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A B S T R A C T   

Red blood cell (RBC) deformability is an important haemorheological factor; it is impaired in many pathologies 
leading to microvascular complications. Several microfluidic platforms have been utilized to examine the role of 
deformability in RBC flows but their geometries tend to be simplified. In the present study, we extend our 
previous work on healthy RBC flows in micropillar arrays [1] to probe the effect of impaired RBC deformability 
on the velocity and haematocrit distributions in microscale RBC flows. Healthy and artificially hardened RBC 
suspensions at 25% haematocrit were perfused through the micropillar array at various flow rates and imaged. 
RBC velocities were determined by Particle Image Velocimetry (PIV) and haematocrit distributions were inferred 
from the image intensity distributions. The pillars divide the flow into two distinct RBC streams separated by a 
cell-depleted region along the centreline and in the rear/front stagnation points. RBC deformability was not 
found to significantly affect the velocity distributions; the shape of the velocity profiles in the interstitial space 
remained the same for healthy and hardened RBCs. Time-averaged and spatiotemporal intensity distributions, 
however, reveal differences in the dynamics and local distributions of healthy and hardened cells; hardened cells 
appear to enter the cell-depleted regions more frequently and their interstitial distributions are more uniform. 
The study highlights the importance of local RBC distributions and the impact of RBC deformability on cell 
transport in complex microscale flows.   

1. Introduction 

Blood is a dense suspension of soft particles the majority of which are 
RBCs. RBCs play a key role in human physiology; their highly deform-
able structure allows them to pass through narrow vessels in the capil-
lary network (typically 5–6 μm in diameter) delivering oxygen and 
nutrients to tissues [2]. The particulate nature of blood gives rise to 
interesting phenomena in the microcirculation. For example, RBCs tend 
to migrate laterally due to shear and interactions with the vessel walls 
[3,4]; this effect is counteracted by a diffusion-like motion induced by 
the collisions between cells [5]. Combined with the complex topology of 
microvascular networks, these shear-induced effects lead to heteroge-
neous cell (haematocrit) distributions and well-known phenomena such 
as ‘plasma skimming’ [6,7]. These phenomena are highly dependant on 
the biomechanical properties of RBCs, particularly RBC deformability. 
The latter is impaired in a number of pathologies, such as malaria [8], 
sickle cell disease [9], diabetes [10] as well as sepsis [11,12] altering 

microhemodynamics, increasing blood flow resistance in the microvas-
culature [13,14] and compromising tissue perfusion [15,16]. 

Microfluidics has enabled researchers to study such phenomena in a 
systematic manner [17,18]. A number of in vitro studies on microscale 
blood flows in straight [4,19–22] and bifurcating microchannel geom-
etries [23–25] have shed light on flow partitioning and RBC biome-
chanics. Recently, artificial microfluidic networks have been developed 
in order to elucidate blood flow in more realistic microcirculation ge-
ometries [26,27]. 

In many organs, microvasculature can deviate from straight or 
bifurcating geometries [28–30] the majority of published microfluidic 
studies emulate. For example, in the lungs [31–33] or the human 
placenta [34,35] blood flows past structures (e.g. alveoli/villi) resem-
bling pillar arrays and exhibiting more complex flow kinematics. While 
microfluidic pillar arrays have commonly been employed to separate 
cells based on deformability [36–38] or size [39] relatively little work 
has been done on the transport of RBC suspensions through such 
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geometries. Stauber et al. [40] employed a microchannel with a dense 
array of posts to mimic alveolar capillary networks and studied the 
motion of RBCs therein. Gomez Bardon et al. [1] used microfluidic de-
vices with pillar arrays to study the blood flow past oxygenator fibers 
with a view to improve modelling and design of extracorporeal artificial 
lungs for intensive care therapies. They examined the heterogeneous 
distribution of RBCs in different pillar array arrangements and their 
implications for oxygen delivery and device performance. A more so-
phisticated lab-on-a-chip approach to mimic alveoli has been recently 
proposed by Huang et al. [33], making use of a hydrogel to create the 
pores of the alveolar sacs and epithelial cells to line the inner environ-
ment of the sacs and provide a more realistic approach for in vitro 
studies. Microfluidic devices featuring successive rows of circular [41] 
or square [42] pillar arrays have recently been reported, mimicking the 
blood filtering function of the spleen, removing aged or infected RBCs 
from the body by passing them through interendothelial slits. 

