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a b s t r a c t 

Polydimethylsiloxane (PDMS) has a wide variety of commercial and industrial applications due to its me- 

chanical and rheological properties in a range similar to the living tissues. In this study, we demonstrate 

that PDMS can be used to produce deformable microparticles to be integrated in the development of par- 

ticulate blood analogue fluids. The difficulties associated with the use of in vitro blood make it necessary 

to perform in vitro experiments of blood flow with blood analogue fluids. However, an ideal analogue 

must match the rheology of blood at several points, and for that, blood analogue fluids should be a sus- 

pension of microparticles with similar properties (size, shape and flexibility) to blood cells, in particular 

to the red blood cells (RBCs). The microparticles used in this study were produced from a transparent 

PDMS with crosslinking ratios of 10:1, 8:2 and 6:4; from a black PDMS with a ratio of 1:1 and from a 

red-pigmented PDMS. Each PDMS microparticles sample was suspended in Dextran 40 to perform de- 

formability assays and cell-free layer analysis in a hyperbolic-shaped microchannel and steady shear vis- 

cosity measurements in a rheometer. The proposed microparticles suspensions show a great potential to 

mimic the structural and rheological properties of RBC suspensions and consequently to develop blood 

analogue fluids with rheological properties similar to real blood. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

The increased development and progress in the microfluidics

echnologies over the last several years is a result of combined ef-

orts of researchers with expertise in diverse fields such as fluid

echanics, thermodynamics, applied physics, chemistry, materials

cience, manufacturing, biochemistry, biotechnology and medicine

1–3] . Recent microfluidic and micro-electro-mechanical systems

MEMS) have demonstrated that the high elasticity (flexibility) of

olydimethylsiloxane (PDMS) offers unique advantages over more

raditional rigid substrate materials such as glass and harder poly-

ers [1,4] . Thus, PDMS has become the most widely used silicon-

ased organic polymer due to its unique mechanical and optical

roperties, and is generally considered inert, non-toxic and non-
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ammable, among other characteristics [3,5–7] . Its applications

ange from contact lenses and medical devices to shampoos, caulk-

ng, lubricating oils and heat-resistant tiles [3,6] . An increasing

umber of devices are being reported to employ the relative de-

ormability of the low-hardness PDMS in order to facilitate flexible

icrostructures within composite structures [1] , for example: mi-

ropumps, PDMS microvalves and flexible micropillar arrays for bi-

logical force measurements [8,9] , passive microfluidic techniques

or plasma separation, cell trapping and cell measurements [10–

4] ; and flexible adaptable fluid lenses [1] . As a subset of microflu-

dic devices, droplet microfluidics devices are required to produce

icroscale-diameter droplets of one fluid within a second immis-

ible carrier fluid. 

Droplet generation may be driven using active methods such

s piezoelectric actuators and electric fields [15–17] , but monodis-

erse droplets are most commonly formed in continuous pressure-

riven nozzles with flow-focusing or co-flowing method [7,16,18–

0] , or T-junction techniques [21–23] . Jian et al. [24] and

https://doi.org/10.1016/j.mechrescom.2019.103399
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mechrescom
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mechrescom.2019.103399&domain=pdf
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Muñoz-Sánchez et al. [7] proposed a flow-focusing technique

where a PDMS precursor was dispersed into microdroplets within

a continuous phase. 

Stiffness and deformability are particle characteristics that have

gained increasing interest, for example, the reversible deforma-

bility found in vivo for the red blood cells (RBCs) plays an im-

portant role in blood rheology for vessels with diameters smaller

than 300 μm, where the effective viscosity gets reduced due to

RBCs migration to the vessel centre, resulting in the formation of

a cell-free layer close to the vessels or microdevices walls [25–

29] . These blood phenomena drive the development of particulate

blood analogue fluids with similar properties and flow behaviour

[19,30,31] . One of the main challenges in the development of these

particulate fluids is the production of particles with the required

mechanical properties. Several research works [32–34] have pro-

posed synthetic RBC-like particles that mimic the key structural

attributes of RBCs as size and shape, but mechanical properties

were still far away from that of the real RBCs. Besides, the prepa-

ration of the proposed RBC-mimicking particles was expensive

and time-consuming, being also the final concentration extremely

small. 

