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In vitro analysis of multiple blood flow determinants using red 
blood cell dynamics under oscillatory flow 
Ziya Isiksacan,a Murat Serhatlioglua and Caglar Elbuken a,b,* 

Flow behavior of blood is determined mainly by red blood cell (RBC) deformation and aggregation as well as blood 
viscoelasticity. These intricately interdependent parameters should be monitored by healthcare providers to understand all 
aspects of circulatory flow dynamics under numerous cases including cardiovascular and infectious diseases. Current medical 
instruments and microfluidic systems lack the ability to quantify these parameters all at once and in physiologically relevant 
flow conditions. This work presents a handheld platform and a measurement method for quantitative analysis of multiple 
of these parameters from 50 µl undiluted blood inside a miniaturized channel. The assay is based on optical transmission 
analysis of collective RBC deformation and aggregation under near-infrared illumination during a 1 sec damped oscillatory 
flow and at stasis, respectively. Measurements with blood of different hemo-rheological properties demonstrate that the 
presented approach holds a potential for initiating simultaneous and routine on-chip blood flow analysis even in resource-
poor settings. 

Introduction 
lood flow related disorders are responsible for a quarter of all 

deaths across the world.1 Interdependent hemo-rheological2 
parameters, comprising mainly deformation and aggregation of 
red blood cells (RBC) and blood viscoelasticity, are the 
determinants of blood flow in vascular networks.3,4 Acquired or 
hereditary diseases affecting one parameter cause alterations 
in others, such as hyperviscosity syndrome as a result of anemia 
originated decrease in RBC deformation.5 Another example is 
that storage-induced lesions like RBC stiffness cause alterations 
in multiple parameters, paving the way for severe complications 
following blood transfusion.6,7 Presently, these parameters are 
rarely, if not at all, measured in clinics due to the drawbacks of 
using several benchtop instruments, requiring highly skilled and 
diversified workforce, lab space, high sample volume, operation 
time, and large budget.8 An all-at-once measurement approach 
remains also elusive thus far in the microfluidics community. 
There are only a few studies analyzing two parameters at a time 
based on image processing.9,10 This manuscript addresses a 
novel point-of-care solution for the rapid analysis of multiple 
hemo-rheological parameters (RBC deformation, RBC 
aggregation, blood/plasma viscoelasticity) from undiluted 
blood sample without requiring cleanroom fabricated chips or 
microscopy setups.  
     Human RBCs are anucleated discoid cells of 6-8 µm diameter 
with a 10-nm viscoelastic membrane. They constitute around 
2/3 of all body cells and 1/2 of blood volume, making an RBC 