The blood flow through micropillar arrays has also been studied 
numerically in the context of oxygen transfer in the human placenta [43, 
44] or deterministic lateral displacement (DLD) devices with cylindrical 
[45,46] or non circular pillars [47] in order to elucidate RBC trajectories 
as a function of parameters such as haematocrit (i.e. RBC concentration) 
or deformability and optimize separation. 

Motivated by our previous work on RBC flows in bifurcating geom-
etries and on the role of RBC deformability on microchannel flows [22], 
we extend the work of Gomez Bardon et al. [1] to elucidate the effect of 
deformability on the transport of dense suspensions of RBCs in the 
interstitial space of a microfluidic pillar array. The flow therein exhibits 
interesting kinematics featuring curvature, converging and diverging 
flow regions as well as stagnation points. Hence, it provides an oppor-
tunity to explore RBC transport and interactions in more complex do-
mains. Healthy and artificially hardened RBC suspensions at 25% 
haematocrit were perfused through the micropillar array and imaged 
using microscopy as in our previous studies [22,23,48]. Velocity and cell 
distributions as well as spatiotemporal maps were extracted in order to 
analyse the influence of impaired RBC deformability on cell transport. 

2. Experimental methods 

2.1. Blood sample preparation 

Blood samples were obtained from consenting donors via ven-
epuncture and mixed with 1.8mgml− 1 EDTA to prevent coagulation. Red 
blood cells (RBCs) were separated from whole blood through centrifu-
gation, washed twice in phosphate buffered saline (PBS) and resus-
pended in PBS at a haematocrit (Ht) of 25% to prevent aggregation 
during measurements. RBC deformability was altered by incubating the 
cells in glutaraldehyde (GA) solution at 0.08% concentration for 15min 
as described in Passos et al. [22]. All samples were used within 4 h after 
their collection and according to the protocol approved by the South 
East London NHS Research Ethics Committee (Reference: 
10/H0804/21). Measurements reported herein were taken with samples 
from the same donor in order to avoid inter donor variation in RBC 
properties. 

2.2. Microfluidic channel 

The microfluidic geometry comprised an array of six circular pillars 
similar to one of the geometries employed in Gomez Bardon et al. [1]. 
The pillars had a diameter (D) of 380 μm and were spaced at 1.58D. Half 
pillars were placed on the side of the channel to emulate an infinite 
rotated square array (see inset of Fig. 1). The minimum gap (d) between 
these staggered pillars was 50 μm. The channel height (h) was 40 μm. 
Microchannels were fabricated in PDMS using standard soft lithography 
techniques and bonded on microscope glass slides using oxygen plasma 
treatment. 

2.3. Experimental setup 

A schematic of the experimental setup is shown in Fig. 1. The 
microchannel was placed on the stage of an inverted microscope (Leica 
DM ILM, Germany) and perfused with the RBC suspensions using a 
bespoke pneumatic microfluidic flow controller as described in 

Fig. 1. Schematic representation of the experimental setup. The blood sample is stirred continuously in between measurements using a magnetic stirrer to avoid 
sedimentation and aggregation of the cells and perfused via a pressure controller. The inset shows the microfluidic geometry and the measurement region. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Sherwood et al. [25]. The flow was illuminated with a green LED 
microstrobe and images were acquired at the midplane of the channel 
and between the 3rd and 4th micropillar (see inset of Fig. 1) using a 
Charged Coupled Device (CCD) camera (Hamamatsu, C8484–05C, 
Japan) and a 10x objective (NA=0.25). A frame rate of 6Hz was used and 
120 images were acquired. The time interval between image pairs was 
adjusted between0.5 − 4ms in order for the maximum RBC displacement 
to be less than a quarter of the interrogation width during the PIV 
analysis. 