Thus, the production of monodisperse particles with such an

inert elastomer as the PDMS has stimulated great interest of re-

searchers because of their potential applications in biomedicine.

Several types of particles with varying stiffness and shapes have

been engineered and subjected to narrow channels to investigate

their deformability [26,32,35,36] , demonstrating high deformability

when passing through constricted environments [26,37,38] . Merkel

et al. [39] have synthesised hydrogel microparticles with tunable

elasticity, which resemble RBCs in size and shape, and by us-

ing microfluidic models of vascular constriction, evaluated the be-

haviour of healthy and diseased RBCs and synthetic mimics of

RBCs. Vilanova et al. [40] successfully produced monodisperse sili-

con droplets to be used as templates for the formation of capsules

with potential molecular delivery with controlled release, demon-

strating that the mechanical behaviour of the generated capsules

could be finely tuned by varying the geometrical parameters. Cui

et al. [36] engineered PEG hydrogel particles with adjustable elas-

ticity and with a size similar to human RBCs, and by using atomic

force microscopy and a microfluidic blood capillary model that

mimics dimensions and pressure differentials of the in vivo envi-

ronment, they investigated the deformability behaviour of these

particles and demonstrated that this behaviour could be tuned to

be similar to that of RBCs. Choi et al. [6] by mixing uncured PDMS

with distilled water, developed a simple and fast method to pro-

duce micro-sized spherical PDMS particles. 

All these studies have provided important insights into how

particles of various materials can be engineered to have different

mechanical properties and biological behaviours, and they reveal

the effect of the internal structure of particles on deformability.

Nevertheless, the mechanical properties of these microparticles are

still far away from those of RBCs, and none of them has shown

evidence on how closely they mimic other microscale blood-flow

phenomena that happen at both in vivo and in vitro environments.

In this way Pinho et al. [31] and Calejo et al. [30] have devel-

oped particulate blood analogues with rigid particles able to show

the cell-free layer (CFL) formation downstream of a microchannel

contraction and the reproduction of the viscosity curve of rigid

RBCs suspensions. However, both studies have suggested that the

only way to closely mimic some microscale blood-flow phenom-

ena is by using deformable microparticles. Muñoz-Sánchez et al.

[7] proposed a flow-focusing technique to produce micro-sized

PDMS flexible spherical particles for biomicrofluidic applications,

demonstrating also the ability of the proposed particulate fluid

to reproduce the steady shear viscosity curve of ovine RBCs sus-

pended in Dextran 40. 
In this work we demonstrate that PDMS is a good option

o produce microparticles with close dimensions to human RBCs

 ∼8 μm) that deform reversibly, and also that a suspension cre-

ted with these microparticles presents a steady shear viscosity

imilar to a suspension of human RBCs. Moreover, the well-known

icrofluidic phenomena of the CFL is also verified for the devel-

ped microparticles. To achieve these main objectives, several sam-

les of PDMS microparticles at different mixture ratios of base/cure

gent and pigmentation were obtained by the technique proposed

y Muñoz-Sánchez et al. [7] . In order to identify the PDMS mix-

ure with the highest deformability, some assays were performed

or the produced microparticles and the results compared with the

eformability of human RBCs at similar in vitro conditions. Addi-

ionally, by using a rheometer, the steady shear viscosities for the

DMS and RBCs suspensions were obtained and compared. Lastly,

y using the same setup from the deformability assays, we checked

he cell-free layer (CFL) effect for a PDMS suspension and com-

ared it against RBCs suspensions. 

