
Microengineered Flexural Post Rings for Effective Blood Sample
Fencing and High-Throughput Measurement of Clot Retraction
Force
Lanzhu Huang, Xinyu Liu, Yuanbin Ou, Haofan Huang, Xia Zhang, Yize Wang, Yong Liang, Xiaxia Yu,
Weidong Zheng, Huisheng Zhang, and Zida Li*

Cite This: https://dx.doi.org/10.1021/acssensors.0c01596 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: During blood clotting, clot retraction alters its
mechanical properties and critically affects hemostasis. Despite that,
existing clot retraction assays hold limitations such as large footprint
and low throughput. In this work, we report the design of flexural
post rings for a miniaturized assay of clot retraction force (CRF) with
high throughput. Leveraging surface tensions, the post rings hold
blood samples in a highly reproducible fashion while simultaneously
serving as cantilever beams to measure the CRF. We investigated the
effect on the device performance of major parameters, namely, surface
hydrophobicity, post number, and post stiffness. We then tested the
devices using 14 patient samples and revealed the correlation between
CRF and fibrinogen levels. We further implemented an automated
liquid handler and developed a high-throughput platform for clot
retraction assay. The device’s small sample consumption, simple operation, and good compatibility with existing automation facilities
make it a promising high-throughput clot retraction assay.
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Among the leading causes of death are bleeding and
thrombosis, which are induced by dysregulated blood

clotting.1 During clot formation, damaged vessel walls initiate
platelet activation, aggregation, and blood coagulation,
generating cross-linked fibrin meshwork with platelets
embedded inside. Activated platelets generate contractile
force, mediated by actin and nonmuscle myosin IIA, and
compact the surrounding fibrin meshwork, leading to clot
retraction.
Clot retraction has a profound impact on clotting. It reduces

the clot size and consequently promotes wound closure and
restoration of blood flow.2 In addition, clot retraction alters
fibrin structure and increases the stiffness of fibrin meshwork
by more than 10-fold,3 ensuring the mechanical integrity and
preventing premature breakdown of the clot. Therefore, well-
regulated clot retraction is critical to a balanced blood clotting,
and dysregulation in clot retraction may contribute to
pathological clotting. For example, it has been reported that
in patients with bleeding disorders such as severe hemophilia
A, clots are softer and associated with reduced stability.3−5 The
critical role of clot retraction in blood clotting is also
demonstrated in patients with MYH9 defect, which compro-
mised platelet contraction, leading to excessive bleeding and
reduced clot stability, even though platelet aggregation and
secretion appear normal.2,6

Given the significant implications of clot retraction in blood
clotting, a reliable method for the characterization of clot
retraction is of great importance. In early days, volume
measurement was adopted in the clinics to characterize clot
retraction, and similar methods are still used in fundamental
researches recently.7 The associated shortcoming of volume
measurement is that it only accounts for clot morphology
without factoring in clot mechanics. By monitoring clot
retraction force (CRF), one could potentially discover the
mechanism underlying clot formation with more details. As
such, methods to measure CRF had then been developed using
electronic force transducers,8 and similar designs were later
developed into a commercial instrument named Hemodyne.9

In addition, viscoelastic hemostatic assays, such as thromboe-
lastography (TEG) and rotational thromboelastometry
(ROTEM), have been developed to measure the blood
viscoelasticity during clotting, providing a means to indirectly
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infer clot retraction.10 Despite the clinical values these systems
have demonstrated, they have limitations such as big footprint,
high maintenance cost, and low throughput.
Microfabrication and functional materials offer the oppor-

tunity to develop miniaturized devices for clot retraction assay
with low cost and high throughput.11 Leveraging these
advantages, a few devices have been developed to assess clot
retraction force, including those using microposts,12,13 atomic
force microscopy,14 traction force microscopy,15,16 micro-
patterned fibrinogen array,17 and microtissue gauge.18 These
devices had low sample consumption and high throughput
with cellular-level resolution, offering great potential to
elucidate the role of clot retraction in clotting. Nevertheless,
the sophisticated instrument setup and complicated operation
required dedicated personnel and corresponding trainings,
limiting their potentials for widespread adoption.
We aim to develop a microengineered device for the