Both perfusion and imaging were controlled using a custom-made 
LabVIEW (National Instruments, USA) code as described in our previ-
ous work [23,25]. The experiments were carried out at room tempera-
ture. To ensure even distribution of the cells in the tubing and the 
microchannel region, the samples were gently stirred and perfused at a 
high flow rate prior to each measurement. 

2.4. Micro particle image velocimetry (microPIV) 

The images were cropped in order to analyse the flow in a cell of the 
rotated square array, i.e. the space between four neighbouring pillars as 
shown in Fig. 2(a), using MATLAB (MathWorks, USA). MicroPIV pro-
cessing was implemented in PIVlab [49] to extract the velocity field 
using ensemble correlation with 3 passes and a final interrogation 
window (IW) size of 8pxx8px and 50% overlap. The normalised median 
test was used to identify invalid vectors [50] (less than 0.1%) and out-
liers were replaced by the median of the surrounding vectors. The image 
resolution was 0.65μmpx− 1 and the spatial resolution of the measure-
ments was 2.6μm (i.e. vector spacing). Due to pixel diffraction closer to 
the pillar wall, the first experimental point is located 8 pixels from the 
wall while the finite size of the RBCs allows them to roll along the 
channel wall. 

A typical vector field is shown in Fig. 2(b). Velocity profiles were 
extracted in selected locations between the pillars as illustrated in Fig. 2 
(c) as well as in the minimum gaps between the pillars. These were 
calculated by axially averaging the measured velocities within the nar-
row regions of interest (ROIs) (8px in width which is approximately 
0.01D) indicated by the red lines to minimize the error, i.e. the standard 
deviation of the velocity profiles within the ROI. Spline interpolation 
was used to fit the velocity data and smooth the resulting velocity 
profiles. 

The depth of correlation in the current microPIV setup is expected to 
be larger than the channel depth resulting in an underestimation of the 
measured velocity values due to the out-of-plane motion of RBCs [51]. 

Poelma et al. [52] suggested a correction factor a, which is equal to 1.5 
for the current setup. In this study all reported velocities (u*, U*) were 
normalised in order to facilitate comparisons and mitigate the effects of 
the depth of correlation. The flow rates (ranging from 1 to 3 μL/min) are 
estimated by integrating the measured velocity profiles at the inlets and 
outlets of the domain, taken at the narrowest RBC passages between 
successive rows; i.e. Q=Umean*A, where Umean is the mean velocity 
corrected by the scaling factor α and A the cross-sectional area (equal to 
50 μm x 40 μm). Umean is calculated by trapezoidal numerical integration 
of the profiles shown in Figs. 3(c) and (d). The corresponding Reynolds 
numbers were lower than 1 and hence inertia effects can be neglected. 
The difference between the inlet and outlet flow rates was used as an 
indication of the velocity measurement error. This was found to range 
between 3 and 4% for normal RBCs and 0.7–2.3% for hardened ones. 

2.5. Image intensity distributions 

The time-averaged intensity distribution was used as a measure of 
the local RBC concentration; i.e. it is assumed that at each location the 
intensity of the time-averaged image is inversely proportional to the 
local haematocrit [53]. Fig. 2(c) shows such a typical mean image in-
tensity map computed from 120 RBC images. The mean intensity values 
were normalised by the maximum image intensity in the area outside of 
the channel (Imax), i.e. I* = Iraw/Imax and expressed in terms of 1 − I* so 
that darker regions correspond to higher haematocrit. Normalised in-
tensity profiles I* were computed in the same locations and ROIs as the 
velocity profiles for comparisons. 

Spatio-temporal intensity maps were also generated in regions close 
to the stagnation points and along the wake centreline in order to 
compare the dynamics of healthy and hardened cells. These are pro-
duced by averaging the normalised instantaneous image intensity in thin 
strips of 30px x 342px in the x* direction as in Cagney et al. [54]. The 
root-mean-square (RMS) level of each flow map is also calculated along 
the y* direction as a measure of cell dispersion. 