. Materials and methods 

.1. Flow in microfluidic devices 

As the main focus of this work is about the flow of fluids with

uspensions of microparticles, this section shows a brief overview

f several important physical phenomena of such fluids flowing

hrough microfluidic devices. The fluid flow behaviour in both

acro and microdevices can be characterized by comparing the re-

ation between the values of the inertial and viscous forces. This

atio is known as Reynolds number ( R e ). As most of the microflu-

dic devices have rectangular microchannels the hydraulic diameter

 D h ) should be used to determine the dimensionless R e : 

 e = 

( inertial f orce ) 

( v iscous f orce ) 
= 

ρU D h 

μ
(1)

here ρ is absolute density of the fluid, U is the average of the

uid, μ is the viscosity and D h is the hydraulic diameter that can

e defined as: 

 h = 

4 A 

P 
(2)

here A is the cross-sectional area of the microchannel and P is

he wetted perimeter. 

In most of microfluidic applications the R e is less than 1 and

s a result the viscous effects are the ones that most influence the

hysical flow phenomena that happens in microfluidic devices. Un-

er this regime, viscous forces are dominant and is known as lam-

nar flow. 

There are some simple microchannel geometries where the

avier–Stokes equations can be used to obtain several physical pa-

ameters such as: flow velocities, flow rates, shear rates and strain

ates [41] . By considering a steady pressure-driven flow in a rect-

ngular microchannel (width, w , much bigger than the height, h )

here a pressure drop �P acts over a certain length (L), it is possi-

le to obtain the velocity across the channel by the following equa-

ion: 

 ( y ) = 

�P 

2 μL 

[ (
h 

2 

)2 

− y 2 

] 

. (3)

In the same way, the flow rate (Q) through a rectangular mi-

rochannel of width w , can be calculated by the following equa-

ion: 

 = w 

∫ h 

0 

u ( y ) dy = 

w h 

3 �P 

12 μL 
. (4)

In microcirculation most often the workings fluids flow through

 microchannel under a laminar regime and the pressure, in a
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Table 1 

Summary of all working fluids prepared by suspending either PDMS microparticles or human RBCs. Hematocrit (Hct) corresponds 

to the concentration (v/v%) of RBCs in the sample. 

Composition of the fluid Acronym 

Suspending medium Dextran 40 (solution in water at 10 wt%) Dx 40 

Suspensions 

of 

PDMS 

microparticles 

Dx 40 + PDMS microparticles at 10:1 10:1 

Dx 40 + PDMS microparticles at 8:2 8:2 

Dx 40 + PDMS microparticles at 6:4 6:4 

Dx 40 + Black PDMS microparticles at 1:1 Black PDMS 

Dx 40 + Red-dyed PDMS microparticles at 10:1 Red PDMS 

Dx 40 + PDMS microparticles at 10:1, 8:2, 6:4 (concentration of 8%vol) Final working fluid 

Blood 

fluids 

Dx 40 + Healthy RBCs (Hct of 8%) Healthy RBCs (8%) 

Dx 40 + Pathological RBCs (Hct of 8%) Pathological RBCs (8%) 

Fig. 1. Schematic of the fluid flow behaviour in a microfluidic hyperbolic-shaped 

contraction through which the cells and particles flows. This geometry has the abil- 

ity to generate extensional flows with a homogeneous strain-rate along the centre- 

line of the contraction. 
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teady flow condition, decreases linearly with the length (L) of

hannel. Under these conditions the pressure drop is �P = RQ ,

here Q is the flow rate and R is the hydrodynamic resistance of

 microvessel [42] . For microfluidic devices with rectangular mi-

rochannels the hydrodynamic resistance is given approximately by

 = 

12 μL 

w h 

3 
( for h � L ) (5)

here L is the length of the channel, w is the width and h is the

eight. More detailed information about pressure-driven flows in a

ectangular microhannels can be found elsewhere [41,43] . 