assessment of clot retraction force with simple operation, low
cost, and high throughput. In our previous work, we designed
hanging beams for blood sample localization and force
sensing.19,20 Despite the success in CRF measurement, the
devices required attentive and skilled manual pipetting, which
limits their adaptation in automated high-throughput in vitro
diagnostics. To address this problem, in this work, we designed
flexural post rings (FPR) using soft materials to localize blood
sample and simultaneously measure the generated clot
retraction force. The FPR served as a fence for easy blood
sample loading, and surface tension ensured that blood
samples were localized in a reproducible manner, which allows
assay automation using liquid handlers. As the blood was
clotting, the clot deflected the posts and the CRF was
calculated based on the displacement of the post tips. We
investigated the effect of surface hydrophobicity, post numbers,
and post stiffness on the measurement. To validate the
measurements from FPR, we tested blood samples from 14
patients and found a correlation between the measured CRF
and fibrinogen level. We further accommodated FPR with a
customized liquid handling platform for automated blood
sample loading and subsequent CRF testing, demonstrating
the great potential of FPR in high-throughput in vitro clotting
diagnostics. FPR’s low cost, small sample consumption, simple
operation, and good compatibility with existing automation
facilities make it a promising clot retraction assay.

■ METHODS
Device Design and Fabrication. FPR devices were made of

poly(dimethylsiloxane) (PDMS) through replica molding. Briefly, the
negative image of the designed pattern was first generated on acrylic
sheets using laser cutting (V2000, Diyi Optoelectronics Company),
before the acrylic sheet was adhered to a Petri dish and served as the
mold. PDMS prepolymer (Sylgard 184, Dow, Inc.), with a 20:1 base-
to-hardener ratio, was poured into the Petri dish, degassed, and baked
in a 60 °C oven for 10 h, before being peeled off and cut into desired
size. When studying the effect of surface hydrophobicity on sample
confinement, the surface of FPR was additionally treated with oxygen
plasma using a plasma cleaner (PT38-220V-40KHZ, Sanheboda
Company) for specified durations.
Blood Specimen. Whole blood samples were collected from

human volunteers into blue-top vacutainer tubes (Improvacuter,
Improve Medical; 3.8% sodium citrate) and processed under a
protocol approved by the Institutional Review Board in Health
Science Center at Shenzhen University. All blood samples were tested
within 4 h after blood draw. Fibrinogen levels were tested using an
optical detection method on a commercial instrument (CS-5100
Hemostasis System, Sysmex Corporation).

Experimental Setup. In initial experiments, clot retraction tests
were performed in a lab-made acrylic box equipped with a
temperature controller (TC-05B, Xifa Electronics) and strip heater
(Model 60227, Baohing Electric Wire & Cable Co.), at a set
temperature of 37 °C. Citrated blood samples were supplemented
with 0.2 M CaCl2 (Sigma-Aldrich Co.) with a volume ratio of 17:1,
before 4.5 μL of the recalcified samples were loaded into the FPR
devices. Image acquisition was then started using a stereomicroscope
coupled with a CCD camera (SMZ-171T, Motic China Group Co.).

In the high-throughput assay, a customized liquid handling
platform was developed for automatic sample loading. Briefly, an
electronic pipetting module was used for sample loading, a digital
microscope (Dino-Lite AM4113T, AnMo Electronics Corporation)
was used for image acquisition, and motorized stages were used for
the movement of the pipette and microscope. A reagent racks, a
pipette box, and a tip bin were also incorporated. In addition, a
heating module was embedded into the testing stage to provide
desirable testing temperatures. To calibrate the pipetting volume, a
balance with a precision of 0.1 mg (ME204E, Mettler Toledo, LLC)
was used to weigh the dispensed water droplet.

Simulation and Data Analysis. Simulation of the post bending
was performed using a stationary solid mechanics model in COMSOL
Multiphysics. The Young’s modulus, Poisson’s ratio, and density of
the PDMS were 300 kPa, 0.49, and 970 kg/m3, respectively.19 A
uniformly distributed force was applied on one side of the post, and
the displacement of the tip of the post was obtained from the
simulation result. By applying a series of loads, a series of
displacements were obtained correspondingly, which were used to
calculate the effective spring constant of the post.