count of 20-30 trillion in the circulatory system of a healthy 
adult.11,12 Deformability of RBCs is essential for oxygen delivery 
through capillary networks. Numerous pathological changes in 
RBC membrane, skeleton, and interior cause RBC stiffness that 
potentially results in capillary blockage (malaria, diabetes, sickle 
cell disease) and insufficient oxygen supply to tissues.13,14 To 
date, most RBC characterization methods focus on a single 
aspect of these cells at low throughput, obscuring an 
understanding of overall flow characteristics. Cell deformation 
is quantified by micropipette aspiration,15 atomic force 
microscopy,16 flow cytometry,17 and optical tweezers.18 There is 
also an extensive literature on microfluidic techniques for RBC 
deformability. Operation principles of platforms include cell 
blockage,19 transit (velocity, margination, sorting),20 and 
impedance analysis21 for the characterization of malaria-
infected or hardened RBCs. These platforms have not yet found 
a ground in clinics possibly due to costly chip fabrication, 
requirement for sample processing (dilution), and the need for 
off-chip components such as pumps and microscopes.  
     RBC aggregation is the formation of face-to-face RBC clumps 
at low shear rates and stasis.22 This mechanism is reversible and 
affected by cellular properties (surface charge, deformability), 
medium properties (viscosity, protein level), and flow 
properties (shear rate). The shear rate of blood flow in healthy 
circulation is above 10 s-1 where RBCs do not form aggregates. 
However, clinical conditions slowing down blood flow and 
affecting medium/cell properties (like elevated fibrinogen 
concentration) cause aggregation that may lead to 
hyperviscosity or vascular occlusion. Such conditions include 
various viral infections, inflammations, multiple myeloma, and 
diabetes.5 Microfluidic platforms based on electrical 
conductivity,23 optical analysis,24,25 or microscopy imaging26 can 
currently measure RBC aggregation.  
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     Blood consists of plasma and cells (mostly deformable RBCs), 
and as such, is a shear-thinning viscoelastic fluid.27 Clinical range 
blood viscosity is associated with diseases such as myocardial 
infarction and hypertension.28 Rheometers, viscometers, and 
recently various microfluidic techniques like co-flow analysis, 
advancing-meniscus monitoring, or impedimetric can be used 
for blood/plasma viscosity measurement.3 Blood elasticity 
measurement is also not a routine clinical practice. Elastic 
behavior of blood was thought to originate solely from RBCs.29 
A recent study using a capillary breakup rheometer has 
demonstrated the viscoelastic nature of plasma.30 
Nevertheless, the relationship between blood/plasma 
viscoelasticity and flow disorders (cardiovascular diseases) has 
not been entirely conceived and should be further elucidated. 
More specifically, a complete analysis of RBC deformation, RBC 
aggregation, and blood/plasma viscoelasticity could markedly 
increase the safety of blood transfusion.31 RBCs of donated 
blood undergo alterations during conventional 42-days cold 
storage (e.g., decreasing deformability, increasing viscosity).32 
Hence, use of untested non-fresh blood causes potential 
complications including organ failure and mortality.33  
     Microfluidic technologies possess a significant potential for 
the assessment of hemo-rheological parameters and help 
diagnose unhealthy blood flow. Herein, we report a portable 
device for the analysis of multiple parameters from 50 µl blood 
in 3 min. The assay principle is based on optical transmission 
analysis of RBC deformation and aggregation in an undiluted 
blood sample. The test starts off by sample introduction to a 
rigid straight channel of a disposable polycarbonate cartridge. 
This is followed by a 1-s reciprocating sample motion with 
gradually decreasing stroke distances, initiated by an integrated 
displacement pump. The sample is illuminated in the near-
infrared band with a wavelength of 830 nm where hemoglobin 
absorption is minimum. Optical transmission through the 
sample is recorded during flow (14 s) and then at stasis (126 s) 
to optically quantify RBC deformation and aggregation, 
respectively. Medium viscosity, medium elasticity, RBC 
stiffness, and RBC aggregability are varied once at a time to 
obtain blood samples with different hemo-rheological 
properties, and the measured optical signals are shown to be 
responsive to corresponding alterations. The analysis is carried 
out in a channel environment that mimics vascular flow: 
confined, directional, pulsatile movement of blood at shear 
rates and RBC volume fractions comparable to physiological 
levels. Finally, the portability of the analyzer (200 g), use of small 
sample volume (50 µl), short assay time (3 min), and low-cost 
disposable cartridges (US$ 0.02) are noteworthy for point-of-
care adaptation of the presented novel technique. 

Experimental Section 
Blood Collection 

Ethical approval was taken from the Ethics Committee of Bilkent 
University (Ankara, Turkey), and all experiments were 
performed in compliance with the institutional guidelines. 
Informed consent was obtained from the human participant.  

Table 1: Summary of the rheological properties (: viscosity and : relaxation 
time) of the suspending mediums 

 
10 ml fresh whole blood with 47% RBC volume fraction is 
acquired from a healthy male volunteer into a sodium citrate 
containing vacuum tube. The blood is centrifuged and washed 
three times with 1x Phosphate-buffered saline (PBS), keeping 
the RBC volume fraction constant. Following blood withdrawal, 
the sample is kept at 25°C and used within 6 h. 
 
Suspending Medium Preparation  
(see Table 1) Blood plasma has a relaxation time of 0.1 ms. 
Hence, a plasma replacement medium with a relaxation time of 
0.1 ms is prepared by dissolving 0.0085% w/v Polyethylene 
oxide polymer (PEO; Mw = 600 kDa, Sigma-Aldrich) in 1x PBS 
(Supplementary note 1). Glycerol (Sigma-Aldrich) is mixed with 
the plasma replacement solution at three concentrations (5%, 
10%, 20% v/v) to obtain three mediums for viscosity analysis. 
PEO is dissolved in 1x PBS at three concentrations (0.05%, 0.1%, 
0.2% w/v) to obtain three additional mediums for elasticity 
analysis.  
 