In the present study, we have used hyperbolic converging mi-

rochannels in order to investigate both microparticles deformation

nd CFL formation. In a hyperbolic-shaped microchannel, the to-

al Hencky strain experienced by a fluid element along the centre-

ine of the channel can be determined by εH = ln (W 1 /W 2 ), where

 1 corresponds to the wide dimension of the converging channel

hereas W 2 corresponds to the minimum contraction width (see

ig. 1 ) [44,45] . In the present study, all the flow experiments were

erformed with a εH of about 3.5. 

Flows of cells and microparticles through microfluidic contrac-

ions generate complex flow phenomena, i. e., the fluid flow ex-

eriences a reduction in the cross-sectional area, which generates

trongly-converging flows as the fluid pass through the contraction.

he schematic illustration in Fig. 1 shows the fluid flow behaviour

n a microfluidic hyperbolic-shaped contraction through which the

BCs and microparticles were tested. In general, the flow exhibits

ixed kinematics with strong extensional flow along the centreline

nd shear flow close to the walls. For this latter region, the shear

ate can be define as ˙ γ = 

d u x 
d y 

, where u x refers to the cell/particle

xial velocity. The major advantage of a hyperbolic-shaped con-

raction is the ability to generate strong extensional flows with a

omogeneous strain-rate along the centreline of the contraction.

or this region, the strain rate can be define as ˙ ε = 

d u x 
d x 

. Due to
hese merits, during the last decade, several research works have

easured the effects of the extensional flow in these kind of mi-

rochannels using blood analogue fluids and in vitro blood contain-

ng different kinds of blood cells [10,13,31,44–47] . 

.2. Microparticles production procedure 

The procedure, experimental setup and flow-focusing technique

sed in this study to generate the monodisperse PDMS microparti-

les were well explained and described in [7] and [48] . 

Once the monodisperse droplets are generated by the flow-

ocusing procedure, to get the solid PDMS particles from them, the

mulsion of droplets was deposited in a glass optical cell [7] . This

ontainer was heated up at 70 ◦C for 14 h with the heater of a

ommon magnetic stirrer in order to conduct crosslinking and cure

he PDMS droplets in the solution. Then, when the solution cooled

own, it was diluted in water and the PDMS solid microparticles

ot separated from the glycerol and surfactant bulk by making the

uspension pass through a porous glass microfiber filter of 1.2 μm

n pore size. After all the liquid has been suctioned by a pump,

he filter was cleaned with a stream of 1-propanol to drag the

icroparticles to a petri dish. By letting the propanol evaporate,

e obtain the dried PDMS microparticles in the petri dish and re-

uspend them in various media depending on the application. In

he case of this work, they will be suspended in Dextran 40. 

To fabricate the flexible microparticles, we used a common

ransparent PDMS elastomer kit (Sylgard® 186 Silicone Elastomer

it, Dow Corning) consisting of two parts: a PDMS precursor and a

uring agent; and a black PDMS elastomer kit (Sylgard® 170, Sili-

one Elastomer Kit, Dow Corning) with a standardized ratio of mix-

ure precursor/curing agent of 1:1. Three different samples were

repared with the transparent PDMS, by varying the mixture pro-

ortions as 10:1, 8:2 and 6:4. Also, based on the work performed

y Anes et al. [48] , the transparent PDMS mixed at a ratio of 10:1

as dyed with a red pigment for silicone (paste of PP SIL RO-1,

lastiform) at 20 wt%, in order to produce coloured microparticles. 

.3. Working fluids 

Several suspensions of PDMS microparticles in Dextran 40 were

btained, as summarized in Table 1 . Rheological measurements

nd flow visualizations were performed on them to investigate

hether the produced PDMS suspensions have flow properties

imilar to in vitro blood experiments. 

Moreover, the same measurements were performed for addi-

ional working fluids (blood suspensions, see Table 1 ) in order to

ompare the behaviour between PDMS microparticles and healthy

nd pathological RBCs. Note that the cured PDMS microparticles

re in all cases approximately the size of human RBCs ( ∼8 μm). The

athological RBCs were obtained from a patient diagnosed with Di-

betes Mellitus type II. 



