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Abstract

Microfluidic actuators, including elastomeric microvalves and microfluidic transistors, are
increasingly used to augment and simplify flow automation. The vast majority of these actuators
regulate flow using microfabricated, thin membranes that are inherently difficult to fabricate and
integrate into small devices. The performance of these actuator platforms is critically determined
by the membrane’s mechanical performance, which calls for scalable and reliable membrane
microfabrication techniques. Previous approaches for manufacturing elastomeric membranes in
microfluidic actuators enabled either their high-resolution fabrication (e.g., soft lithography) or their
facile manufacturability (e.g., 3D printing), but not both. Here we present a photopolymer resin
that closely mimics the Young’'s Modulus (elasticity) and reversible stretchability (no hysteresis)
of poly(dimethylsiloxane) (PDMS) without compromising its high resolution or biocompatibility.
This development enables the fabrication of microfluidic transistors (i.e., microvalves capable of
proportional amplification) by multimaterial stereolithography (mSLA). Our mSLA-printed
microfluidic transistors display proportional pressure amplification occasionally reaching large
intrinsic gains (>300), although reliably printing complex multi-transistor devices will require high-
resolution 3D-printers. Moreover, the absence of hysteresis overcomes a longstanding problem
of unequal opening and closing thresholds found in most microfluidic actuators, allowing us to
demonstrate the first mSLA-printed pressure amplifiers. This work represents an advancement

towards building more complex microfluidic automats.

Keyword: Microfluidics, 3D-printing, Stereolithography, PDMS, Automation


mailto:steiva@uw.edu

1. Introduction

Microfluidic actuators have become an indispensable technology in fields such as genomics,’2
proteomics,>* pharmaceutical testing,>® cell biology,’” tissue engineering,® polymer synthesis,®
micromixers,'’ and organs-on-chips,®'" to cite a few. Since the advent of the first elastomeric
microfluidic valves made in poly(dimethylsiloxane) (PDMS),'? most microfluidic actuators have
relied on a flexible membrane to modulate fluid flow.™ Unfortunately, the manufacturing
challenges of soft lithography techniques, including high costs, scalability limitations, labor-
intensive processes, and the need for specialized expertise, hinder the large-scale adoption of
fluid automation technology among microfluidic engineers.™ Additionally, the 2D-layered nature
of soft lithography makes highly interconnected and component-dense microfluidic chips
challenging to fabricate, as PDMS interconnects remain difficult to route without 3D fabrication

capabilities.®

3D printing can address the limitations encountered in the manufacturing of microfluidic
actuators.'®'% Sochol et al. multijet-printed microfluidic components such as fluidic capacitors,
diodes, and valves.?’ A recent 3D nanoprinted normally closed microfluidic transistor?' achieved
high resolution by direct laser writing (DLW), although the narrow material choice and small
patterning capability of DLW made optimization and connectorization (modularity) difficult. At the
other end of the size spectrum, the relatively flexible constraints in robotics have seen a flourishing
of soft multifunctional materials®*=2°> and of 3D printed fluidic actuators and controllers for soft
robots.?53 However, these actuators with bending features typically on the centimeter scale are
not suitable for microfluidic applications. Synergies between soft robotics and microfluidics have
been anticipated,3*2¢ but 3D printing of soft microrobots is still an emerging field.> As the
complexity of microfluidic chips continues to grow, next generation technologies capable of high-
resolution multimaterial fabrication will be essential to handle the intricate routing and component

density of these circuits.

