
COMPUTATIONAL DESIGN OF  A MICROFLUIDIC 
MEASUREMENT OF THE HUMAN RED BLOOD 

CELL SHEAR MODULUS DISTRIBUTION 

Amir Saadat, Diego A. Huyke, Neo Boon Siong,
Mehdi Niazi-Ardekani, Juan Santiago, Eric S.G. Shaqfeh,

Departments of Chemical and Mechanical Engineering
Stanford University, Stanford, CA  94305

 
Respond. Innovate. Scale. Empower 

Stanford RISE  
https://rise.stanford.edu/# 

 

 
 
DATE:  August 3, 2020 

TO:  Eric Shaqfeh 

FROM: Chaitan Khosla, Margaret Levi, Tim Stearns, Blakey Vermeule 

SUBJECT:  Stanford RISE COVID-19 Crisis Response Faculty Seed Grant Program 

 
 
Dear Eric Shaqfeh, 
 
Congratulations! We are pleased to inform you that your proposal, “High-throughput Screening of Red Blod 
Cell Flexibility as a Biomarker for COVID-19,” has been selected to participate in the Stanford RISE COVID-
19 Crisis Response Faculty Seed Grant Program. We received many outstanding applications in response to 
our Request for Proposals. Your proposal was judged as among the most meritorious applications by a panel 
of Stanford faculty. 
 
The total award is in the amount of $50,000 direct costs over the period August 15, 2020- August 14, 2021. 
Please note that any significant changes to the project or scope of work must be reviewed and approved by 
Stanford RISE. 
 
We are excited to be able to support this research, and look forward to hearing of the success of your results.  
 
Please see the following information for additional terms and conditions of your award.   
 
GRANT PROCESSING REQUIREMENTS 
In order to process your award, please log into SeRA (http://sera.stanford.edu) and complete a Proposal 
Development Routing Form (PDRF). Follow instructions for creating an internal funding PDRF, as found at 
https://doresearch.stanford.edu/sites/default/files/documents/university_research_agreement_guide.pdf. The 
award is processed through OSR; please list your department’s OSR Institutional Official on the PDRF, found 
here: http://doresearch.stanford.edu/sites/default/files/documents/preaward_assignments-20181022.pdf. 
When completing the PDRF, you will list your own department as the administering unit. However, when the 
PTA is generated it is important that Stanford ChEM-H (org code NOQC) be assigned as the award owning 
organization and that your home department be assigned as the project and task owner. Please make a note 
of this in the comments when you submit your PDRF. Your new account cannot be opened until this form is 
complete and approved by all appropriate parties. Be sure to attach the following documents in the 
proposal/attachment section of the PDRF.  

 
1. Proposal submitted to the Stanford RISE COVID-19 Crisis Response Faculty Seed Grant 

Program 
2. Award letter provided by Stanford RISE 
3. Detailed budget on the project with start and end dates. Budget must reflect how money will 

be spent and must be consistent with the budgetary restrictions outlined below. 
4. If applicable, approved IRB or IACUC letters reflecting the University award has been added 

as a funding source to an active protocol or a new protocol was created and approved. 
 

Saadat, A., Huyke, D.A., Oyarzun, D.I., Escobar, P. V., Ovreeide, I.H., E.S.G. Shaqfeh, J.G. Santiago, ``A 
system for the high-throughput measurement of the shear modulus distribution of human red blood 
cells'', DOI: 10.1039/D0LC00283F Lab on a Chip , 20, pp. 2927-2936 (2020)

Computational Math: Human Centered
May 25, 2021



2 Introduction: Micro-circulation, RBC Simulations in the 
Shaqfeh group; Biomarkers for Disease

§ Vascular network
› Arteries ~ 4 mm
› Arterioles ~ 20 – 50 𝜇m 
› Capillaries ~ 8 𝜇m

§ RBC Simulations
› Cell Free Layer (CFL)
› Platelet Margination
› Hemostasis

Discocyte RBC

RBC in CapillariesRBC Migration

Arterioles

Saadat, A., C. Guido, G. Iaccarino, E.S.G. Shaqfeh, 
``An Immersed Finite Element Method for Deformable 
Particle Suspensions in Viscous and Viscoelastic 
Media'', Phys. Rev. E,98(6), 063316 (2018)

Discocyte RBC

RBC in CapillariesRBC Migration

Arterioles Discocyte RBC

RBC in CapillariesRBC Migration

Arterioles

§ RBC Flexibility is a Biomarker 
for Disease
› Sepsis
› Neurological disorders
› ME/CFS (?)
› COVID 19 (?)