4 D. Pinho, B.N. Muñoz-Sánchez and C.F. Anes et al. / Mechanics Research Communications 100 (2019) 103399 

Fig. 2. a) Schematic representation of the deformation index (DI), and b) illus- 

tration of the three regions R1, R2 and R3 to evaluate the deformation index of 

the RBCs and PDMS microparticles, when flowing through the PDMS microchannel. 

Typical deformations for each region are shown at the bottom. 
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More detailed information regarding the preparation of the in

vitro blood samples can be found at [49] . 

2.4. Flow visualizations and microchannel geometry 

RBCs and microparticles suspensions were made to flow

through a microchannel with a hyperbolic-shaped contraction. This

shape produces a controlled quasi-homogeneous extensional flow

field through the contraction (constant strain rate), thus allowing

to elongate the flexible microparticles/cells. The microentities were

visualized with a high-speed video microscopy system that com-

bined an inverted microscope (IX71, Olympus, Japan) with a high-

speed camera (Fastcam SA3, Photron, USA), as detailed in [13] . The

flow was imposed by a syringe-pump (PHD Ultra, Harvard Appara-

tus, USA) at the flow rates of 5, 8 and 10 μL/min. 

Fig. 2 b shows the main dimensions of the used microchan-

nel, where the depth had a constant value of about 15 μm.

The three selected regions to obtain the deformability measure-

ments are marked as R1, R2 and R3. By recording several high-

speed videos of the flow and evaluating them with the im-

age analysis strategy from [50] and the software Image J (NIH),

we measured the deformation index of both microparticles and

RBCs. The deformation index (DI) is defined in the equation (see

Fig. 1 a), where X and Y are respectively the major and minor

axis of the cells or microparticles [10] . The DI values in re-

gion 1 (R1), i. e., the narrowest region of the hyperbolic con-

traction, are expected to be the highest. Additionally, measure-

ments were performed in region 2 (R2) and region 3 (R3), where

there is an abrupt expansion after the hyperbolic-shaped contrac-

tion and the microparticles and cells tend to recover their original

shape. 

The microchannel also allows to measure the microparticle- and

cell-free layer when visualizing the flow, based on the work of Ro-

drigues et al. [51] , they have reported that hyperbolic contractions

have a strong effect on the thickness of the downstream CFL. 

2.5. Rheological characterization 

The rheological characterization of all the working fluids

was performed in a stress-controlled rheometer (Bohlin CVO,

Malvern) by using a cone-plate geometry with 55 mm in diam-

eter and a gap size of 30 μm. The steady shear flow measure-

ments were performed at 22 °C in a range of shear rates of

1 s −1 ≤ ˙ γ ≤ 10 0 0 0 s −1 . For each working fluid, suspensions of

either RBCs or PDMS microparticles, the measurements were per-

formed three times with a fresh new sample of each, in order to

corroborate the reproducibility. 
. Results and discussion 

.1. Deformation index (DI) 

Suspensions of PDMS microparticles for different mixture ratios

ere visualized when flowing through the microchannel repre-

ented in Fig. 2 b. Several videos were recorded at the flow rates of

, 8 and 10 μL/min with the aim to analyse the ability of the PDMS

icroparticles to deform and elongate when passing through the

mall microcontraction (12 μm), thus quantitatively evaluating their

bility to mimic the deformation of human RBCs, either healthy or

athological. 

Fig. 3 shows that all PDMS mixtures used to fabricate the mi-

roparticles present some degree of deformability at region R1.

his demonstrates that PDMS is a good option to develop flexi-

le microparticles. It is also clear that their deformation increases

ith the flow rate, as it happens with RBCs, presenting, both mi-

roparticles and RBCs, the highest DI values for the flow rate of

0 μL/min. 

As the microparticles flow out of the hyperbolic contraction, an

brupt expansion occurs, and R2 and R3 work as recuperation re-

ions. DI at these regions are much lower for the PDMS microparti-

les than for RBCs. All PDMS samples present a similar and fast re-

rieval of their original spherical shape, resulting in a DI value close

o zero; whereas RBCs, due to their unique biomechanical proper-

ies, show a higher recovery time when compared to the PDMS

icroparticles [31,33,52] . 