Blood Sample Preparation  
(see Table S2 for summary) Healthy RBCs have a shape recovery 
time of 0.15-0.30 s following deformation.13,34 Six different 
blood samples (H-samples 1-to-6; H for healthy) are prepared 
by suspending healthy RBCs (47% v/v) in the mediums 1 to 6, 
respectively. To obtain RBCs with stiffened cell membranes, 
healthy RBCs suspended in 1x PBS (47% v/v) are treated with 
0.025% v/v glutaraldehyde (GA) solution, which was prepared 
in 1x PBS from a 25% w/v stock GA (Sigma-Aldrich). 0.025% v/v 
GA fixation increases RBC rigidity around 4 times.35 Then, six 
additional blood samples (S-samples 1-to-6; S for stiffened) are 
prepared by suspending stiffened RBCs (47% v/v) in the 
mediums 1 to 6, respectively. 70 kDa Dextran (Sigma-Aldrich) 
was added to three blood samples (healthy RBCs suspended in 
1x PBS, 47% v/v) at different concentrations to change RBC 
aggregability (A-samples 1-to-3; A for aggregated). Dextran 
concentrations for three suspending mediums are 10 mg/ml, 20 
mg/ml, and 40 mg/ml. 
 
Rheological Measurements  

A rotational rheometer (MCR 301, Anton Paar) is used for the 
viscosity () measurement of the six suspending mediums (Fig. 
S1). The measuring unit has 50 mm diameter cone plate 
geometry (CP50-1). Constant shear rate mode is chosen, and 
the temperature is set to 25°C. 760 μl sample is used for each 
measurement. The shear rate is swept from 10 to 1000 s-1. 

Suspending 

Medium 

Solvent PEO in Solvent  

(w/v) 

  

[𝒎𝑷𝒂 ∙ 𝒔] 

 

[𝒎𝒔] 

medium 1 5% Glycerol & 95% PBS 0.0085 % 0.98 0.099 

medium 2 10% Glycerol & 90% PBS 0.0085 % 1.14 0.099 

medium 3 20% Glycerol & 80% PBS 0.0085 % 1.53 0.099 

medium 4 100% PBS 0.05 % 1.40 0.312 

medium 5 100% PBS 0.1 % 1.57 0.490 

medium 6 100% PBS 0.2 % 2.41 0.768 
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Relaxation times () of the suspending mediums are calculated 
using the Zimm estimation (Supplementary note 1). All 
rheological values are given in Table 1. 
 
Pump Characterization  

The pressure generated by the pump is characterized using a 
pressure sensor (40PC015 G, Honeywell). A silicone tubing is 
connected to the pump, and the pressure is recorded and 
sampled using a data acquisition card (DAQPad-6015, National 
Instruments).  
 
Image Analysis  

A 1-s video recording of the blood sample inside a channel is 
taken using an inverted optical microscope (Zeiss Axio Vert) 
equipped with a high-speed camera (Phantom Miro 2) at 2.5x 
magnification. The recording rate is 2800 frame per second. 
Images are obtained from the video using the camera software. 
 
Cartridge Fabrication 

The cartridge has a single straight fluidic channel (depth (d), 
width (w) = 1 mm; length (l) = 50 mm) with one inlet and outlet. 
It is designed in a CAD software (AutoCAD 2007). For initial 
prototyping and channel optimization, the cartridges are 
fabricated out of poly(methyl methacrylate) (PMMA) using CO2 
laser ablation.36 Then, a metal mold is fabricated using CNC-
machining, and the transparent polycarbonate rigid cartridges 
are mass-fabricated by injection molding at industrial 
standards.  
 