3 What is deformability/flexibility of an RBC?

Dilational modulus large;
Cell incompressible 

Relatively small and 
inconsequential

Shear modulus 𝝁s controls
RBC deformation and dynamics

Skalak Model



4 Measuring the membrane shear modulus

§ Optical	tweezer	(Skalak model)

§ AFM,	micropipette	aspiration,	dynamic	membrane	fluctuation	(DPM)		

Fedosov et al. , PNAS, 2011.
Suresh et al., Acta Biomaterialia. (2005).

• Quantitative but only a few cells examined
• Responsible for measured values of modulus

in the literature
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Generic Experimental/Simulation setup
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X

(Ca=0.8, 𝜖 = 0.9)
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𝑈"#$$
&𝑢

Parameter Definition Range

Taylor 
Deformation
(chosen)

Finding the major 
axis from the 
ellipse of the same 
moment of inertia 
and the area of the 
cell 

𝑫 =
𝒂 − 𝒃
𝒂 + 𝒃

0-1
0: circle
1: flat object or 
line

𝝐 =
𝒅𝒆𝒇𝒇
𝑯

𝑑ABB = 2
𝐴CD
𝜋



7 Microfluidic experiments

Triggered light source
and simultaneous 
exposure 
allows for high 
resolution images

0.9 ≤ 𝝐 ≤ 𝟏. 𝟑
0.2 ≤ Ca ≤ 𝟏. 𝟔

LED is pulsed with 
frequency 400Hz (2.5 
ms period)

2% duty cycle (LED is 
on 40 µs)

ROI is 2048 x 64 px2
(160 x 20 µm2)



8 Experimental data an example donor – one “aged” for 5 
weeks (in PBS)
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donors (fresh RBCs) and these exhibit minor differences in
confinement.

The top plot of Fig. 4C shows the distribution of Taylor
deformation Ta for fresh and 5 weeks stored cells. The mean
Taylor deformation of fresh and stored RBCs, respectively, is
0.32 and 0.14, while the standard deviation of Taylor
deformation of fresh and stored RBCS, respectively, is 0.065
and 0.064. This corresponds to a difference in the means of
56%. The dramatically smaller Taylor deformation of the
stored RBCs is expected as aging of these cells is known to
lead to stiffening.45 Consequently, the projected area of these
aged RBCs, as captured in the experimental images is more
circular. The bottom two rows of Fig. 4C show the
distribution of Taylor deformation for fresh RBCs and shows
very little difference in the mean or standard deviation of Ta.

2.4 Probability density function for shear modulus

We next make a measurement of the shear modulus of
individual RBCs by combining high-fidelity simulations and
experimental images. To this end, our automatic image
processing script analyzes the steady-state shape of a cell (for
x > 300 um) and measures its confinement !, Taylor

deformation Ta, and velocity Ucell. Each individual cell was
imaged, and its morphological and velocity properties were
measured (typically) 20 times, before an average of these was
taken. Simulations showed that the steady state confinement
and Taylor deformation of any cell corresponds to a cell-
specific capillary number Cacell (Fig. 3B). This relation can be
visualized by a projection in the Ta versus ! plane (the
surface plot in Fig. 5A). Hence, referring to the definition of
Cacell and given Ucell (also measured), the shear modulus of
the cell was calculated. Fig. 5A additionally shows
experimentally measured Ta versus ! for fresh (n = 605) and
cells stored for 5 weeks (n = 981) from the same donor. The
fresh RBCs generally have a greater Ta and !.

Fig. 5B shows the shear modulus distribution for the same
group of cells as Fig. 5A. The shear modulus distribution
shows a near lognormal distribution, and so this distribution
has been overlaid. It has been shown that the geometric
mean is the proper statistical parameter for a log-normal
distribution,57,58 hence, we use this in our analysis below
where the mean is denoted with an asterisk to distinguish
from an arithmetic mean used for Ta and ! (ESI,† Section
S6). For donor 1, the fresh blood distribution shows a mean
shear modulus value 4.2 !N m"1. After 5 weeks of storage,

Fig. 4 (A) Experimental transient behavior of cell velocity Ucell, confinement !, and Taylor deformation Ta in the entrance region as a function the
axial position x. The steady-state probability distribution, namely, p!Ucell), p!!), and p(Ta) are shown on the right-hand-side of the transient curves.
In the top rows of (B) and (C), p!!) and p(Ta) are respectively shown for donor 1 RBCs withdrawn two hours before experiments (green) and RBCs
that have been stored in a 4 °C fridge 5 weeks (blue). The values !mean and Tamean are, respectively, the mean confinement and Taylor deformation
of each group. The middle and bottom rows of (B) and (C) respectively show p!!) and p(Ta) for fresh cells from donors 2–5. n is the number of
cells analyzed in each group.
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donors (fresh RBCs) and these exhibit minor differences in
confinement.