3. Results 

3.1. Velocity profiles 

The vector field in Fig. 2(b) and the contours of the axial velocity 
component (Fig. 3(a)) illustrate some typical features of flow inside a 
staggered pin array. Maximum velocities are located in the minimum 
gaps between successive row pillars, as the flow accelerates in this 

Fig. 2. (a) Sample instantaneous image of RBCs flowing in the interstitial space of the array. Blood enters through the inlets on the left side of the figure and exits 
from the gaps on the right. (b) Typical velocity vector field obtained by microPIV processing. Velocities (U*) are normalised by the mean axial velocity across the 
interstitial space of the geometry. The coordinates are normalised by the diameter of the pillar D, x* = x/D and y* = y/D. The coordinate system is defined such that 
the origin (0,0) is in the centre of the upstream pillar. (c) Time-averaged image of the flowing RBCs over a period of 10 s at a flow rate of 2.05 μL min− 1. Solid red 
lines indicate selected locations and ROIs where velocity profiles were extracted. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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region, whereas the interstitial region is characterised by lower axial 
mean velocities, especially around the rear and front stagnation points 
and along the centreline. The transverse mean velocities (Fig. 3(b)) 
attain zero values along the centreline (y* = 0) indicating that the cells, 
on average, do not cross the centreline. 

These features can be seen in more detail in Fig. 3(c)-(e) comparing 
selected velocity profiles of healthy RBC suspensions in the measured 
flow domain. The profiles at the two inlets and outlets match (no sta-
tistically significant difference between the profiles was identified 
through t-test), implying that there is an equal split of the flow upon 
impinging the upstream and downstream pillars respectively. 

Fig. 3(e) illustrates the flow development in the interstitial space 
(wake of the upstream pillar) by showing velocity profiles at selected 
axial locations namely near the rear (x* = 0.57)and front stagnation 
points (x* = 1.04)of upstream and downstream pillars respectively, and 
in the middle of the interstitial space (x* = 0.82). The stagnation flow 
profiles exhibit similar behaviour; they are characterised by V shape 
profiles with a pronounced velocity deficit near the centreline and high 
velocities near the side pillars due to the fast incoming/outgoing flow 
streams respectively. In the middle of the interstitial space (x* = 0.82), 

the velocity profile exhibits a double-peak shape indicating some flow 
recovery; velocities remain low along the centreline and are higher in 
the flow lanes either side, but the velocity gradients are less steep 
compared to the profiles in the proximity of upstream/ downstream 
pillars. 

To examine the influence of RBC deformability on the flow distri-
bution inside the array, we compare the streamline patterns and selected 
velocity profiles for normal and hardened RBCs. The streamlines for 
healthy (i.e. Fig. 4(a)) and hardened RBCs (i.e. Fig. 4(b)) appear similar; 
no notable differences can be observed apart from the vicinity of the 
stagnation regions, as also evidenced from the velocity profiles (Figs. 4 
(c-g)). 

Figs. 4(c) and 4(d) compare selected gap velocity profiles - the lo-
cations are indicated by the insets. Although the hardened cells appear 
to flow slightly faster in the gaps (especially in the outlets, i.e. Fig. 4(d)) 
compared to healthy RBCs (i.e. their velocity profiles appear sharper), 
the observed differences are not statistically significant. Similar trends 
were observed in the velocity profiles in Figs. 4(e), 4(f) and 4(g) 
calculated at three distinct interstitial locations as indicated in Fig. 2(c). 

Fig. 3. Contours of (a) axial and (b) transverse velocities of the flow domain expressed in mm/s. Normalised velocity profiles of healthy RBCs in the gap flows at the 
two inlets (c) and outlets (d) of the domain as indicated in the inset images and (e) at selected axial x*-positions (the normalised axial velocities are illustrated) in the 
interstitial region between the pillars. Lines are polynomial fits to the experimental data, error bars and shaded regions indicate one standard deviation. The co-
ordinates are normalised by the gap width, d, for the inlet/outlet flows (s* = s/d) and the pillar diameter, D, (y* = y/D) in the interstitial space. u* denotes velocities 
normalised by the mean gap flow velocity in each branch and U* normalised by the mean flow velocity across the interstitial space. 
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3.2. Intensity distributions 