When comparing the behaviour of the different PDMS sam ples,

here is not a significant variation between the transparent mix-

ures (ratios of 10:1, 8:2 and 6:4), since their DI values are all

imilar for each flow rate. On the contrary, the pigmented sam-

les (red-dyed 10:1 PDMS and commercial black PDMS) happen

o be much less deformable than the transparent ones. This effect

as already been observed by the work performed by Khare et al.

53] , where they have found a reduction in the Young’s Modulus

f PDMS micropillars due to the addition of a dye. 

Clearly, DI measurements for the pigmented samples are far

rom the human RBCs values, either the healthy or the pathological

nes. Hence, even if these coloured particles enhance contrast and

isualization [48] , they do not seem to be adequate to represent

BCs in the development of particulate analogue fluids. 

On the other hand, the transparent PDMS particles present, in

1, a midway DI value between healthy and pathological RBCs,

hus being able to mimic RBCs with a certain degree of disease,

or example an intermediate status of Diabetes Mellitus type II. 

To the best of the authors’ knowledge, these proposed particles

how the closest behaviour to human RBCs in terms of deformabil-

ty. Therefore, they seem to be the best candidates for the moment

o qualitatively mimic them and be integrated in blood analogue

uids. 

.2. Steady shear rheology 

As previously reported by Muñoz-Sánchez et al. [7] , a suspen-

ion of 10:1 PDMS microparticles with an average diameter of

.87 μm demonstrated to have a close behaviour to a suspension of

vine RBCs (mean diameter of 5 μm), when comparing their steady

hear viscosity curves. In this study, we obtained, under steady-

tate experiments, the flow behaviour of the suspensions with the

ost deformable microparticles: those made of transparent PDMS

ratios 10:1, 8:2 and 6:4), to be compared against human RBCs. 

Since the disadvantage of the production method is the low

hroughput, with the aim to increase the concentration of parti-

les in the suspension, we prepared a final working fluid with all

he microparticles that had a similar deformability, i.e. we merged

ransparent PDMS microparticles of 10:1, 8:2 and 6:4 ratios and



D. Pinho, B.N. Muñoz-Sánchez and C.F. Anes et al. / Mechanics Research Communications 100 (2019) 103399 5 

Fig. 3. Deformability results at the regions in Fig. 1 b for all the produced PDMS 

microparticles and RBCs at the flow rates of: a) 5 μL/min; b) 8 μL/min and c) 

10 μL/min. The error bars represent the confidence interval at a level of 95% for 

n = 100 (100 microparticles were measured for each sample). 

Fig. 4. Steady shear viscosity curves for the suspending medium (Dx 40) and sus- 

pensions of different particles at a concentration of 8%vol: healthy RBCs, patholog- 

ical RBCs and final working fluid (PDMS microparticles of ratios 10:1, 8:2 and 6:4). 

The error bars represent the confidence interval at a level of 95%. 

Fig. 5. CFL marked in red in the microchannel at the flow rate of 8 μL/min for: 

a) suspension of healthy RBCs; b) final working fluid; c) suspension of pathological 

RBCs. Detailed information about image processing in ImageJ can be found in [31] . 
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uspended them all in Dx 40. The same carrier fluid was used

o create the suspensions of human RBCs, both the healthy and

he pathological, at close concentration of the PDMS microparticles

8%vol). 

Two different tendencies can be clearly distinguished in the vis-

osity curves of Fig. 4 . On the one hand, the sample containing

nly the suspending medium (Dx 40) presents a constant viscos-

ty over all the shear rates. On the contrary, the viscosity curves

f the particulate suspensions show a smooth shear-thinning be-

aviour at small shear rates and constant viscosity (Newtonian be-

aviour) at high shear rates. When comparing both tendencies, we

otice that the increase in suspension concentration (due to the

ddition of either microparticles or RBCs) promotes an increment

f the viscosity in the Newtonian plateau over that of the suspend-

ng medium. 