The top plot of Fig. 4C shows the distribution of Taylor
deformation Ta for fresh and 5 weeks stored cells. The mean
Taylor deformation of fresh and stored RBCs, respectively, is
0.32 and 0.14, while the standard deviation of Taylor
deformation of fresh and stored RBCS, respectively, is 0.065
and 0.064. This corresponds to a difference in the means of
56%. The dramatically smaller Taylor deformation of the
stored RBCs is expected as aging of these cells is known to
lead to stiffening.45 Consequently, the projected area of these
aged RBCs, as captured in the experimental images is more
circular. The bottom two rows of Fig. 4C show the
distribution of Taylor deformation for fresh RBCs and shows
very little difference in the mean or standard deviation of Ta.

2.4 Probability density function for shear modulus

We next make a measurement of the shear modulus of
individual RBCs by combining high-fidelity simulations and
experimental images. To this end, our automatic image
processing script analyzes the steady-state shape of a cell (for
x > 300 um) and measures its confinement !, Taylor

deformation Ta, and velocity Ucell. Each individual cell was
imaged, and its morphological and velocity properties were
measured (typically) 20 times, before an average of these was
taken. Simulations showed that the steady state confinement
and Taylor deformation of any cell corresponds to a cell-
specific capillary number Cacell (Fig. 3B). This relation can be
visualized by a projection in the Ta versus ! plane (the
surface plot in Fig. 5A). Hence, referring to the definition of
Cacell and given Ucell (also measured), the shear modulus of
the cell was calculated. Fig. 5A additionally shows
experimentally measured Ta versus ! for fresh (n = 605) and
cells stored for 5 weeks (n = 981) from the same donor. The
fresh RBCs generally have a greater Ta and !.

Fig. 5B shows the shear modulus distribution for the same
group of cells as Fig. 5A. The shear modulus distribution
shows a near lognormal distribution, and so this distribution
has been overlaid. It has been shown that the geometric
mean is the proper statistical parameter for a log-normal
distribution,57,58 hence, we use this in our analysis below
where the mean is denoted with an asterisk to distinguish
from an arithmetic mean used for Ta and ! (ESI,† Section
S6). For donor 1, the fresh blood distribution shows a mean
shear modulus value 4.2 !N m"1. After 5 weeks of storage,

Fig. 4 (A) Experimental transient behavior of cell velocity Ucell, confinement !, and Taylor deformation Ta in the entrance region as a function the
axial position x. The steady-state probability distribution, namely, p!Ucell), p!!), and p(Ta) are shown on the right-hand-side of the transient curves.
In the top rows of (B) and (C), p!!) and p(Ta) are respectively shown for donor 1 RBCs withdrawn two hours before experiments (green) and RBCs
that have been stored in a 4 °C fridge 5 weeks (blue). The values !mean and Tamean are, respectively, the mean confinement and Taylor deformation
of each group. The middle and bottom rows of (B) and (C) respectively show p!!) and p(Ta) for fresh cells from donors 2–5. n is the number of
cells analyzed in each group.
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Finally… determining the modulus distribution… in PBS

Lab Chip, 2020, 00, 1–10 | 7This journal is © The Royal Society of Chemistry 2020

the mean shear modulus increased to 30 !N m!1. The spread
of the distribution for the stored RBCs increased from 6.82 to
41 !N m!1. The observed and substantial increase in RBC
shear moduli due to storage is consistent with observations
reported using optical tweezers.24,32 This demonstrates our
system has sufficient sensitivity (and resolution) to
alterations in RBC stiffness.