Fig. 5 shows normalized time-stacks of 120 images for healthy and 
stiffened RBCs which provide an indication of the local RBC distribution 
in the array. A cell depleted zone is evident along the centreline y* = 0, 

indicating that the two RBC streams emanating from the upstream pillar 
and entering the flow domain do not mix. Cell depletion regions are also 
identified in the vicinity of the rear and front stagnation points of the 
upstream/downstream pillars respectively, and near the walls of side 
pillars as expected. A closer look at the distributions shows distinct 

Fig. 4. Typical RBC flow streamlines for (a) healthy and (b) hardened RBCs and a flowrate of 2.05 μL min− 1. Comparison of normalised RBC velocity profiles for 
healthy (blue) and hardened (orange) RBCs; indicative inlet and outlet gap flows in selected locations shown in the inset images (c-d) and at the interstitial space 
between the pillars (e) x* = 0.57(f) x* = 0.82 (g) x* = 1.04. Lines are polynomial fits and error bars and shaded regions showing the standard deviation of the 
experimental data. s*, y*, u*, U* are defined in Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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differences between healthy and hardened cells. The hardened cells 
seem to be able to enter the cell-depleted stagnation regions, cross the 
centreline and to be more uniformly distributed on both sides of the 
centreline (Fig. 5(b)). Healthy cells on the other hand seem to concen-
trate on either side of the cell depletion regions along the centreline y* 
= 0; this leads to a higher cell concentration along the surface of the 
downstream pillar (the accelerating part of the flow (Fig. 5(a)). 

The differences between healthy and hardened RBC distributions are 
further illustrated in Fig. 6 showing normalized intensity profiles at the 
interstitial locations indicated in Fig. 2(c). Across the rear stagnation 
point (i.e. Fig. 6(a)) the distribution of the healthy cells is characterized 
by a sharp dip in the centerline indicating the absence of cells in the 
stagnation region and a peak concentration on either side of the 
centerline. On the other hand, the hardened cells show a more uniform 
distribution on either side of the centerline and higher concentration in 
the rear stagnation point implying that the hardened cells are able to 
penetrate the stagnation region. Similar trends but with a less prominent 
depletion aty* = 0 can be seen in the mid axial station between the two 
successive pillars (x* = 0.82), Fig. 6(b). In the vicinity of the down-
stream pillar (Fig. 6(c)) the distributions of the healthy and hardened 
cells appear similar with the exception of the front stagnation point 
where healthy cells exhibit a distinct and sharper dip in concentration 
compared to hardened cells. Unlike the velocity profiles, the observed 

differences in the intensity maps between healthy and hardened cells in 
Fig 6 are found to be statistically significant using t-test analysis. 

In order to examine the different cell dynamics and hydrodynamic 
interactions between healthy and hardened cells (i.e. Figs. 5 and 6), we 
generate spatio-temporal maps in three distinct locations as shown in 
Fig. 7. 

The maps in Fig. 7 illustrate the most pronounced tendency of the 
hardened RBCs to move in and out of the stagnation regions and cross 
the centreline compared to the healthy cells. This is also reflected in the 
rms intensity profiles (Figs. 7(d) and 7(h)): the rms intensity of the 
hardened RBC flow maps fluctuates more around the centreline due to 
the cells entering the cell-depleted regions more often. An interesting 
double peak can be observed behind the rear stagnation point. 

The thickness of the cell-depleted layer (δcenterline) along the cen-
treline was estimated from binarized time-averaged images (Fig. 8(a)) 
and plotted for healthy and hardened cells in Fig. 8(b). A continuous cell 
depletion region is evident along the centreline for healthy cells whereas 
the one for hardened cells appears intermittent. The enhanced tendency 
of hardened RBCs to enter the depleted region in comparison with 
healthy RBCs is also evident from the variation of δcenterline across x* in 
agreement with Figs. 7(b) and 7(f). 

Fig. 5. Time-averaged image intensity distribution (1-I*) indicating local RBC concentration in the array at a flow rate of 2.05 μL min− 1. (a) healthy RBCs, (b) 
hardened RBCs. 