Towards that goal, here we demonstrate the use of multimaterial stereolithography (mSLA)38-40
to 3D print a microfluidic transistor,*’ a type of microfluidic actuator whose key capability to
proportionally amplify fluidic signals is critically influenced by the membrane material. We
demonstrated devices made of transistors such as pressure amplifiers that require that the
membranes be printed with a material of very low Young’'s modulus and negligible hysteresis (like
PDMS). Since PDMS and other elastomers are challenging to 3D print at high resolution without

using absorbers,*>** we developed novel acrylate-based SLA resins that yield high resolution and



feature mechanical properties similar to PDMS. SLA has long served as a tool to build high-
resolution microfluidic devices and valves in 3D architectures,' %4447 overcoming the
manufacturing obstacles of soft lithography. We used a “print-pause-print” mSLA process to build
multimaterial hybrid structures.*®4° (It is important to note that the terminology “print-pause-print”
has also been used to refer to an alternative strategy for embedding dissimilar-material objects in
the print.°)

2. Results

2.a. The difference between a microvalve and a microfiuidic transistor: How flow limitation arises

A microfluidic transistor is a microvalve that can proportionally amplify a fluidic signal.*'
Transistors, both electronic and microfluidic, achieve high gain amplification through a crucial
non-linear behavior of self-regulation of the output signal (which is current in electronics and flow
in microfluidics). Transistors show self-regulation when they are operated under specific
conditions. Specifically, this self-regulatory behavior is what gives the transistor its high output
impedance, and therefore a high (>1) intrinsic gain.®' In electronic field-effect transistors (FETSs),
the self-regulatory behavior is known as “saturation”. In microfluidic transistors, the behavior is

known as “flow limitation.”"

First-order analysis of the valve helps understand why the transistor behavior arises. Like an FET
(Fig. 1A), a microfluidic transistor (Fig. 1B) consists of three terminals, namely the source, the
drain, and the gate. The gate is built as a valve. (Note that not every valve works well as a gate.)
Similar to the controlling of drain current Ip in FETs via the externally applied gate-to-source
voltage Vis (a condition called “reverse bias”), the drain flow rate Qp in microfluidic transistors can
be controlled by the externally applied gate-to-source pressure Pg. By analogy to FETs,
microfluidic transistors should show self-regulation when Pgs = ct., i.e., the gate pressure is
adjusted at the same rate as the source pressure, to maintain the “reverse bias” condition that is
typical of FETs. In addition, the transistor is designed such that the resistance of the gate region
R is larger than that of the rest of the channel R., even when the valve is at rest. In our case, the
main channel is 6.2 mm long (from inlet to outlet, not counting the valve), 800 um wide, and 180
KMm high, whereas the valve is 0.8 mm long, 800 ym wide, and 80 um high. Using the approximate

expression of flow resistance R for a rectangular channel,
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where n is the viscosity and L, h and w are the length, height, and width of the channel,

respectively, we obtain that R; ~ 1.35 R, when the valve is at rest.

Self-regulation is achieved in our devices because, by keeping Pgs = ct., any increases in absolute
Ps (which increase Qp) are operationally matched by increases in absolute P; (which decrease Qp
by gradually closing the valve). Fig. 1C&D conceptually illustrates the behavior of an example
microfluidic transistor when Ps is increased from 1 to 10 (a.u.) while maintaining Pss = 0 and the
drain at atmosphere (Pp = 0). For simplicity, here the device is assumed to be symmetric and the
valve small, so the pressure inside the channel at the valve seat is approximately Py = (Pp + Ps )/2
= Ps/ 2. Fig. 1C schematically shows how, to maintain P¢s = 0, the application of a small Ps = 1
also constrains P = 1, resulting in an even smaller transmembrane pressure of P; - Py = 0.5 that
bends the membrane slightly. On the other hand, when the application of a large Ps = 10 (a.u.)
constrains P; = 10 (Fig. 1D) to maintain Pg = 0, the transmembrane pressure P; - Py = 5 bends

the membrane significantly.

