Downloaded via PENNSYLVANIA STATE UNIV on October 21, 2021 at 11:26:42 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IENAPPLIED MATERIALS

XINTERFACES

www.acsami.org

Research Article

Strain-Tunable Microfluidic Devices with Crack and Wrinkle
Microvalves for Microsphere Screening and Fluidic Logic Gates

Ying Liu," Min Cheng,§ Jielong Huang, Yangchengyi Liu, Yao Chen, Yang Xiao, Shangda Chen,
Xiaoping Ouyang, Huanyu Cheng,* and Xiufeng Wang™

Cite This: ACS Appl. Mater. Interfaces 2021, 13, 36849-36858

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: Mechanical instabilities in soft materials have led to
the formation of unique surface patterns such as wrinkles and
cracks for a wide range of applications that are related to surface
morphologies and their dynamic tuning. Here, we report a simple
yet effective strategy to fabricate strain-tunable crack and wrinkle
microvalves with dimensions responding to the applied tensile
strain. The crack microvalves initially closed before stretching are
opened as the tensile strain is applied, whereas the wrinkle
microvalves exhibit the opposite trend. Next, the performance of
crack and wrinkle microvalves is characterized. The design
predictions on the bursting pressure of microvalves and others
from the theory agree reasonably well with the experimental
measurements. The microfluidic devices with strain-tunable crack
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and wrinkle microvalves have then been demonstrated for microsphere screening and programmable microfluidic logic devices. The
demonstrated microfluidic devices complement the prior studies to open up opportunities in microparticle/cell manipulations,

fluidic operations, and biomedicine.
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1. INTRODUCTION

With paramount importance in controlling fluid flow and
handling microparticles, microfluidic devices can be applied to
particle/cell manipulations, pharmaceuticals, and biomedi-
cine.'~* Although the active control of particles can be
achieved with various approaches (e.g, acoustics,’ electro-
phoreses,” optical power,” and microvalves®”), microvalve
systems are capable of precise control of both particles and
flows. The control in terms of on/off or speed of the particle/
flow in the device is often caused by the change in the
geometry of microfluidic channels resulting from the phase
transition of materials (e.g., hydrogel,lo thermoreversible
gelation polymers,'" and shape-memory polymers®). However,
valves regulated by responsive materials are associated with
long response times. While the microvalve can also be
controlled by an external electromagnetic device, the use of
external electromagnetic devices often results in complex
devices, which is challenging in miniaturization and further
integration.12 Therefore, it remains a challenge to design and
fabricate integrated microfluidic systems with active controls.

Because mechanical deformations (e.g., stretching) of the
microfluidic device can modulate the channel dimension by
separating particles or controlling the fluid flow,>™* the
development of stretchable microfluidic technology has started
gaining momentum in recent years.'® With the strain-
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controlled alteration of interobstacle distances, deterministic
lateral displacement devices can achieve tunable particle
separation. ® Mechanically actuated elastic deformations have
also been utilized to control and direct fluid flow in a flexible
microfluidic device with a bucked arch that can close the gap
upon mechanical deformations,'* but the application is limited
by the large dimension (~millimeters) of the channel.
Furthermore, an inertial microfluidic device with a tunable
channel length upon stretching has been explored to modulate
the force on particles of different sizes, which changes their
flow rate ratios and separates particles.'” Although various
tunable functions have been demonstrated in the above
stretchable microfluidic devices, it is still challenging to
dynamically tune the bursting pressure of the microchannel
as valves.

Because of instability and modulus mismatc wrinkles
and cracks with micropatterns often appear on the surface of
soft materials, including ruptured paint on the wall, wrinkled
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Figure 1. Schematic illustration of the strain-tunable microfluidic device for microsphere screening and fluidic logic gates. (a) Exploded schematic
illustration describes the structure of the device. (b) Application of the microfluidic device (i) with strain-tunable active control to switch between
the open and closed states for microparticle screening and (ii) the morphology changes of the wrinkle microvalves.

skin on the human body, and recently emerged stretchable
electronics.'” ™' Compared to the methods based on thermal
expansion,”” swelling,23 and the use of focused ion beam,”* the
combination of prestretching and ultraviolet/ozone (UVO)
treatment can easily and controllably create parallel micro-
structures. In particular, controlled cracking has been applied
as an alternative patterning tool to fabricate transparent
conductors,”>* functional sensors,””*® crack Iithography,29
three-dimensional (3D) structures,” and microfluidics.’"**
The microfluidic devices integrated with micropatterns can be
used for protein enrichment, particle screening, DNA
manipulation, and water managem<ent,32_34 which show the
feasibility of crack/wrinkle patterns as microchannels. How-
ever, their use as microvalves to dynamically adjust and control
the fluid pressure, along with their combination for logic
operation, is yet to be demonstrated. Without the use of
expensive equipment and complicated processes, this potential
simple and cost-effective method could compare favorably over
with the alternative methods to prepare the microvalves (e.g.,
photolithography,*>*® boring a hole,’’ and electromagnet-
triggered method™®).