Fig. 6. Comparison between healthy and hardened cell distributions; intensity profiles 1-I* at (a) x* = 0.57(b) x* = 0.82 (c) x* = 1.04. Lines show spline fits to the 
data and shaded regions show one standard deviation. Blue denotes healthy cells and orange hardened ones. 

A. Stathoulopoulos et al.                                                                                                                                                                                                                      



Medical Engineering and Physics 107 (2022) 103874

7

4. Discussion 

4.1. Flow patterns and RBC distributions 

RBCs experience a mix of kinematics as they flow past the pillars in 

the array; they encounter regions of contracting flows in the minimum 
gaps between neighbouring pillars-where they accelerate producing 
velocity profiles that appear almost parabolic (Figs 3(c) and 3(d))- and 
of expanding flow in the interstitial space (Fig. 3(e)). The presence of 
stagnation points, changes in the flow cross-sectional area and the self- 

Fig. 7. Spatio-temporal intensity maps (1-I*) for healthy ((a),(b),(c)) and hardened RBCs ((e),(f),(g)) at a flow rate of 1.37 μL min− 1 and three distinct locations, (a, 
e) x* = 0.51(b,f) x* = 0.82 (c,g) x* = 1.10; (d),(h) Root mean square of the flow maps across the channel width for healthy and hardened cells, respectively. 

Fig. 8. (a) Binarised time-averaged images along the centerline for healthy (top panel) and hardened (bottom panel) RBCs at a flow rate of 2.05 μL min− 1. (b) Width 
(δcenterline) of the depletion zone along the centerline for healthy (solid blue) and hardened (orange) RBC suspensions; fitting curves for each data set (dotted lines) are 
drawn to guide the eye. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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organization of the cells therein result in symmetric axial velocity pro-
files that exhibit double peaks. In the middle of the interstitial space (x* 
= 0.82)-where the cross-section is the smallest- maximum axial veloc-
ities are recorded halfway between the centreline and the pillar walls 
(Figs. 3(e) and 4(f)); the non-uniform character of the profiles is more 
pronounced in the vicinity of the stagnation points (x* = 0.57andx* =
1.04); higher peak values away from the centreline and near zero ve-
locities on the centreline are evident (Fig. 3(e)). The transverse velocity 
maps (Fig. 3(b)) indicate negligible momentum transfer across the 
centreline; thus, partitioning of the flow by the pillars results in a 
‘stratified’ flow in the interstitial space, whereby the cells flow in two 
distinct lanes separated by the centreline. 

Double peaked velocity profiles have been previously reported for 
dilute (1%- 5%) RBC flows in a sudden contraction-expansion [55]; 
these were obtained by density weighted averaging over the channel 
depth and were attributed to an RBC focusing effect resulting from the 
balance between wall-lift and shear-gradient forces. Such focusing (off 
centre RBC density peaks) has also been reported for dilute RBC flow in a 
microchannel in the absence of inertia [56]. This effect was the result of 
lateral migration and weakened with feed haematocrit and channel 
length. 

Lateral migration is expected to play a role in the spatial organisation 
of the cells in the interstitial space of the array studied here. The cells are 
expected to move away from both the centreline and the pillar walls due 
to the shear gradients in these regions (shear-induced migration) as well 
as the wall lift induced by the pillars. As the suspension is dense, colli-
sions between the cells (shear-induced diffusion) are expected to coun-
teract these effects. The intensity distributions in Fig. 5 provide evidence 
of the complex RBC dynamics in the flow under investigation. The most 
striking feature is the cell-depleted region along y* = 0 (Fig. 5(a)); it 
emanates from the rear stagnation point of the upstream pillar and ex-
tends up to the front stagnation point of the downstream pillar, dividing 
the flow into two streams. An accumulation of healthy cells on either 
side of the centreline can be discerned in the intensity profiles (Fig. 6); 
this is more prominent in the vicinity of the rear stagnation point, a 
region of negligible velocities that the cells seem to be unable to 
penetrate. 

The heterogeneity in the spatial organisation of RBCs in micropillar 
flows has been illustrated for various array geometries, including the 
one studied here, previously [40]. Cell depletion regions along the 
centreline of pillars were observed; the latter persisted throughout the 
arrays and on exiting flows and their extent depended on the feed 
haematocrit. It should be noted that inertia was non negligible in that 
study as the intention was to mimic fibre oxygenators that typically 
operate at higher Reynolds numbers (Re). 

