 1a
2

VCV 1b

+

2

A.2.

D 2 L V1 
h
2

RV1 D2 h_

(A.27)

Removing derivatives of input and linearization

Now that the state derivatives are derived, one can work towards the state-space
equation, in which the inuence of the states and the input are fully separated:
x_ = Ax + Bu

! dxdti = nj

=1

ij xj + i u;

(A.28)

in which A is lled with coecients ij , to be multiplied with x , a state vector
containing the currents through the coils and the voltages over the capacitors:
x =[x1 ::: x17 ]T =
[IL11

IL12 IL21 ::: IL42 ILV 1a ILV 1b ILV 2 VCV 1a VCV 1b VCV 2a VCV 2b VC2 VC3 ]T

(A.29)

The system does not look like (A.28), but is represented by x_ = f (x; u ), as the
inuence of the input shows up in the ij coecients in the form of RV1a;b (h) and
LV1a;b (h). The equations are already linear in the state variables, such that the system
only needs to be linearized towards the input h.
Moreover, (A.13)-(A.15) present terms that scale with the derivative of the input,
which need to be removed rst. This is achieved by revising the choice of the state
variables involved. By making the state variables dependent on the input, h and h_ show
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up on the left hand side;
ILV 1a
ILV 1b
VCV 1a
VCV 1b

!
!
!
!

x9

= IL

V 1a

D2

_
h

2

D2

x10

= ILV 1b +

x12

= VCV 1a +

x13

= VCV 1b +

2

+ D2 h

_
h

D2 h

(A.30)

D2

2CV1a
D2

2CV1b

Additionally, the state equations of the state variables that are dependent on the changed
variables, also receive an extra term, which scales with the input.
Next, linearization towards h is performed around h0 = heq , such that the valve is
moving around its equilibrium position where RV1 = hD31 . x0 is lled with the current and
voltages in steady state, given a constant current Iin . A and B from Equation A.28 are
formed then as follows:
eq

A

=[

f
x

]x0 ;u0 =heq ;

B

=[

f
u

(A.31)

]x0 ;u0 =heq :

The two outows of the cross-slot are the parameters of interest for cell displacement, so they should be represented by the outputs of the state-space model. The
outows have to be written as a linear combination of the states and the inputs, making
up the output of the system
y

(A.32)

= Cx + Du;

which are lled easily here, as these particular ows are state variables:
IL11
IL21

= Cx + Dh =

A.3.

x1
x3

!

C11

= 1;

C23

= 1;

D

= 0:

(A.33)

Cell displacement

The state-space representation of the cell position coordinates (xc ; yc ) are here introduced as the 18th and 19th state variables. In principle, the cell position is the cell
velocity (vc ; vc ) integrated over time. When assuming that the cell velocity is equal to
x
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the uid velocity at the point of gravity of the cell (see (A.34), Chapter 8 and (348)),
the derivative of cell position in the outow direction can be written as a function of
the position itself and outputs of the previous system in the form of Q1 and Q2 :

xc
_

=

Q1 Q2 x Q1 Q2
c
+
2

+

2

(A.34)

Similar to the state-space representation of A and B above, (A.34) has to be linearized, as described by (A.31), taking the center of the cross-slot as a working point
(xc = 0).
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Summary
A cross-slot microrheometer to probe red blood cell dynamics

Due to the high volume content of red blood cells in whole blood, the particulate character of blood determines its rheological behavior. A correct rheological description is
important to gain new insights into hemological phenomena as thrombosis and blood
coagulation. Hemorheology can only be described accurately when the dynamic character of the suspended particles is fully unraveled. Many experimental methods have
been put to work to characterize the material behavior of the red blood cell, providing
an understanding of the complex properties of this seemingly simple cell. However, in
exploring the dynamical behavior, existing experimental methods show shortcomings on
dierent aspects. In most experiments there is a contact between the cell and a solid
material. First, this causes a complex interaction, which complicates the analysis of
the mechanical behavior. Second, extra friction forces are introduced, which play a role
when dynamic measurements are considered. Third, most experiments induce a inhomogeneous deformation. However only a global force-length relation is determined in many
methods. This implies that inhomogeneous and/or anisotropic material characteristics
cannot be investigated.
We propose a contactless method to derive the behavior of the red blood cell. Our
strategy involves estimation of dynamic properties of the red blood cell using an inverse
analysis, which combines both numerical and experimental tools and provides local information about the cell. Similar to earlier studies on droplet deformation, a contactless
experiment is designed where a red blood cell is dynamically deformed in elongational
ow, using a cross-slot geometry.
Part I of the thesis consists of a review about the red blood cell s biophysics and
its the implications for the mechanical behavior. Moreover, an overview of the existing
experimental methods is given, including the most important ndings. These chapters
support the motivation of this research project with a thorough background.
Next, Part II start o with the presentation of an experiment in which a contact
between cell and solid is present: red blood cells are own through a narrow contraction, upon which some dynamic characteristics are extracted. Chapter 5 describes a
theoretical analysis of the concept of the cross-slot setup designed in this study. Then,
in Chapter 6 to 8 the design of the setup is given. First, the design and characterization
of a pump system for pulsatile microows is given. Second, the actual cross-slot design
is described, where the requirements are dened with the aid of a numerical model. A
proof of principle is given by some preliminary characterization experiments using red
blood cells. In Chapter 8 a thorough analysis of the dynamics of the cross-slot is given.
A numerical model of the dynamics is built, with which model-based control design is
'
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enabled.
To conclude, a proof of principle of the cross-slot setup as a microrheometer is given,
as RBCs can be captured in the microscale cross-slot. However, for large deformation
experiments the control strategy of the setup has to be improved.
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Samenvatting
Een cross-slot micro-reometer om rode bloed cel dynamica te proben