In this paper, we present a simple, cost-effective method to
fabricate a stretchable microfluidic device based on a
poly(dimethylsiloxane) (PDMS) layer with active controls
enabled by arrays of tunable and reversible micropatterns. The
micropatterns such as cracks and wrinkles have been easily
prepared by a combination of a stretching strategy and the
formation of a relatively stiff surface PDMS layer from
ultraviolet/ozone (UVO) exposure. Stretching the PDMS
with a stiff surface layer leads to crack microchannels, whereas
the release of the prestrained PDMS with a stiff surface layer
results in wrinkle microchannels. Both microchannels can be
switched between the “on” and “off” states to serve as a
microvalve by the applied tensile strain. The former is “off” in
the unstretched state but “on” in the stretched state, whereas it
is the opposite in the latter. When the microvalve is “on”, its
size can also be tunable by the level of tensile strains. The

application of tunable and reversible microchannels has been
highlighted through microsphere screening and microfluidic
logic gates.

2. RESULTS AND DISCUSSION

2.1. Design of Tunable Micropatterns in Microfluidic
Devices for Active Control. The microfluidic device with
active control consists of a top PDMS cap layer with an outlet
and a bottom PDMS substrate that includes a connection to
the inlet, two parallel microfluidic channels, and strain-tunable
micropatterns (i.e., cracks or wrinkles) as microvalves (Figure
1). In a proof-of-concept embodiment, the device with a
thickness of 1.2 mm is designed into a rectangular shape with a
length of 3 cm and a width of 1.2 ¢cm for a minimized overall
footprint. The micropatterns are prepared by a combination of
the stretching strategy and formation of a stiff PDMS surface
layer (Figures S1 and S2). The thin, stiff PDMS surface layer of
SiO, is generated by UVO treatment of the selective PDMS
substrate region for a time of up to 40 min under ambient
conditions. After the formation of the stiff SiO, layer on
PDMS, applying tensile strain results in tunnel cracks as
microvalves on the top layer. Although stress concentration
occurs at the end of the microfluidic channel upon uniaxial
stretching, the simulation results indicate a relatively uniform
stress distribution in the region where crack microvalves are to
be created (Figure S3). As a result, stretching along the
microchannel direction successfully generates uniform crack
microstructures in the brittle top SiO, layer along the
perpendicular direction in the experiment (Figure S3b). To
prepare for wrinkle microvalves, the PDMS substrate is
prestretched first, followed by UVO treatment of the selective
region to generate a strain-free stiff SiO, layer on the PDMS
surface. The release of the prestrain allows the stiff SiO, surface
layer to form a sinusoidal wrinkled pattern on the soft PDMS
substrate because of the uniaxial compressive stress. In
addition to the 300 pm-thick top PDMS cap layer with an
outlet (diameter of 1.5 mm), the bottom PDMS substrate layer
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Figure 2. Characterization of microcracks and wrinkles. (a) 3D optical images of (i) microcracks and (ii) wrinkles for various tensile strain levels.
(b) 3D optical images of the vertical line cut profile to show the cross-section of (i) microcracks with the triangular shape for a tensile strain of 25%
and (ii) wrinkle with the sinusoidal shape before stretching. (c) Effects of the applied tensile strain and UVO treatment time on the cross-sectional
profile: (i) width and depth of the microcracks and (ii) wavelength and amplitude of the wrinkles. The left bar chart is for the width/wavelength

and the right dot—dash line is for the depth/amplitude.

with a thickness of 900 ym includes two parallel microfluidic
channels (300 ym in width and height) and (crack or wrinkle)
the microvalves generated between them. The ideal microvalve
should also exhibit the characteristics of low leakage, low
power consumption, fast speed, wide linear range, and wide
adaptability for controlling the closed and open states of the
microchannel. Because of the strain-tunable microvalves, the
microfluidic device can be applied for microparticle screening
and fluidic logic gates (Figure 1b).