The observed RBC distributions can be attributed to the short length 
between successive pillars which does not allow sufficient time for RBCs 
to disperse radially. This together with the initial distribution of cells 
upon encountering the inner pillars result in complex and fairly persis-
tent patterns in the array. The gradient diffusivity of healthy cells in the 
present study (following [4]) is estimated to be in the order of 10− 6 

cm2/s which implies a mean cell displacement of approximately 2.5 μm 
during their transport through the interstitial space. Despite the low 
flow rates used in the present study, convective transport appears to be 
more dominant as the ratio of advection time to diffusion transport time 
for RBCs to travel along the interstitial space between the micropillars is 
found to be of the order of 10− 4 << 1, following the analysis of Man-
tegazza et al. [57]. 

Short lengths for the suspension distribution to fully develop have 
been identified as one of the reasons for the heterogeneous flow parti-
tioning observed in sequential bifurcations [57]. The length required to 
restore the haematocrit profiles from a focusing effect has been found to 
exceed 23 hydraulic diameters for dilute suspensions in a rectangular 
microchannel and to be dependent on aspect ratio [56]. A length of 3.5 
mm has been estimated by Mantegazza et al. [57] for a channel of 10 μm 
width and 10% suspensions whereas Losserand et al. [58] found that a 

distance of 200 µm is needed for RBCs to pass through a 2 µm CFL and a 
150 µm to obtain equilibration in 30% suspensions flowing in channels 
5 µm wide. In the present study, the equilibration time due to 
shear-induced diffusion for healthy RBCs is 73.55 s for the highest 
flowrate employed and the corresponding length is approximately 440 
mm. 

While the time-averaged profiles and the velocity maps imply no 
mixing between the two RBC streams entering the interstitial space, the 
spatio-temporal maps (Fig. 7) indicate that the cells occasionally cross 
the centreline; the effect is more pronounced at the mid axial plane 
(Fig. 7(b)) and near the front stagnation point of the downstream pillar 
where the flow partitions again. However, this is not the case for the rear 
stagnation point (Fig. 7(a)) where a persistent cell depletion region can 
be detected throughout the duration of the measurement. 

The RBC dynamics at the front stagnation point might explain the 
close (statistically) match between the two outlet (and inlet) velocity 
profiles (Figs. 3(c) and 3(d)) and agrees with reports in the literature 
regarding flow preservation in diverging bifurcations [59]. Schmid et al. 
[59] numerically demonstrated that despite the global heterogeneity in 
microvascular networks, local RBC dynamics regulate the flow ratio in 
diverging bifurcations with RBCs distributing so that to balance outflow 
velocities. The same observations are also documented in the experi-
mental work of Mantegazza et al. [60], where a honeycomb network is 
used to replicate complex microvasculature. They report that in 
low-flow conditions, there is a well-balanced distribution of the flow 
when it reaches a bifurcation point and it is primarily affected by the 
dynamics of RBCs. A low degree of lateral displacement has also been 
reported by Stauber et al. [40] for RBC suspension flows in highly 
confined micropillar arrays; they demonstrated that RBCs tend to follow 
single longitudinal pathways with limited crossing between them which 
agrees with the present study. 

4.2. Role of RBC deformability 

We have shown previously [22] that hardened RBCs produce sharper 
velocity profiles in microchannels with a 50 μm width. This was 
attributed to the effects of hardening on cell distribution and the shear 
thinning nature of the suspension. Surprisingly, no statistically signifi-
cant differences between healthy and hardened RBC velocity profiles are 
observed in this study (Fig. 4) despite RBCs hardened using the same 
protocol, in agreement with the study of Abay et al. [55] for dilute RBC 
suspensions in an expanding flow. Despite the similarity in flow veloc-
ities, altered cell membrane properties appear to have an impact on the 
distribution of cells; unlike healthy RBCs, hardened ones show an ability 
to penetrate low velocity regions, a trend also reported by Abay et al. 
[55]. This is illustrated in the intensity distributions (Figs. 5 and 6) but 
even more so in the spatio-temporal RBC maps in the vicinity of the 
stagnation points (Figs. 7(e) and 7(g)), which provide a striking example 
of the differences between the dynamics of healthy and hardened cells. 