Fig. 5C shows the shear modulus distribution for four
different donors. We found that the distribution for each
donor follows a log normal distribution. The mean shear
moduli across donors 2–5 (not labeled) ranged from 12 to 20
!N m!1. The results suggest that there are donor-to-donor
differences in mean shear moduli as large as 16 !N m!1

(when compared to fresh donor 1 RBCs) The important
contribution of this work is to determine the full modulus
distribution of the blood samples and this is critical in

comparing with different pathological states, since we
observe a distinct difference in shear modulus distribution of
different healthy individuals. The estimated shear modulus
mean across all measurements of the fresh RBCs of healthy
donors (13.2 !N m!1) is consistent with published values of
optical tweezers (11–20 !N m!1),24,32 micropipette aspiration
(9–10 !N m!1),55,59 and membrane fluctuation (7.4 !N m!1).25

Our estimated shear modulus standard deviation is larger
than these methods (Fig. S12†).

3 Concluding remarks
We have designed a high-throughput microfluidic platform
for measuring the shear modulus distribution of an
individual's RBCs. This was accomplished by fabricating
microchannels with square cross-sections (7 by 7 !m) such
that, under specified conditions, RBCs assume a steady-state
parachute shape 300 !m downstream of the channel
entrance. We then determined the Taylor deformation
parameter Ta using a custom, robust, and automated single-
cell tracking and shape quantification algorithm. Our
simulations indicated that Ta is both sensitive to RBC shear
modulus and smoothly and uniquely approaches a steady-
state value independent of the initial condition. These are
superior features compared to the other deformation
parameters used in the literature, such as circularity or
elongation index.

We further utilized our 3D numerical model to construct a
three-dimensional surface that is used to find the shear
modulus of individual cells based on the experimentally
measured values of Ta, confinement ", and cell velocity Ucell.
The corresponding figures of merit that we developed are
based on dimensionless numbers and therefore are
generically applicable to measure the shear moduli of RBCs
under different geometrical or operational conditions. We
note, however, that our model does not accurately describe
the shape-governing properties of abnormal cells such as
sickle RBCs or schistocytes. Our current system is limited to
measurement of the shear moduli for discoid-shaped RBCs
which assume a parachute shape under flow and
confinement.

Finally, we conducted experiments with blood samples
from several healthy individuals and quantified the impact of
sample storage in a 4 °C fridge for 5 weeks. Our results
indicate very good agreement with the range of shear
modulus that is obtained using optical tweezers, micropipette
aspiration, and membrane fluctuation. Consistent with the
literature, we found that the average modulus of the stored
cells is up to three times larger than fresh samples and the
distribution of modulus significantly broadens. The
distribution of the shear modulus, as was introduced in this
paper, may be essential to determine the healthy and
diseased status of an individual's RBCs. We have determined
this distribution with much higher precision than has been
accomplished previously, and this is a direct result of our
ability to image with high temporal and spatial resolution

Fig. 5 (A) Experimentally measured Taylor deformation Ta versus
confinement " data for donor 1 RBCs that were freshly withdrawn
(green, open circles) and 5 weeks stored in a 4 °C fridge (blue, open
circles). The white square and the solid lines respectively denote the
median Ta and " and the 25th, 75th, and 75th percentiles of each
group. The scattered data is overlaid on the computationally generated
Ta versus " surface which results in a single capillary number of the
cell Cacell. (B) Shear modulus distributions corresponding to the same
data set (fresh in green and 5 weeks stored in blue). The value !*s;mean
denotes the geometric mean shear modulus of each group. (C) Shear
modulus distributions for freshly withdrawn RBCs from donors 2–5. n
is the number of cells analyzed in each group.
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the mean shear modulus increased to 30 !N m!1. The spread
of the distribution for the stored RBCs increased from 6.82 to
41 !N m!1. The observed and substantial increase in RBC
shear moduli due to storage is consistent with observations
reported using optical tweezers.24,32 This demonstrates our
system has sufficient sensitivity (and resolution) to
alterations in RBC stiffness.

Fig. 5C shows the shear modulus distribution for four
different donors. We found that the distribution for each
donor follows a log normal distribution. The mean shear
moduli across donors 2–5 (not labeled) ranged from 12 to 20
!N m!1. The results suggest that there are donor-to-donor
differences in mean shear moduli as large as 16 !N m!1

(when compared to fresh donor 1 RBCs) The important
contribution of this work is to determine the full modulus
distribution of the blood samples and this is critical in

comparing with different pathological states, since we
observe a distinct difference in shear modulus distribution of
different healthy individuals. The estimated shear modulus
mean across all measurements of the fresh RBCs of healthy
donors (13.2 !N m!1) is consistent with published values of
optical tweezers (11–20 !N m!1),24,32 micropipette aspiration
(9–10 !N m!1),55,59 and membrane fluctuation (7.4 !N m!1).25

Our estimated shear modulus standard deviation is larger
than these methods (Fig. S12†).