Clot retraction forces were calculated by image analysis in Python.
Briefly, images were first cropped to isolate the posts, before the
cropped images were flattened into grayscale, thresholded into binary,
and analyzed to find the contours of the tips (Figure S3). Minimum
enclosing circles of contours were then calculated, and the centroids
of the circles were reported as the coordinates of the tips of the posts.
Displacements of the posts were subsequently calculated and used to
deduce clot retraction force. Circularity of the placed blood drops was
defined as 4π × area/perimeter2 and analyzed in ImageJ. Contact
angles were measured by capturing images with a camera coupled
with a zoom lens (AF-S VR Zoom-Nikkor, Nikon, Inc.) and analyzing
the images in ImageJ (NIH).

■ RESULTS
Overview of the Device Design. The device of flexural

post rings (FPR) consists of a set of flexural posts arranged as a
circle, forming a fence to spatially confine a drop of blood
sample. As a blood drop is dispensed inside of the FPR, surface
tension tends to minimize the surface area, leading the blood
drop to an equilibrium position and shape in a reproducible
manner (Figure 1a,b). When the blood drop is clotting and
contracting, the clot exerts force on the posts, bending the
posts toward the center (Figure 1c). By monitoring the
displacements of the posts, the clot retraction force (CRF) can
be calculated based on the structural stiffness of the posts.
We developed a fabrication protocol of the FPR device

based on PDMS replica molding, where the mold was
fabricated by laser cutting acrylic sheet (see the Methods
section; Figure S1). This fabrication protocol ensured that the
devices were generated in a reproducible and cost-effective
manner. To model the structural stiffness of the posts, we
performed simulation of structural mechanics (Figure 1d,e). As
we applied various loads on a side of the post, the post tip
exhibited a displacement, which was linearly responsive to the
amplitude of the load; the load-displacement data were then
used to calculate the spring constant (Figure 1e). For example,
with a height of 1.5 mm and a diameter of 0.25 mm, the
calculated spring constant was 0.247 μN/μm. Posts with
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different heights and diameters were modeled, and the
calculated spring constants were tabulated for later use (Figure
S2).
In the clot retraction test, citrated blood samples were first

recalcified, before 4.5 μL of the samples were immediately
loaded into FPR devices. Images were then acquired and
analyzed to obtain displacements and CRF (Figure S3),
generating results with post-to-post variations typically around
15%. We additionally performed the assay using citrated blood
samples without recalcification as a negative control. As shown
in Figure 2, with the recalcified blood sample, CRF developed
rapidly in the initial stage, and at about 40 min, the force
development slowed down and the CRF reached a plateau of
about 40 μN. In contrast, with the citrated blood sample, the
displayed forces were generally lower than 10 μN, which was
significantly smaller. The nonzero results were likely due to the

minute evaporation of the blood sample during the test. These
results confirmed that the reported force was indeed induced
by clot retraction.
We then compared the measurements using FPR devices

with reported results using the commercialized instrument
Hemodyne.9 We normalized the measured force over the
volume of blood sample for comparison. Calculation showed
that the force per unit blood volume was 9.7 ± 0.6 μN/μL
using FPR devices and 66.8 ± 4.7 μN/μL using Hemodyne
(Table S1). The force measured using Hemodyne was about 7
times of that measured using our devices. A contributing factor
to this difference could be that the protocol of Hemodyne used
batroxobin, which activated platelets to obtain maximal
contraction. In addition, the difference in other experimental
setups such as clot geometry could have also contributed to
this difference in measurement.

Characterization of the FPR Device. The performance
of the FPR device relied predominantly on design parameters
including the hydrophobicity of the surface and the geometry
of the post rings, such as post number and stiffness. We
characterized the effect of these parameters on sample loading
and CRF measurement, aiming to find the parameter values
with optimal device performance.
Surface hydrophobicity affects the confinement as well as the

localization of the blood drop inside the FPR. Intuitively,
nonwetting surfaces with relatively high contact angles would
be beneficial to drop confinement. To test that, we treated
PDMS with oxygen plasma for different durations to obtain
surfaces with various contact angles (Figure S4) and
investigated the blood drop localization performance. The
results showed that hydrophobic surface was indeed favorable
to sample loading and localization, as demonstrated in Figure
3a. For example, plain PDMS without oxygen plasma
treatment, which had a contact angle of 122.4°, exhibited
good drop confinement. As we gradually increased the
treatment time and reduced the contact angle, the blood
drop was well contained by the post rings up until 2 s of
treatment with a contact angle of 75.6°. With 3 s of treatment,
where contact angle was 42.3°, blood drop slightly invaded out
of FPR, and with 4 s of treatment, where contact angle was
32.7°, surface tension was no longer able to confine the blood
drop and it spread out of the FPR. Blood drops spread even
further on surfaces with even lower contact angles. These
results showed that for effective sample loading, contact angles
higher than 75° are desirable.
Post number is another factor that affects the drop