Measurement Platform  

Figure 1 shows the schematic illustration and photography of 
the portable device that consists of three main elements: 
integrated pump, optical detection unit (light-emitting diode 
and phototransistor), and microprocessor (also see Fig. S2 for 
workflow). Following 50 µl sample introduction into the single 
channel of the cartridge and cartridge insertion into a 3D 
printed cartridge holder at room temperature, an airtight fluidic 
connection is made between the channel outlet and the pump. 
With the start of the test, the pump mechanically moves an 

actuator pin forward and backward with 0.5 s-1 frequency for a 
duration of 14 s (Supplementary movie 1). Each forward pin 
movement generates 12.5 mbar pressure driving the sample  
 
forward inside the channel with 5 mm stroke distance and 
initiates a 1-s damped oscillatory flow (Fig. 2a). Meanwhile, an 
830-nm wavelength near-infrared light-emitting diode (LED; 
Vishay) illuminates the blood sample, and an NPN 
phototransistor (Vishay) collects the light transmitting through 
the sample in the form of an electrical current. The near-
infrared band of the electromagnetic spectrum at which the LED 
works minimizes the photon absorption by hemoglobin 
(proteins confined in RBCs) and therefore enhances the 
transmission through the blood sample. RBC deformation 
during a flow reduces RBCs’ surface area to volume ratio giving 
photons more space to pass through the sample.37,38 
Transmission intensity, hence measured electrical current, is 
higher for RBCs deformed at shear flow compared to the 
disaggregated suspended RBCs at stasis. Likewise, individually 
suspended RBCs result in lower transmission intensity at stasis, 
and as they aggregate, the intensity level increases.25,39 Hence, 
we quantified (I) RBC deformation during flow and (II) RBC 
aggregation at stasis by measuring the transmission intensity 
(electrical current) using the phototransistor. The current 
output (Ic [mA]) passes through an analog circuit consisting 
respectively of a transimpedance amplifier, a lowpass filter, and 
amplifying differentiator to get a voltage output (Vout [mV]) such 
that 
 

𝑉 =  𝑐 −  𝑐 𝑑𝐼 𝑑𝑡⁄  (1) 
 
where 𝑐 , 𝑐  are constants. While the current output quantifies 
RBC deformation, the voltage output gives an understanding of 
rate of RBC deformation at specific time intervals of optical 
measurement. The resulting analog voltage signal is digitized 
using the microprocessor and analyzed using MATLAB (R2018, 
MathWorks). The assay parameters such as LED intensity, test 
duration, and pressure can be tuned with a microprocessor 
(IOIO OTG, SparkFun). 

Fig. 1. Schematics and photograph of the device. a. Schematic representation. Collective RBC movements are optically investigated under near-infrared illumination. Analysis takes 

place in a channel. b. Handheld device developed for the implementation of the optical method. Inset. Transparent disposable cartridge has a straight channel (depth = width = 1 

mm, length = 50 mm) filled with 50 μl blood sample. 
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Results and Discussion 
Optical analysis of RBC movements in a fluidic channel  
During the test, the displacement pump moves the actuator pin 
forward and backward for 14 s. Figure 2a graphs one cycle of 
the pressure generated by the pump. The pump action consists 
of a 1-s push state and a 1-s pull state (Supplementary movie 1). 
At the start of the cycle (t0), the pin is in contact with an elastic 
membrane that makes an airtight connection to the channel 
outlet. In the push state, the pin pushes the membrane inward 
for 60 ms compressing the air within the system to generate an 
increasing pressure with a maximum value of 12.5 mbar at t1. 
Following t1, the pressure decreases and finally attenuates to 
zero at the end of 1 s (t4). For the push state (t0 to t4), the initial 
pin movement (t0 to t1; Δt1=60 ms) initiates a 1-s oscillatory flow 
of the sample within the channel (Supplementary movie 2). We 
are interested in the push state for the optical measurements. 
In the pull state, the pin withdraws, letting the membrane 
retract to its undeformed position.  
     To understand the flow dynamics, a microscope is used to get 
side-view video recording of the blood sample inside the 
channel (not necessary for routine use of the system). Figure 2b 
shows the side-view images of a 1-s oscillatory flow during a 
push state (Supplementary movie 2) at an observation window 
near the sample receding edge (also see Fig. S3). The sample is 
stationary at t0. Then, the pin pushes the adaptor for 60 ms,  

 
driving the sample forward reaching a stroke distance of 5 mm 
at t1 (Δt1=60 ms). During this bulk motion, a small layer of fluid 
remains attached to the channel walls due to adhesion between 
the walls and fluid. Hence, although the pin stops at t1, the bulk 
fluid moves backward for 1 mm until t2 (Δt2=42 ms) because of 
the cohesive forces between the fluids on the wetted walls and 
bulk. Again, the wetting on the advancing edge (not shown) 
causes a small forward flow until t3 (Δt3=36 ms). Finally, the fluid 
moves backward very slowly (mean velocity: 1.2 mm/s) for 860 
ms until t4. There are apparently four phases of sample flow. 
The sample has a different velocity in each phase. This results in 
different wall shear rates (phase-1: 480s-1; phase-2: 174s-1; 
phase-3: 66s-1; phase-4: 7.2s-1) that we approximately 
calculated using eqn. 2, which is used for  rectangular channel 
profile (d/w≤1), where �̇� and 𝑄 are wall shear rate and flow rate, 
respectively.40 
 