2.2. Characterization of Microcracks and Wrinkles.
Although the microcracks are considered as closed in the
unstretched state (width of ca. 2.8 ym), they gradually open as
the tensile strain is increased from 25 to 50% and then to 75%,
as indicated in their 3D optical images for a UVO treatment of
20 min (Figure 2a-i). The formation of microcracks in terms of
width, depth, and average crack spacing can be reproducibly
controlled by the UVO treatment time and strain (Figure S4).

36851

Because the initial crack depth increases with the increasing
thickness of the stiff SiO,, layer via UVO treatment, the thicker
stiff layer from a longer UVO treatment leads to a larger initial
crack depth. The relatively small error bars from at least 10
measurements indicate a reasonably high uniformity. Although
a small variation exists, the reasonably high control in the
formed crack microvalves has been demonstrated to be
sufficient for flow rate and particular screening in this work.
As the microcrack is stretched from 0 to 75%, its width
increases from 2.8 to 20.8 um, whereas its depth decreases
from 5.8 to 3.8 um. Before the top PDMS cap layer is applied,
the cross-section of the microcrack can be approximately taken
as a triangular shape. For a tensile strain of 25%, the 3D optical
image indicates that the microcrack exhibits a depth of 5.5 um
and a width of 20 ym (Figure 2b-i). The cracks on the surface
are relatively uniform, as evidenced by the cross-sectional
shapes with an average crack width of 5.06 ym and a variance
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Figure 3. Performance evaluation of the crack and wrinkle microvalves. (a) Deformation and strain distribution of the crack microvalves and
wrinkle microvalves before and after the use of the soft PDMS cap layer (Young’s modulus of 130 GPa for the stiff SiO, layer and 1.8 MPa for the
soft PDMS'®). (b) Optical images to show (i) the crack microvalves (at a tensile strain of 0, 25, 50, 75, and 100%) and (ii) wrinkle microvalves (at
a tensile strain of 0, 10, 20, 30, and 40%). Black triangles indicate the interface between the top and the bottom PDMS layer, whereas the red
dotted lines indicate the microvalves. Scale bar: S0 ym (inset: 10 um). (c) Optical images to show the liquid flow sequence in the crack

microvalves. Scale bar: 1 mm.

of 0.56 (Figure S7a). In the cyclic test between 0 and 100%
tensile strain at a frequency of 2 Hz for 20 cycles, the cracks
repeatedly form to indicate the robustness of the method,
although few new cracks may appear due to slight variations in
the experiment (e.g,, loading rate and tensile strain) (Figure
S6). Although the width of microcracks significantly increases
with the tensile strain for a given UVO treatment time (Figure
2c-i), the device easily breaks once the applied strain exceeds
the initial prestrain of 100% due to the stress concentration at
the end of the microfluidic channel. Therefore, the tensile
strain of 100% is chosen as the maximum value. Because the
increased UVO treatment time increases the thickness of the
SiO, surface layer,””** both the width and depth of the

36852

microcracks increase with the treatment time in a well-
controlled manner. Although the width of microcracks
increases with the treatment time, the value saturates,
especially when the applied tensile strain is large. The initial
crack density decreases as the UVO treatment time increases
(Figure SSc). For instance, the width of the microcrack
increases from 20.8 to 21.9 um by only 5% as the UVO
treatment time increases from 20 to 30 min for an applied
tensile strain of 100%. Therefore, the UVO treatment of 20
min is used in the following experiments for ease of fabrication
unless otherwise specified. Furthermore, the width of the
formed cracks can be easily controlled by the applied strain to
the open and closed states.
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Figure 4. Characterization of bursting pressure (BP) of the microvalve. (a) Schematic showing the burst valve with contact angles of the pristine
PDMS and that after UVO exposure for 20 min. After UVO exposure of PDMS for 20 min, its water contact angle reduces from 109 to 95°. (b)
Measured BP as a function of the applied tensile strain from 25 to 100% in the array of crack microvalves with different cracked areas (width X
length). (c) Comparison of BP versus tensile strain between the theory (black line) and the experimental result (symbols).