confinement. To have the blood drop loaded in a stable
position and thus a reproducible manner, we aim to obtain a
blood drop in a circular shape with minimized surface energy.
More posts provide more anchors and thus more surface
tension, leading the drop to a more symmetric and stable shape
at equilibrium. Indeed, with three posts, the drop adopted a
less circular shape on the vertical projection, with a calculated
circularity of 0.848 ± 0.022. As we added more posts, the drop
shape on vertical project became more circular. With four
posts, the shape was almost a circle, with a circularity of 0.888
± 0.013, which was significantly larger than that of three posts.
As we added more posts, the change in the circularity became
less significant, and the circularity maintained around 0.90.
However, the variations were lowered with more posts,
indicating that a higher post number could lead to better
reproducibility in the drop shape. As such, designs with at least
six posts were used in the following experiments.

Figure 1. (a) Schematic of the device for clot retraction force
measurement. Vertical flexible posts are adopted to confine a blood
drop inside the post ring and simultaneously gauge the clot retraction
force like cantilever beams. (b) Micrograph of the device during
measurement. (c) Representative micrograph sequence showing the
dynamics of clot retraction and post bending. (d) Simulation of the
structural mechanics of the post deformation. The applied load in this
case was 30 μN. (e) Displacement of the post tip as a function of the
load as computed from simulation (black squares). The spring
constant of the post is then calculated by linear fitting (red line).

Figure 2. Clot retraction force (CRF) measured from citrated blood
supplemented with and without CaCl2. Calcium neutralizes citrate
and triggers blood coagulation. Data represent mean ± SD with n = 3.
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We then characterized the effect of beam stiffness on the
CRF measurement. By adjusting the diameter of the posts
while adopting a constant post height, we obtained spring
constants of 0.2, 1.0, and 2.0 μN/μm, as determined by
simulations of the structural mechanics (Figure S2). Results
showed that soft posts generated more displacements, as
shown in Figure 3c. For example, posts with a spring constant
of 0.2 μN/μm exhibited a displacement of 102.7 ± 16.6 μm at
the end of the assays, which were almost 3-fold of that using
posts with a spring constant of 2.0 μN/μm. This observation
could be explained by the fact that soft posts were more prone
to deformations and thus showed more bending. However, the
calculated CRF displayed an inverse trend: soft posts generated
less CRF. For example, the CRF at the end of the assays using
posts with a spring constant of 0.2 μN/μm was 19.8 ± 3.2 μN,
which were roughly one-fourth of that using posts with a spring
constant of 2.0 μN/μm. This observation was likely induced by
the mechanosensitive nature of platelets. Contractile forces
generated by platelets are dependent on the mechanical
properties of the environment.21 It has been shown that higher
substrate stiffness promotes platelet adhesion and spreading,
and substrate stiffness also mediates platelet activation,22 which
in turn affects platelet contractile force.23 In addition, it is well
recognized that platelet contraction modulates the stiffness of
the clot.24 Based on these reported findings, a possible
explanation for our observation is that clots on posts with
different bending stiffnesses first exhibit different levels of
contraction, which modulates the stiffness of the clot itself, and
the differential stiffness of the clot further affects the
contractility of the platelets within the clot. Consequently,
clots on posts of different spring constants showed different
levels of retraction force. This observation also implied that the
stiffness of force-sensing probes should be carefully controlled
when designing clot retraction assays to ensure that variables
are well controlled.
Preliminary Validation of the Assay. As a first step

toward clinical validation of FPR devices, we performed clot
retraction tests using FPR devices on blood samples from 14
volunteers. In addition, we measured the fibrinogen levels of
these samples using standard clinical tests (see the Methods

section) for references. Fibrinogen level affects the mechanical
microenvironment of platelets and the mechanical integrity of
the cross-linked fibrin meshwork,25,26 and thus higher
fibrinogen levels could be correlated to elevated CRF. As
shown in Figure 4, FPR successfully captured the dynamic

CRF curves of all of the patients and revealed a large range of
CRF values. To quantitatively compare the CRF measurement
with fibrinogen level, we extracted the CRF at 60 min, denoted
as CRF60, as a characteristic CRF amplitude and performed
correlation analysis with fibrinogen levels. The results showed
that CRF60 had a strong correlation with fibrinogen levels,
with a Pearson’s correlation of 0.69 (P < 0.01), indicating that
elevated CRF values might be associated with elevated
fibrinogen levels. This result suggested the clinical applicability
of FPR devices.