�̇� =  6𝑄 𝑤𝑑⁄  (2) 
      
     Microscopic images of the oscillatory flow in Fig. 2b reveals 
the differences in flow rates, and hence wall shear rates, for 
each phase. Shear rate determines the shear stress experienced 
by RBCs that, as a result, deform longitudinally to accommodate 
the stress. During the experiments, we measure physical 
changes in collective RBC deformation in the 1-s push states by 
illuminating the blood sample and collecting the transmitted 

Fig. 2 a. Pump characterization. Pressure generated by the pump during one cycle comprising a 1-s push state and a 1-s pull state. b. Side-view images of a 1-s oscillatory flow from 

a high-speed camera recording. The observation window is near the receding edge (see Fig. S3) for easier comparison for different phases. Stroke distances and velocities are 

displayed on images. c. Output signals measured by the device during 1-s oscillatory flow. Current signal measured directly from the phototransistor output and voltage signal 

measured as the output of the analog amplifier circuit fed by the current signal. Both signals are divided into four distinct phases. d. Schematic cross-sectional side-view model of 

collective RBC movements during a 1-s oscillatory flow. Microscopy images demonstrate the progression of a single RBC deformation during shear flow.  
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light using the phototransistor. Figure 2c illustrates an example 
of the current signal measured directly from the phototransistor 
during a 1-s oscillatory flow as well as the corresponding voltage 
signal obtained after analog processing (amplification and 
differentiation) of the current signal. As in Fig. 2b, the current 
signal consists of four distinct phases. The signal is concave-up 
with an increasing positive slope (phase-1), followed by the 
continuation of the rise with a decreasing slope (phase-2). After 
t2 where the current is at maximum, the signal is concave-down 
with a decreasing negative slope (phase-3), and it goes back to 
the initial level (phase-4). The distinction between current levels 
in these phases, viz. RBC deformation in these phases, can be 
more clearly understood in the voltage signals that represent 
the rate of deformation. The voltage signal makes two peaks 
(AMP1,2) at the end of phase-1 and phase-3, respectively. It has 
the zero crossing when the current is at maximum (t2), and it 
settles down to initial voltage level at the end of phase-4 (t4).  
     Dense population of RBCs in the channel, because of the 
clinically relevant RBC volume fraction and the channel depth, 
hinders the observation of individual RBCs under a microscope. 
Based on the microscopic observation of the bulk sample shown 
in Fig. 2b and the corresponding optical transmission analyses 
in Fig. 2c, a 1-s four-phase oscillatory flow is schematically 
summarized in Fig. 2d. (t=t0) RBCs are arbitrarily suspended in 
the medium. Phase-1: (t0<t<t1) Sample moves forward. RBCs 
align with the Poiseuille flow and deform longitudinally in 
response to increasing shear stress. Current level increases 
because RBCs are deformed, allowing more light transmission. 
(t=t1) Pump pressure is at maximum. RBCs have the largest rate 
of deformation. Hence, voltage output makes a peak, AMP1. 
Phase-2: (t1<t<t2) Wetting effect on the receding edge moves 
the sample backward. RBCs align with the flow and deform 
longitudinally. Current level increases due to RBC deformation. 
Shear stress generated by wetting effect (0.15 Pa) is smaller 
than stress generated by the pump (0.43 Pa). Therefore, 

deformation is smaller at t1<t<t2 than t0<t<t1. (t=t2) RBCs have 
the highest backward deformation. Voltage output reaches the 
zero crossing. Phase-3: (t2<t<t3) Wetting effect on the advancing 
edge moves the sample forward. RBCs start to retain their 
original shape due to fading shear stress. Current level 
decreases when the deformation decreases and the second 
largest rate of deformation is attained at t3 where voltage 
output makes another peak, AMP2. Phase-4: (t3<t<t4) RBCs 
move backward very slowly until their complete stop and shape 
recovery at t=t4. Current level gradually falls to the initial level. 
 