We are interested in evaluating the flow rate at the drain as a function of Psp, Qp = Psp/(Rcn+Rg),
with Rcx ~ 0.743 R; (for our transistor) and R; = f(Psp). For our transistor, it can be shown that,

given the expression
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where L is the length of the channel, t is the membrane thickness, and E is the Young’s Modulus

(Eqn. 2)
of the membrane material, then the function Qn(Psp) can be approximated as (see section S1 in
Suppl. Info. for derivation):
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Eqgn. 3 helps explain why experimentally flow limitation is found to be so sensitive to variations in
L and t, requiring in the future high-precision manufacturing techniques. We can use graphing
software to simulate the function Qp(Psp) for various cases. In the purely elastic case, the Young's
Modulus E is independent of Psp and the function Qp(Psp) has a shape that is clearly linear for small
Psp but decays (unrealistically) for large Psp (Fig. 1E). On the other hand, for a E(Psp) function that
increases linearly by ~40% of the initial (elastic-case) value as pressure increases from 0 to 15

psi (a more realistic assumption, as the stiffness of most elastic materials increases with

4



deformation), we obtain a more experimentally-realistic “flattening shape” at large Psp
(characteristic of flow limitation) while maintaining the same linear slope at small Psp (Fig. 1F).
More complex E(Psp) functions are possible. This Qp vs Psp behavior for large Psp, equivalent to the
Ip vs Vsp behavior called saturation in electronic FETs (Fig. 1G), is called flow limitation in
microfluidics (as recently reported in PDMS valves by Gopinathan et al.*'). We conclude that the
non-linear elastic deformation behavior of the membrane at large Psp provides a satisfactory first-

order explanation for the appearance of flow limitation in microfluidic transistors.
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Fig. 1. Parallelism between saturation in electronic transistors and flow limitation in

microfluidic transistors. (A) Cross-sectional schematic of a p-type field-effect transistor
(FET) showing the source, drain, and gate areas. (B) Cut-away 3D schematic of a

microfluidic PDMS analog of a FET featuring a PDMS membrane. The pressure driving the
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flow in the channel is AP = Ps — P, = Psp > 0. The membrane is actuated by the pressure
differential P¢s = P; — Ps and the flow rate is modulated by the resulting membrane
deflection. (C&D) Cross-sectional schematic of the transistor at low (C) and high (D) Ps
values (a.u.), assuming the operating conditions of P¢;s = 0 and Pp = 0. (E) Graph of Eqn. 1
for the case k(Psp) = k(0). (F) Graph of Eqgn. 1 for the case k(Psp) = k(0) — (k(0)/40) Psp, which
takes values k(0) for Psp = 0 and 0.6k(0) for Psp = 15 psi. (G) Simulated graph depicting an
ideal characteristic behavior of a FET and a microfluidic transistor. (H) Flow limitation
phenomenon occurring in a flexible, collapsible tube upon applying pressures Pey = Pin 2
Pout. The pressure driving the flow in the tube is AP = P, — Pout. Note that AP is always
positive (both in the tube and in the channel), independently of whether the flow is driven by

applying suction through the outlet/drain or by applying positive pressure to the inlet/source.

Higher-order analyses may produce similar predictions. Liu et al. have applied plane strain theory
to describe large deformations of thin PDMS membranes, a formalism that could, in principle, be
applied to build a more exact physical model of a microfluidic transistor.5? Flow limitation was
originally observed in compressible tubes (Fig. 1H) and was described theoretically, including
non-linear second-order terms not considered above, by Shapiro*'®3%* and others®*° (see
section S1 in Supplementary Information). Shapiro’s dimensionless analysis is also useful for
predicting the occurrence of flow limitation. The dimensionless Shapiro number S combines the
parameters of channel material properties, flow conditions, and the channel geometry, and

predicts flow limitation when S > 1 (see section S2 in the Supplementary Information).!

2.b. Flow limitation and low hysteresis, the key ingredients for analog (proportional) amplification

Saturation is crucial to performing proportional amplification® and is a key behavior in any
electronic transistor, used throughout circuit modern circuit design.®%8" To show that, by analogy,
flow limitation is a key behavior for performing proportional pressure amplification using
microfluidic transistors (3D printed or not), we briefly explain here how a pressure amplifier works.
(We demonstrate A 3D printed pressure amplifier below.) The description below is analogous to
the well-known mechanism by which a common-source FET amplifier functions. To build a
pressure amplifier, a microfluidic transistor is connected in series to a large resistive load such as
a resistor or another transistor. The input pressure signal is fed into the gate and acts to change