High-Throughput Testing Platform. The ease and high
reproducibility of sample loading equipped FPR devices with
the potential for the development of automated, high-
throughput clot retraction assays. To demonstrate that, we
designed and implemented a liquid handling platform to realize
automated sample loading and image acquisition (Video S1).
As shown in Figure 5a, the platform was mainly composed of
motorized linear stages, an electronic pipetting module, and a
digital microscope. The motorized stages moved on the X−Y
plane for pipette tip and camera positioning, as well as on the Z

Figure 3. Characterization of the effect of surface hydrophobicity, post amount, and post stiffness on sample loading and test results. (a)
Representative micrographs of sample localization on devices treated with oxygen plasma of different doses as indicated. Scale bars, 500 μm. (b)
Representative micrographs of sample localization on devices with different post numbers and the calculated circularity. Scale bars, 500 μm. (c)
Micrographs of tests, displacement tracings, and CRF tracings using posts with different spring constants. Scale bar, 1 mm. Data represent mean ±
SD with n = 3.

Figure 4. CRF measurements from 14 patients. (a) CRF tracings of
different patients. Shades represent SD with n = 3. (b) Correlation
between the measured CRF at 60 min (CRF60) and fibrinogen levels.
The red ellipse indicates 95% confidence. Pearson’s correlation
coefficient was calculated as 0.69 with P < 0.01.
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axis for liquid dispensing. The electronic pipetting module
performed tip loading, tip ejection, and blood sample pipetting.
The module was carefully calibrated to achieve precise liquid
dispensing, with the coefficient of variation of the volume less
than 4% in our target volume range (Table S2). FPR devices
were placed in a 12-well cell plate to assist positioning and
alleviate evaporation.
Using the high-throughput testing platform, we performed

clot retraction assays on four blood samples simultaneously.
Each sample was tested on four FPR devices to average out
device-induced variations, and the pipetting process adopted a
single-aspiration, multiple-dispensing practice to improve the
pipetting efficiency. As a result, the platform was able to finish
sample loading into FPR devices within 15 s for each sample
(see Video S1). The CRF curves were successfully acquired
with little human intervention, and consistent results were
observed (Figure 5b). By upgrading the translation stage with
faster motion, we could potentially achieve a higher sample
loading speed. These results demonstrated the great
application potential of the FPR devices for high-throughput
in vitro clotting diagnostics.

■ DISCUSSION AND CONCLUSIONS
In this work, we presented the design of flexural post rings for
clot retraction force measurement with easy sample loading,
low cost, and good compatibility with automated in vitro
diagnostics facilities. The post rings provided fences to confine
blood drops inside while simultaneously measuring the clot
retraction force. We investigated the effect of major parameters
on the device performance and conducted the assays on
patient samples. The assay results showed positive correlation
with fibrinogen levels, suggesting the device’s clinical validity.
We further implemented an automated liquid handler and
developed a high-throughput clot retraction testing platform.
Compared to existing methods for clot retraction measurement
such as traction force microscopy, this device only requires a
zoom-in camera for data acquisition, as opposed to the
dedicated fluorescence imaging equipment. In addition, the
compatibility with liquid handling platform enables high-
throughput assay development. These advantages equipped the
device with the potential to be served as a clot retraction assay
with great clinical applications.
Nevertheless, we should note that a few limitations shall be

addressed in future work. First, the current form of the device
uses still blood samples. In physiological settings, blood clots
are constantly exposed to hemodynamic shear. Though clot
retraction assays using still blood samples have shown good
applicability,9 incorporation of shear flow in the measurement

can better recapitulate the clotting process and thus provide a
more physiologically relevant measurement. Second, given that
the sample measurement is sensitive to posts’ spring constant,
it is important to have good quality control on the fabrication
process to make sure variables in the measurements are
controlled. In addition, future work could be devoted to
unveiling the underlying mechanism of the influence of posts’
stiffness on clot retraction. Such studies can provide insights
from mechanistic perspectives and guide future designs of clot
retraction assays.
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