Doordat het grootste gedeelte van het volume van bloed bestaat uit rode bloedcellen,
wordt het reologische gedrag van bloed bepaald door het deeltjeskarakter van bloed.
Een correcte reologische beschrijving is belangrijk om nieuwe inzichten te verschaen
in hemologische fenomenen zoals coagulatie. De hemoreologie kan alleen nauwkeurig
beschreven worden, zodra het dynamische karakter van deze suspensie volledig in kaart
is gebracht. Vele experimentele methoden zijn ingezet om de eigenschappen van de
rode bloedcel te ontrafelen, zodat het complexe materiaalgedrag van deze op eerste
gezicht eenvoudige cel in kaart kan worden gebracht. Echter, in het onderzoeken van de
dynamische eigenschappen schieten de bestaande experimenten te kort. In de meeste
methoden bestaat er een contact tussen de cel en een ander vaste stof materiaal. Op de
eerste plaats veroorzaakt dit een ingewikkelde interactie tussen de cel en het materiaal,
welke zich moeilijk laat analyseren. Ten tweede is er sprake van extra frictie krachten,
die vooral in dynamische metingen een grote rol kunnen spelen. Ten derde wordt er in
de meeste experimenten een inhomogene deformatie aangebracht terwijl er een globale
kracht-lengte relatie wordt gemeten. Dit betekent dat er kans is op een foutieve karakterisatie, zeker als het materiaal inhomogene en/of anisotrope eigenschappen blijkt te
bezitten. In dit onderzoek beschrijven wij een contactloze methode om het gedrag van
de rode bloedcel te onderzoeken. We volgen de strategie om de dynamische eigenschappen van de cel te verkrijgen door een inverse analyse, waarin numerieke en experimentele
gereedschappen worden ingezet om op locale schaal informatie te verkrijgen. Zoals al
eerder ingezet in het onderzoek naar druppel deformatie, hebben we een experiment
ontworpen waarin de rode bloedcel dynamisch vervormd kan worden in een rekstroming.
Deze stroming wordt gevormd in een kruis-kanaal geometrie, ofwel de 'cross-slot'. In
deel 1 van het proefschrift wordt een review gegeven over de biofysica van de rode bloed
cel en wat de invloed daarvan is op het mechanisch gedrag. Daarnaast worden de meest
gebruikte experimentele methoden behandeld, met daarbij de belangrijkste bevindingen
betreende de rode bloed cel. De inhoud van deze 2 hoofdstukken ondersteunen de
motivatie van dit onderzoek. Deel 2 begint met een experiment waarin een contact
tussen de cel en een vast materiaal bestaat: Rode bloedcellen worden door een nauwe
contractie geduwd, waarbij dynamische eigenschappen bepaald zijn. De nadelen van een
dergelijke methode worden benoemd. Vervolgens wordt de conceptuele werking van de
cross-slot opstelling behandeld in hoofdstuk 5 middels een theoretische analyse. Daarna,
in hoofdstuk 6 tot en met 8, wordt het ontwerp van de opstelling beschreven. Eerst
wordt het ontwerp en de karakterisatie van een pompsysteem voor pulsatiele microschaal
stromingen gegeven in hoofdstuk 6. Dan wordt de daadwerkelijke cross-slot opstelling
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uitgewerkt in hoofdstuk 7, waarbij de systeemeisen worden opgesteld met het gebruik
van numerieke simulaties. Door middel van de eerste experimenten met rode bloedcellen
wordt een 'proof of principle' van de gehele opstelling aangetoond. In hoofdstuk 8 wordt
de dynamica van de cross-slot uitvoering geanalyseerd. Een numeriek model dat alle
bekende dynamica bevat is ontwikkeld dienend om een geschikte controller te ontwikkelen ('model-based control design'). Als conclusie: met het vangen van een rode bloedcel
is een 'proof of principle' aangetoond van de cross-slot opstelling als micro-reometer.
Desalniettemin zal voor grotere deformaties van de cel de control-strategie verbeterd
moeten worden.
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