RBC deformability is a key determinant of individual cell motion, the 
forces acting upon the cells as well as cell-cell interactions. Deform-
ability is associated with tank treading motion and enhances the lateral 
migration of RBCs [61] by promoting wall lift forces [62–65]. Hardened 
cells exhibit a tumbling behaviour [66,67] limiting their inward 
migration towards the flow centre [5,68]. 

In crowded environments, such as in a 25% Ht suspension, RBC 
dynamics are likely to be dominated by cell-cell interactions, modifying 
cell distributions accordingly [58,68]. While collisions between healthy 
RBCs result in cell deformation which helps them to maintain their 
original positions, collisions between hardened RBCs result in greater 
cell displacement post-collision [69,70]. As a result, hardened cells 
exhibit an enhanced collision induced drift allowing them to cross 
streamlines and enter stagnated flow regions [71,72] producing an 
intermittent cell-depleted region along y* = 0(i.e.Fig. 8(b)) and more 
uniform distributions across the interstitial space compared to healthy 
RBCs (Figs. 6 and 7(e) to 7(h)). 
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4.3. Study limitations 

In the present study RBCs were hardened using glutaraldehyde, a 
commonly employed agent. Based on our previous work [22], a 0.08% 
glutaraldehyde solution and a 25% haematocrit concentration of both 
suspensions were deemed sufficient to elucidate the differences between 
healthy and hardened RBCs, in terms of velocity and cell distributions at 
the microscale for a narrow - but physiologically relevant - range of flow 
rates. A wider range of feed haematocrits and higher, finite Re have been 
studied in our previous work [1] for healthy cells and similar hetero-
geneous haematocrit distributions observed. 

A high aspect ratio channel was employed. Measurements were 
limited to the middle plane but the shear gradients are expected to be 
higher along the depth of the channel affecting both the measured flow 
field and the distribution of RBCs as illustrated by Abay et al. [55]. The 
measured flow domain is considered representative of the flow deep in 
micropillar arrays; however, half pillars have been added on the end 
walls to mimic an infinite array, a common practice in experimental 
studies of flows in cylinder arrays [73,74] which might have a slight 
influence on the measured flow fields. 

5. Conclusions 

The role of RBC deformability in the transport of dense human RBC 
suspensions in a micropillar array was examined experimentally. Two 
distinct RBC streams on either side of the centreline, originating from 
the pillar-induced flow partitioning, characterised the interstitial space 
flow. A non-uniform cell distribution marked by pronounced cell 
depleted regions in the stagnation points and along the centreline was 
evident. 

The measured velocity profiles showed no statistically significant 
differences between healthy and hardened RBCs, unlike our previous 
studies with straight microchannels [22]. However, distinct differences 
were observed in the spatial organisation of the cells. Impaired cell 
deformability resulted in a slightly more uniform cell distribution in the 
interstitial space. Spatiotemporal maps indicated that although both 
healthy and hardened cells tend to occasionally cross the centreline and 
enter the cell-depleted regions, the effect was more pronounced with 
hardened cells. Despite the sporadic cell crossing of these regions, there 
was no significant momentum transfer across the centreline; on average, 
there was negligible mixing between the two RBC streams within the 
short length of the interstitial space and hence the flow remained ‘par-
titioned’ for both healthy and hardened cells. 

The present work illustrates the complex interplay between flow 
geometry and the particulate nature of blood. The non-uniform shear 
fields induced by the pillars and wall confinement give rise to hetero-
geneous cell distributions as reported in our previous study [1]. Changes 
in RBC deformability appear to manifest more in the spatiotemporal 
organisation of cells rather than velocities, which highlights the chal-
lenges in accurately modelling these flows. The study extends our pre-
vious work in bifurcating RBC flows [23,25,48] and complements efforts 
to understand flow partitioning in sequential bifurcations involving 
converging and diverging flows as in the present array. 
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