Compared to the microcracks, the microwrinkles exhibit an
even higher uniformity. As the microwrinkles are stretched
from 10 to 20% and then to 40% for a UVO treatment of 40
min, the wavelength of the wrinkles increases from 40.6 to 44.6
and then to 49.8 yim, whereas the depth decreases from 12.6 to
6.0 and then to 4.0 um (Figure 2a-ii). Different from the
triangular shape in the microcracks, the cross-section of the
microwrinkle is approximately a sinusoidal shape with a
wavelength of 60 ym and an amplitude of 7.1 pm before
stretching (Figure 2b-ii). As the applied tensile strain is
increased, the amplitude decreases, whereas the wavelength
increases, as indicated in the 3D optical images (Figures 2c-ii
and S7b).

2.3. Performance of the Crack/Wrinkle Microchannels
in the Microfluidic System. Although the prepared
microcracks and wrinkles exhibit triangular and sinusoidal
shapes, applying a soft PDMS cap layer on the two
micropatterns could drastically change the cross-sectional
shapes of the resulting crack and wrinkle microvalves. The
effect of the cap layer on the resulting crack and wrinkle

microvalves is first studied in the microvalve systems with and
without the cap layer by finite element analysis (Figure 3a).
When the PDMS samples are thermocured for more than 10 h,
there is no significant change in PDMS elasticity within 5
months.* The demonstrated application in this study is within
5 months after the structure is generated with the PDMS
samples thermocured for over 10 h. Although there might be a
time-dependent variation in PDMS elasticity over time, the
PDMS elasticity is mostly concerned when we initially generate
the crack and wrinkle microstructures. The open and closed
states of the resulting microvalves are controlled by the applied
tensile strain, which has little to do with the slight change in
PDMS elasticity. The soft PDMS cap layer changes the cross-
sectional shape of crack microvalves from a triangular to a
rectangular-like shape for a tensile strain of 25%, whereas
wrinkle microvalves are changed from a sinusoidal to a
triangular shape. The prediction of changes in the cross-
sectional shapes from the simulation is verified by the
experimental results as different tensile strains are applied to
the array of crack microvalves (Figure 3b-i). The soft PDMS
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cap layer also changes the cross-sectional shape from sinusoidal
to triangular in wrinkle microvalves (Figure 3b-ii). Compared
to the initial wavelength and amplitude of the sinusoidal
wrinkles, the width and depth of the triangular shape also
reduce by 69% because of the interaction between the top cap
layer and the wrinkles. As the tensile strain increases, the cross-
sectional area of the triangular shape further decreases,
suggesting a feasible yet simple strain-tunable approach for
the active control of microvalves. The spacing of 101 um with
a variance of 8.8 ym between cracks before stretching slightly
increases as the tensile strain increases (Figure S8b). The
performance of the crack microvalves is then demonstrated to
modulate the liquid flow between two parallel microchannels
over time (Figure 3c). A pressure of 150 mbar is applied to
ensure liquid flow from the microfluidic channel (connected to
the inlet) to the other microchannel (connected to the outlet)
through crack microvalves at a tensile strain of 50%. As the
time starts to elapse from the beginning to 1”36, almost half of
the microvalves in the array begin to show liquid flow. Liquid
flow occurs in most of the microvalves and reaches the other
microchannel through half of the microvalves at 5”66. The
liquid completely passes through the crack microvalves at
15”50. It should be noted that there is variation among the
generated crack microvalves in the array. Although this
variation affects the speed of the liquid flow, all of the crack
microvalves can be switched open to allow for liquid flow
within a short period of time (Figure 3c).

Because of the width deviation in the microvalves, the flow
speed is not the same in every microvalve (Figure 4a). The
crack and wrinkle microvalves with a significantly reduced
width (i.e., ca. 1S times compared to the microchannel) work
as burst valves to control the fluid flow (Figure 4b). When the
applied pressure is lower than the characteristic bursting
pressures (BPs), the microvalves remain closed, as the surface
tension between the fluid and the microvalve channel wall is
not sufficient to drive the fluid flow. Cracks exist in the
microfluidic system, even after the strain has been completely
removed. Due to the presence of surface forces, they could
vanish after a period of healing time.** Although the width and
depth of cracks are not zero at 0% applied strain, the estimated
BP of 183 mbar is sufficiently high to maintain the closed state
for microvalves. Although the surface tension in the microvalve
can be modulated, it is easy to use an external microinjection
pump to provide the elevated pressure at a step size of S mbar
for driving the fluid flow. As the performance of the capillary
burst valve is characterized by the bursting pressure, the burst
pressure values for the array of microvalves with different crack
areas (width X length) at various tensile strains are
investigated. The pressure value that initiates the flow
experimentally measures the bursting pressure. The bursting
pressure is observed to decrease with the increasing tensile
strain that increases the width of the crack. Meanwhile, the BPs
are not statistically different among those arrays with different
crack lengths and numbers of the cracks. The selective area
where the cracks generated (from 1 X 1 mm® to 3 X 3 mm?) is
small compared to the entire device (3 X 1.2 cm®). When
uniaxial stretching is applied, the strain distribution in the
treated area is uniformly formed (Figure S3a) and then the
cracks for microvalves with the same BP are produced.