Change in medium properties  

Viscoelastic plasma is a suspending medium for RBCs, and its 
rheology is a key determinant of overall blood flow. Specifically, 
medium viscoelasticity determines the generation of viscous 
and elastic stresses applied on RBCs, thereby determining RBC 
deformation during flow. Viscous stresses facilitate RBC 
deformation whereas elastic stresses suppress it. Hence, an 
increase in medium viscosity or a decrease in medium elasticity 
enhances RBC deformation41,42 and thus optical transmission. 
We prepared suspending mediums with different viscoelastic 
properties (Table 1) to confirm this. Firstly, three mediums are 
prepared using varying concentrations of glycerol in the plasma 
replacement (mediums 1, 2, and 3). Using these mediums, three 
blood samples (H-samples 1, 2, and 3) are prepared from 
healthy, deformable RBCs (47% v/v).  
     Figure 3a shows the average optical signal corresponding to 
seven repetitive 1-s oscillatory flows (Fig. S4a) for these 
samples. Figure 3b compares the optical signal parameters 
(AMP1 and AMP2) with the glycerol concentration. AMP1,2 
increase with the increasing medium viscosity while t2 (Fig. S5a) 
remains the same. As demonstrated in Fig. 2b, in phase-1, the 
pump generates an increasing pressure to drive the sample 
forward. In the meantime, shear stress (τ) applied on RBCs 
deforms the cells. Given that the shear rate (�̇�) is a function of 

Fig. 3 Effect of suspending medium viscoelasticity on optical transmission signals. Each plot is the average of seven optical signals, obtained from repetitive seven 1-s oscillatory 

flows, for the following samples: Healthy RBCs suspended in a. Mediums with different glycerol concentrations and c. Mediums with different PEO concentrations. Comparison of 

the optical signal parameters (AMP1, AMP2) with b. the glycerol concentration and d. the PEO concentration. One-way ANOVA test was used for comparison. The significance is 

displayed on graphs where *** for p<0.001. 
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flow rate (Q) and the same for all the samples during phase-1 
(eqn. 2), an increase in medium viscosity () increases shear 
stress as followed by 
 

τ = �̇� =   ∙ 6𝑄/𝑤𝑑  (3) 
 
     The increasing shear stress in phase-1 accordingly deforms 
RBCs more, which eventually increases light transmission and 
AMP1. Therefore, given the same elasticity, the more viscous 
the medium, the higher the rate of deformation and AMP1 

value.  
     Pressure is the dominant factor in determining the flow rate 
in phase-1 and phase-2, given the short time scales of these 
phases (∆t1=60 ms, ∆t2=40 ms). Hence, t2 only negligibly 
increases with the increasing medium viscosity.  
     RBCs are in deformed state at t2. During phase-3, they lose 
their deformation due to fading shear stress (Fig. 2b), and they 
partially recover their undeformed shape at t3. The more 
viscous the medium, the higher the stress change (eqn. 3). This 
consequently results in higher rate of deformation leading to 
higher intensity change. Hence, higher AMP2 is measured in 
higher viscosity mediums. 
      Secondly, three mediums are prepared using varying 
concentrations of PEO in PBS (mediums 4, 5, and 6). Figure 3c 
shows the average optical signal for seven repetitive 1-s 
oscillatory flows (Fig. S4b) for the samples again with healthy 
RBCs (H-samples 4, 5, and 6). Figure 3d compares the 
characteristic signal maxima and minima with the polymer 
concentration. AMP1 decreases with the increasing medium 
elasticity while AMP2 increases. t2 also decreases with the 
increasing medium elasticity (Fig. S5b). The relative importance 
of elastic and viscous forces of a viscoelastic medium can be 
represented by the Weissenberg number (Wi) as43  
 

Wi= λ�̇� (4) 
  

     There are non-linear elastic forces in a viscoelastic fluid 
expressed in terms of normal stress differences, predominantly 
the first normal stress (N1) that increases with polymer 
concentration44 
 