3 Concluding remarks
We have designed a high-throughput microfluidic platform
for measuring the shear modulus distribution of an
individual's RBCs. This was accomplished by fabricating
microchannels with square cross-sections (7 by 7 !m) such
that, under specified conditions, RBCs assume a steady-state
parachute shape 300 !m downstream of the channel
entrance. We then determined the Taylor deformation
parameter Ta using a custom, robust, and automated single-
cell tracking and shape quantification algorithm. Our
simulations indicated that Ta is both sensitive to RBC shear
modulus and smoothly and uniquely approaches a steady-
state value independent of the initial condition. These are
superior features compared to the other deformation
parameters used in the literature, such as circularity or
elongation index.

We further utilized our 3D numerical model to construct a
three-dimensional surface that is used to find the shear
modulus of individual cells based on the experimentally
measured values of Ta, confinement ", and cell velocity Ucell.
The corresponding figures of merit that we developed are
based on dimensionless numbers and therefore are
generically applicable to measure the shear moduli of RBCs
under different geometrical or operational conditions. We
note, however, that our model does not accurately describe
the shape-governing properties of abnormal cells such as
sickle RBCs or schistocytes. Our current system is limited to
measurement of the shear moduli for discoid-shaped RBCs
which assume a parachute shape under flow and
confinement.

Finally, we conducted experiments with blood samples
from several healthy individuals and quantified the impact of
sample storage in a 4 °C fridge for 5 weeks. Our results
indicate very good agreement with the range of shear
modulus that is obtained using optical tweezers, micropipette
aspiration, and membrane fluctuation. Consistent with the
literature, we found that the average modulus of the stored
cells is up to three times larger than fresh samples and the
distribution of modulus significantly broadens. The
distribution of the shear modulus, as was introduced in this
paper, may be essential to determine the healthy and
diseased status of an individual's RBCs. We have determined
this distribution with much higher precision than has been
accomplished previously, and this is a direct result of our
ability to image with high temporal and spatial resolution

Fig. 5 (A) Experimentally measured Taylor deformation Ta versus
confinement " data for donor 1 RBCs that were freshly withdrawn
(green, open circles) and 5 weeks stored in a 4 °C fridge (blue, open
circles). The white square and the solid lines respectively denote the
median Ta and " and the 25th, 75th, and 75th percentiles of each
group. The scattered data is overlaid on the computationally generated
Ta versus " surface which results in a single capillary number of the
cell Cacell. (B) Shear modulus distributions corresponding to the same
data set (fresh in green and 5 weeks stored in blue). The value !*s;mean
denotes the geometric mean shear modulus of each group. (C) Shear
modulus distributions for freshly withdrawn RBCs from donors 2–5. n
is the number of cells analyzed in each group.
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computationally generated (see Section 2.2 of the main work) Ta versus ϵ surface, where the color 
at each location corresponds to a cell-specific Capillary number Cacell. The color of each 
experimental data point shows the normalized density of points at that location. Cacell, and the 
individual cell velocity, are used to predict the shear modulus of a cell. The right column shows 
probability density functions of shear moduli, generated from the experimental data sets on the 
right. The six rows correspond to the six individual donor blood samples. 

 

S.6 Comparison of shear moduli with the literature 

In Fig. S12, we depict the distribution of the shear modulus taken from all of the healthy donors 
given in S.4. The corresponding geometric mean and standard deviation is shown in panel B of 
this figure which is compared with the values of optical tweezers,26,27 micropipette aspiration,28,29 
and dynamic membrane fluctuation.30 

 

Fig. S12. The comparison of the average shear modulus in our experiment with the ones in the 
literature. Note that we use a geometric mean L̅ ∗ and geometric standard deviation %*, since we 
found that the shear modulus distribution is log-normal. For the literature review, we provide the 
arithmetic means L̅ and standard deviations %. 

 

We can clearly see that the average value of the shear modulus is consistent with standard 
optical tweezers and micropipette aspiration for normal cells. 

 

S.7 Correlation between shear moduli and cell speed 

In addition, we evaluated the correlation of the shear modulus distribution on the velocity of the 
cells, where we increased the velocity by a factor of 1.5. We found that the shear modulus and its 
distribution is not correlated with the velocity of the cells. 
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