The Young—Laplace equation also relates the BP in a
rectangular microvalve with a width of b and depth of h to the

. L1 3643
surface tension ¢ of the liquid as .

BD = _26[ cos 6, 4 o HB}

h (1)
where 0, (g) is the contact angle at the sidewall/bottom (or
top) surfaces of the microvalve. The sidewall of the channel
has the same contact angle (109 + 0.2°) as the intrinsic
bottom PDMS surface, as the cracks are generated after
finishing the UVO treatment. After 5 min of “high” power
plasma treatment of the top surface, its contact angle initially
decreases to a significantly smaller value and then saturates to
78 & 0.5° after 3 h of recovery (Figure S9). Although Poisson’s
effect would induce wrinkles in the direction perpendicular to
the stretching direction, the induced wrinkles become
negligibly small after applying the cap layer (Figure S10).
The cap layer also affects the changes in the cross-sectional
area, width, and depth of the crack as a function of the tensile
strain (Figure S11). The crack width changes with the tensile
strain (&) to follow the fitting function of b = 14.456¢ +2.608
(R* = 0.99), whereas the crack depth follows the fitting
function of h = 2.904e*> — 4.276e + 5.326 (R* = 0.94). As a
result, the BP in eq 1 becomes

2cos 0,
BP = —o| ——— A&
14.456¢ + 2.608
4 cos 6,
2.904¢* — 4.28¢ + 5.32602
4 cos 0y
2.904¢* — 4.28¢ + 5.326 )

which decreases as the tensile strain increases (Figure 4c). The
theoretical predictions show reasonable agreements with the
experimental results. The difference between experimental
measurements and the theory is likely attributed to the
nonstraight microvalves. Flow rate is another important
parameter to characterize the performance of the microvalve.
Since an applied pressure of 150 mbar is sufficient to burst
open the microvalves for fluid flow, the pressure up to 150
mbar is applied to different crack microvalve arrays with
different cracked areas (width X length) for the measurement
of flow rate (Figure S12). Because the hydraulic resistance to
fluid flow of a rectangular microchannel with a high aspect
ratio follows R =12uL/(wh?),** the increase in the cross-
sectional dimensions can decrease hydraulic resistance. There-
fore, the changes in the geometry and dimension of the
microvalves from mechanical deformations (e.g., stretching)
can easily modulate the hydraulic resistance and flow rate. The
flow rate monotonically increases from 0.04 to 0.34 mm®/s as
the tensile strain increases from 25 to 100%. The slower fluid
flow is also observed in the longer and narrower crack areas
because the former takes a longer time and the latter results in
a smaller number of crack microvalves. The flow control by the
tensile strain applied to the microvalves represents another
important tunable parameter of microfluidic platforms for
biomedical research and clinical diagnosis.

2.4. Applications of Microvalves for Microsphere
Screening and Fluidic Logic Gates. As a proof-of-concept
demonstration, the strain-tunable microvalves are first applied
to screen polydisperse microspheres based on their sizes. An
airtight tube connects the microfluidic device to the pressure
pump. The microsphere suspension consists of two types of
microspheres, one with a small diameter of D = 2 ym and the
other with a large diameter of D = 5 ym. When the suspension
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Figure S. Strain-tunable microvalves for microsphere screening. (a) Schematic showing the working principle of the microfluidic microvalve that
changes its width and depth to allow selective transport. (b) Optical images of the polydisperse mixture before (yellow dashed box) and after
(green dashed box) it passes through the microfluidic valves for a tensile strain of 100%. Scale bars: S0 um.