 
N1 = 2λ𝜂�̇�2 (5) 

      
     N1 induced in the flow is at normal direction to the RBC 
membrane,45,46  and the existence of N1 suppresses RBC 
deformation during phase-1. Therefore, AMP1 decreases with  
 
the increasing polymer concentration. t2 is different for each 
sample. The polymers are stretched by the stress generated in 
phase-1, and they store elastic stress, the magnitude of which 
is proportional to polymer concentration. They discharge this 
energy and relax in phase-2 (viscoelastic recovery). More elastic 
samples recover their initial state faster, explained by the creep-
recovery response of the Kelvin model as 
 

𝜀(𝑡) = 𝐶𝑒 ( /)  (6) 
 
where , E, , and C are strain, sample elasticity, sample 
viscosity, and initial-state constant, respectively 
(Supplementary note 2).47 Therefore, t2 is the lowest at the 
highest polymer concentration, namely highest E.  
     The effective relaxation times for all the mediums are less 
than 1 ms (Table 1), so the polymers are already relaxed prior 
to phase-3. Therefore, the mediums act only viscous 
(Newtonian) in phase-3. As in the previous discussion for AMP2 
in Fig. 3b, AMP2 increases with the increasing medium viscosity. 
     Having demonstrated the relationship between the optical 
parameters and the medium viscosity (Fig. 3b) or medium 
elasticity (Fig. 3d), governing equations relating individual 
optical parameters to overall medium viscoelasticity can be 
derived using the viscosity (medium) and relaxation time (λmedium) 
values presented in Table 1. Figure 4a compares k1 = [medium / 
λmedium] to optically measured AMP1, and Fig. 4b compares k2 = 
[medium] to AMP2 (recalling that all mediums act only viscous in 
phase-3). Using the regression analysis, two linear equations are 
obtained as 
 

𝑘 =  [𝜂 /𝜆 ] = 𝑎[𝐴𝑀𝑃 ] + 𝑏 (7) 
 

𝑘 =  [𝜂 ] = 𝑐[𝐴𝑀𝑃 ] + 𝑑 (8) 
 

Fig. 4 Comparing optical signal amplitudes to medium properties for the six blood samples with healthy RBCs. a. The scatter plot and the linear fit comparing AMP1 to k1 = [medium / 

λmedium]. The correlation is 88% using linear regression. b. The scatter plot and the linear fit comparing AMP1 to k2 = [medium]. The correlation is 98% using linear regression. 
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where a, b, c, and d are constants with the values of 93.1, -7.8, 
6.3, and 0.7, multiplied by 10-3, respectively. This analysis 
demonstrates that using these equations and the parameters 
obtained from an optical measurement, medium properties can 
be calculated as an alternative to conventional rotational 
rheometer. In addition, since AMP1 and AMP2 are measures of 
RBC deformation, if medium properties are already known, 
these parameters can be employed to obtain the deformation 
during flow. 
 
Change in RBC membrane stiffness 

Healthy RBCs are deformable due to the viscoelastic 
membranes that enclose the cellular interior. Numerous clinical  
conditions such as malaria can decrease RBC deformability. We 
prepared six blood samples (S-samples 1-to-6) by suspending 
glutaraldehyde-fixed stiffened RBCs inside the six suspending 
mediums. Figure 5 shows the optical measurements for these 
samples. The trends seen for the H-samples in Fig. 3b&d are also 
observed for the S-samples in Fig. 5b&d for the same reasons. 
Briefly, given the same elasticity, AMP1,2 increase with the 
increasing medium viscosity (Fig. 5b) while t2 remains the same 
(Fig. S5c). Also, AMP1,2 decrease with the increasing medium 
elasticity (Fig. 5d) while t2 increases (Fig. S5d). We also observe 
that due to compromised deformability of stiffened RBC, AMP1 

and AMP2 are lower for the S-samples compared to those values 
in H-samples (Fig. S6). 
 
RBC aggregation analysis at stasis 

RBC aggregation is the main factor determining blood flow at 
low shear rates. This microfluidic device can also quantify RBC 
aggregation of blood. RBCs form aggregates at stasis in a 
suspending medium containing inducer molecules like dextran 
that is a highly water soluble polysaccharide. The aggregation 
can be enhanced with increasing dextran concentration 
depending on the molecular weight and concentration interval.  