A closer look into the low shear-rate range reveals that the sus-

ension of pathological RBCs has a smaller shear-thinning degree

han the healthy RBCs. The final working fluid shows an intermedi-

te behaviour between both the healthy and the pathological RBCs.

It is clear from the results that the sample containing PDMS

icroparticles shows a good agreement with the rheological prop-

rties of the in vitro RBCs samples, with an intermediate shear-

hinning degree that makes these microparticles an ideal candidate

o mimic suspensions of RBCs with a certain degree of pathology. 

.3. Cell-free layer visualization 

We also observed whether a cell-free layer, or -better called

or the final working fluid- a ‘microparticle-free layer’, was formed

lose to the walls of the microchannel. The microchannel used is

he same to measure the deformation indexes, shown in Fig. 2 b. 

In the case of the present work, Fig. 5 shows that the sus-

ension of PDMS microparticles develops, downstream of a con-

raction and close to the microchannel walls, a clear region with-
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Fig. 6. CFL thickness for the different suspensions at all the flow rates: 5, 8 and 

10 μL/min. The error bars represent the confidence interval at a level of 95%. 
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out microparticles, similarly to what occurs for human RBCs (both

healthy and pathological). 

In addition, this microparticle-free layer grows with the in-

crease of the flow rate, in the same trend as the suspensions of

RBCs (see Fig. 6 ). 

4. Conclusions 

In this work, we have studied PDMS microparticles with diame-

ters below 10 μm fabricated by a flow-focusing technique with dif-

ferent crosslinking ratios and pigmentation. The flow behaviour of

suspensions created with such microparticles has been compared

against suspensions of human RBCs, both healthy and pathological,

all of them reproducing several microcirculation phenomena. 

For the first time, the Deformation Index (DI) has been mea-

sured and compared for different PDMS microparticles. By visualiz-

ing the flow through a hyperbolic-shaped contraction, we observed

that all PDMS microparticles present some ability to elongate when

passing through the smallest dimension of the microchannel. The

samples with the highest DI were the transparent PDMS mix-

tures. All the crosslinking ratios showed comparable deformabil-

ity among them, with a similar value to human RBCs. In partic-

ular, transparent PDMS microparticles yielded a midway DI value

between healthy and pathological RBCs. Nevertheless, pigmented

microparticles show reduced DI values, so they are not valid to

replicate RBCs. Since colour enhances flow visualization, it would

be desirable to further develop this type of particles in terms of

deformability. 

By means of rheological measurements, we also verified that

the final working fluid (formed of transparent PDMS microparti-

cles) is able to reproduce the viscosity curve of human RBCs sus-

pensions, showing an intermediate shear-thinning degree between

healthy and pathological RBCs. Hence, regarding deformability val-

ues and viscosity curves, transparent PDMS microparticles emerge

as good candidates to mimic diseased RBCs, such as those with an

intermediate status of Diabetes Mellitus type II. 

In addition, the final working fluid mimics another phe-

nomenon found for in vivo and in vitro microcirculation of RBCs:

the cell-free layer (CFL). The flow visualization shows that this fluid

forms a layer free of microparticles downstream of a contraction,

in the same way that suspensions of human RBCs (either healthy

or pathological) do, leaving a cell-depleted plasma region near the

walls of the microchannel. 
As future directions, we propose a scale-up of the production

n order to obtain a higher concentration of microparticles, thus

llowing more detailed studies and applications, and a further de-

elopment of the coloured microparticles, since colouring is a way

o improve flow visualization of particles within microchannels. 

To the best of the authors’ knowledge, the developed PDMS mi-

roparticles seem to be the best candidates for the moment to

ualitatively mimic the deformability of human RBCs. Our results

upport their great potential to develop particulate blood analogue

uids with hemorheological behaviour similar to in vitro blood sus-

ensions. 
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