is injected from the tube into the device at a pressure of 150
mbar, the crack microvalves remained closed to both
microspheres, as the width of 2 ym in the encapsulated
crack microvalves is smaller than both types of microspheres
before stretching (Figure Sa). When the applied strain is 100%,
the width of the crack of 20.8 + 0.8 ym becomes much larger
than the depth of 1.6 &+ 0.5 um, so the depth controls the
particle screening. As a result, the crack microvalves after 100%
stretching allows the transport of the smaller microspheres (D
= 2 pum) while preventing the transport of the large particles
(D = 5 um). The strain-tunable selective transport of the
smaller microspheres is fairly effective, as confirmed by the
polydisperse mixture in the two parallel microchannels (Figure
Sb). The polydisperse mixture includes both large micro-
spheres (D = S um, circled in green) and small microspheres
(D = 2 pm, circled in yellow) before it passes through the
microvalve, whereas the microfluidic channel after the
microvalve only includes the small microspheres. The
measured particle size distribution by counting from the
microscopy images is shown in Figure S13. Considering the
dimension change in the PDMS channel, particle screening can
be applied for the particles in the range from 2 to 20 um, which
is relevant to various types of cells. Changes in the tensile
strain also allow the selective transport of particles/cells of
other sizes.

As a proof-of-concept demonstration toward the future
multiliquid, multistep sample preparation and reagent
processing (e.g.,, biphasic liver analysis), the control of the
liquid flow in a two-valve system is first investigated in this
study. Because the crack and wrinkle microvalves switch
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between the on and off states in an opposite trend upon
stretching, they can be applied to develop a new class of fluidic
“OR” logic gates (Figure 6). In the design of the OR gates, the
microfluidic device has a shared inlet and two different outlets,
with one connected to the wrinkle microvalve (i.e., type A) and
the other connected to the crack microvalve (i.e., type B)
(Figure 6a). With the target truth table (Figure 6b), both the
crack and wrinkle microvalves are created between the two
parallel microchannels (Figure 6c, black box). An input is
considered as 1 (or 0) when the fluid flows from the inlet to
the outlet, which is otherwise 0. The output is 1 if the fluid
flows out from the outlet(s), which is otherwise 0. Without the
fluid flow to the inlet (i.e., O for both A and B), there is no fluid
flow out of any outlets, resulting in 0 in the outlet. When the
fluid flows into the inlet of the microfluidic device with no
stretching applied, the wrinkle microvalve is open, but the
crack microvalve is closed (ie., 1 for A and 0 for B) (Figure
6¢). As the tensile strain is increased to 40%, the crack
microvalve opens, but the wrinkle microvalve closes (i.e., O for
A and 1 for B). Because the output is 1 for both of the above
two cases (i.e., before or after the tensile strain of 40%), the
OR logic gate is demonstrated. Furthermore, by changing the
parallel connection of the crack and wrinkle microvalves to
series, the OR logic gate becomes the “AND” logic gate. The
design and demonstration of various fluidic logic gates provide
the microfluidic devices with the capabilities to perform fluidic
operations. This controllable valve represents a viable path
toward large-scale integration for potential applications in
multiliquid, multistep sample preparation and reagent
processing (Figure 6d).

https://doi.org/10.1021/acsami.1c08745
ACS Appl. Mater. Interfaces 2021, 13, 36849—36858


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c08745/suppl_file/am1c08745_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08745?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08745?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08745?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08745?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c08745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(a)

stiff layer ( b)

Outlet A B ouT
PDMS cap layer-” 0 0 0
1..-., ———
o 0 1 1
PDMS substrate layer
1 0 1
A B
1 1 1
o S\ S S
IS )
=H]<
sz AL = | outlet
i
N NN B BN S . . B

;(i) AStretching 3 i

(iv) Releasing

Oy *

(v)

I(vi)

<«— 1 Wastechamber
| —  Reaction chamber

Q 9

?
<+— Microchannels
< Strain-tunable
microvalves

Figure 6. Demonstration of the microvalves as the fluidic logic gate. (a) Schematic to show the design of the microfluidic device with crack and
wrinkle microvalves as the OR logic gate. (b) Fluidic OR logic gate and its corresponding truth table. (c) Optical images of the liquid flow to show
the operation of the fluidic OR logic gate. (i—iii) Liquid flow sequence in the crack microvalves (box B, open) after 40% stretching and (iv—vi) the
liquid flow in the wrinkle microvalves (box A, open) during a gradual releasing process. Scale bar: 1 mm. (d) Potential application in multiliquid,

multistep sample preparation and reagent processing.