Fig. 6 Optical analysis of RBC aggregation. Four blood samples with different dextran 

concentrations are prepared. Initial 14 s is for RBC disaggregation. Aggregation process 

lasts for 140 s. Relative transmission level at the 60th s is taken as the aggregation index 

(AI). Inset compares AI to dextran concentration. The correlation is 97% using linear 

regression.  

     Four mediums are prepared using varying dextran 
concentrations (0, 10, 20, and 40 mg/ml) in PBS at which RBC 
aggregation and solution viscosity48 increase linearly with 
dextran concentration whereas solution elasticity is negligibly 
affected.49,50 Then, RBCs (47% v/v) are suspended in these 
mediums. Figure 6 shows the corresponding optical 
transmission measurements, Vout. Initially, the pump operates 
for 14 s, moving the sample back and forth. The generated 
pressure creates a disaggregating shear rate (phase- 1: 480 s-1) 

that leads to the complete disaggregation of RBCs. At the time 
the flow ceases, individual RBCs are disaggregated and 
dispersed within the channel, resulting in maximum scattering 

Fig. 5 Effect of suspending medium viscoelasticity on optical transmission signals. Each plot is the average of seven optical signals, obtained from repetitive seven 1-s oscillatory 

flows, for the following samples: Stiffened RBCs suspended in a. Mediums with different glycerol concentrations and c. Mediums with different PEO concentrations. Comparison of 

the optical signal parameters (AMP1, AMP2) with b. the glycerol concentration and d. the PEO concentration. One-way ANOVA test was used for comparison. The significance is 

displayed on graphs where *** for p<0.001. 
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and minimum light transmission. Following the complete 
disaggregation, RBCs start to aggregate in the absence of a 
shear rate until their complete aggregation at the end of 140th 
s. The maximum final transmission levels are obtained at the 
completion of the aggregation phase. The relative transmission 
level at the 60th s is taken as a measure of RBC aggregation,22 
namely the aggregation index (AI) where AI = [Vout60th -  Vout14th]. 
Figure 6 inset compares AIs for different samples. The 
correlation between AI and dextran concentration is calculated 
as 97% using linear regression, confirming the enhancement of 
aggregation with dextran addition and the ability of our device 
to quantify it. 
 
     Although this manuscript reports the first proof-of-concept 
study of measuring multiple blood flow determinants using an 
optical measurement principle on an entirely portable device, it 
has several limitations that should be addressed in upcoming 
studies. Firstly, we herein focused on altering one property of 
the blood sample at a time and observed the resulting changes 
in the optical signals. For future studies, more than one blood 
properties need to be swept simultaneously to investigate 
whether multiple hemo-rheological parameters can be 
extracted from the signals. After multiple parameters are 
quantified from a single measurement, the next step is 
performing blind tests using clinical samples. Success in clinical 
trials depends substantially on the availability of conventional 
equipment (flow cytometer, rheometer, aggregometer) for 
benchmarking as well as correlating the blood flow 
abnormalities to disease states. Additionally, a built-in 
temperature controller unit is needed to keep blood samples at 
body temperature throughout the test.  

Conclusion 
We have presented a portable lab-on-a-chip device and a novel 
measurement method for the determination of multiple hemo-
rheological parameters, once at a time, in disposable cartridges 
from 50 µl undiluted blood. The operation principle is based on 
3-min optical transmission analysis of collective RBC 
movements (deformation and aggregation) in a straight single 
channel under infrared illumination. A unique four-phase 
damped oscillatory flow mechanism was generated jointly by a 
displacement pump and wetting effect. The analyses were 
performed in a miniaturized channel environment that 
mimicked vascular flow. Optical transmission through the blood 
sample was recorded during the flow and at stasis to quantify 
RBC deformation and aggregation, respectively. Blood samples 
with different medium viscoelasticity and RBC stiffness were 
employed to experimentally demonstrate that (I) viscous 
stresses facilitate RBC deformation and (II) elastic stresses 
suppress it.  This presented technique is promising to remove 
the financial and practical drawbacks associated with the state-
of-the-art hemo-rheological analysis methods. Such a sample-in 
result-out microfluidic approach can eventually make hemo-
rheological monitoring accessible in clinics and research labs. 
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