3. CONCLUSIONS

In summary, we report a simple yet effective approach to
fabricate strain-tunable elastomeric micropatterns (e.g., cracks
and wrinkles) as microvalves in a microfluidic device. The
crack microvalves are closed before stretching but open as the
tensile strain increases, whereas the wrinkle microvalves exhibit
the opposite trend. The microfluidic device with crack and
wrinkle microvalves is demonstrated for microparticle screen-
ing and fluidic logic operation in a programmable manner. The
applied tensile strain changes the width and depth of the crack
microvalves to control the selective transport of microparticles
of different sizes. When the crack and wrinkle microvalves are
integrated into the single microfluidic device, the fluid can be
modulated to flow through the microvalves in a manner that
represents the operation of the OR or AND logic gates. These
controllable valves to adjust the reaction time and volume
represent a viable path toward large-scale integration for
potential applications in multiliquid, multistep sample
preparation and reagent processing. The programmable
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microfluidic system demonstrated in this study opens up
additional opportunities to complement the prior reports in
applications ranging from biomedicine and organ-on-chips to
drug delivery and reagent mixing. However, PDMS is prone to
swelling in many organic solvents. Although the application of
the device with PDMS is limited (aqueous solutions), the
concept from this study can be applied to the other soft
materials that are stable in the target organic solvent.

4. EXPERIMENTAL SECTION

4.1. Preparation of the Microfluidic Device. Analytical grade
chemicals were used as received. The PDMS precursors (SYLGARD
184, Dow Corning) and poly(styrene sulfonic acid) sodium salt
(PSSNa, M,, = 70000 Da) were obtained from the Alfa Aesar Co.,
Inc. The PDMS base and curing agent were mixed at a weight ratio of
10:1. After degassing the PDMS prepolymer, it was cast onto a
poly(methyl methacrylate) (PMMA) mold fabricated by a laser
engraving machine (CNN, JK-DK40, Wenhao Co., Ltd, China).
Curing at 70 °C for 12 h produced the PDMS mold with extruded
microchannel features. Casting another PDMS precursor (weight
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ratio of 10:1) on the PDMS mold was followed by curing at 70 °C for
12 h. Peeling off the cured PDMS with care resulted in the PDMS
substrate with recessed channels that were replicated from the mold.
With a shadow mask, the channel region of the cured PDMS substrate
was selectively treated with UVO at a distance of 3.5 cm for 20 min in
a bench-top UVO etcher (BZS250GF-TX, HWOTECH Science and
Technology Ltd., China). After the PDMS substrate was stretched to
a tensile strain of 100% for 10 s by a custom-built stretcher (Figure
S14), an array of microscale cracks were created as microvalves. The
uniaxial tensile strain was measured by a digital caliper with a
resolution of 0.01 mm. After air plasma treatment (Harrick Plasma
Cleaner, PDC-002-HP, Harrick Plasma) with high power for 5 min,
bonding another PDMS cap layer on the PDMS substrate with
microfluidic channels and valves completed the fabrication.

4.2. Structural Characterizations. The dimensions of the
microscale crack (e.g., width, depth, and spacing) and surface profiles
of the micropatterns were determined by a Profilm 3D optical
profilometer (Filmetric Inc.). The surface morphology of the PDMS
substrate under various applied strains was collected by an optical
microscope (PH100, Phenix, China). Sessile water droplet contact
angles (CAs) were acquired using a model 250 (p/n 250-F1) optical
contact angle meter (rame-hart) at an ambient temperature of 25 °C.
After applying S pL of deionized water on the samples by an
automatic dispense controller, the CAs were automatically determined
from the Laplace—Young equation.

4.3. Microsphere Screening. The SiO, particles (Luo Chuang
Chemical, China) in the water were injected into the microchannel of
the microfluidic device by a syringe pump. The particle migration in
the microchannel was observed by an optical microscope (VHX-
2000C, KEYENCE, Japan). The focusing location of particles was
analyzed using Phmias.

4.4. Microfluidic Logic Device. According to the presence or
absence of fluid flow in the channel, the Boolean number of 0 or 1 was
assigned to the corresponding channel. When the fluid appeared in
the A or B area, the logic value of 1 was assigned to the wrinkle or
crack microvalves. The fluid existence in the area was determined by
the channel deformation induced by mechanical stretching.
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