the flow passing through both the transistor and the series load. Due to the large load resistance,



minor changes in flow create substantial changes in pressure in the load. The output pressure
signal is taken from the node between the two devices. Without flow limitation, the large changes
in pressure at the output of the transistor would counteract the change in flow described above,
preventing amplification. With flow limitation, the transistor has a high output impedance and
behaves like a flow source that is independent of the high loads and pressure changes at the
output, therefore allowing signal amplification. Critically, such a system can be shown to amplify
only if the transistor acts sufficiently like a flow source with high output impedance (as it does in

flow limitation) and can drive the large downstream resistive load.

The recent microfluidic transistor by Gopinathan et al.*' used a normally open valve geometry
(Fig. 1B) which operates as the fluidic analogy to a p-channel junction FET (p-JFET), mimicking
its Qp-Psp saturation behavior (as conceptualized in Fig. 1G). As a voltage-driven device, the gate
of an electronic p-JFET does not consume current, thus the gate does not contribute to I,. Hence
this transistor configuration is ideally suited to be “translated” to a microfluidic transistor because
the fluidic gate can be pressurized in the absence of flow and there is no flow from the gate to the
drain: in a valve, the impermeable membrane acts as a physical barrier between the fluid
compartment controlling the gate and the fluid channel connecting to drain. (Note that flow
limitation is based entirely on relative pressures between terminals.) Binary (on/off) valve
configurations have been extensively used by many groups to construct microfluidic logic gates, %~
% timers,®3%% and oscillators.®%-%¢ However, for the device to function as an analog signal amplifier
like the original electronic transistors (named after their transresistance gain®), binary switching
is not sufficient. To achieve proportional amplification, the Qp-Psp relation must also mimic closely
that of the Ip-Vsp in FETSs.

Importantly, Gopinathan et al*' plotted the intrinsic gain (which quantifies the maximum
proportional amplification achievable) and the flow-pressure characteristic curves (which are key
for understanding how the transistor behaves under various operating conditions) of their
transistor. They showed that the transistor's characteristic curves exhibited linear, cutoff, and
saturation regimes and had a moderate intrinsic gain g, = (dQp/dPss)/(dQp/dPsp) > 1 (i.e.,
suitable for proportional signal amplification), analogous to the current-voltage characteristics of
a p-JFET.#' We stress that the flatter the saturation curve, the higher the output impedance, and
therefore the higher the intrinsic gain, g,. Gopinathan’s new transistors retained the capability of
binary switching; hence they allowed for building transistor-based controls and circuit blocks such

as logic gates in addition to analog amplification.*'



Previously, others had 3D printed complex microfluidic valve networks to create digital logic??’
as well as fluidic controllers with larger feature sizes for robotic applications.?5-32 This prior work
on microfluidic valves used deformable elastic structures to switch the flow of liquid on/off based
on a small control pressure signal. This form of digital control led to considerable leaps in
autonomous fluid processing and featured circuitry containing oscillators, logic gates, and other
digital processing operations. However, most of these valves exhibit hysteresis,’® in other words,
the valves have some “memory” of their previous states and the threshold pressure to switch “on”
differs from the threshold pressure required to switch “off’. In some circuits, this behavior is
desired, such as in flip-flops or debouncers. However, in most other circuit designs, hysteretic
devices create fundamental problems in circuit function, since they produce unpredictable non-
linear distortion based on their prior state and are insensitive to small signals that lie between the
two thresholds. As a result of this non-linearity, in a device with hysteresis, an arbitrary signal
(either electrical or fluidic) applied at the input will fail to produce a proportional signal at the
output. Thus, hysteretic devices cannot be used as proportional amplifiers and are generally

unsuitable for implementing circuits from analog electronics.

2.c. Multimaterial-SLA (mSLA) printed microfiuidic transistors using cytocompatible, low viscosity,

tunable blends of diacrylates and monoacrylates

Gopinathan et al.’s circuits,*'

including the transistors, were entirely fabricated in PDMS using
conventional soft lithography, a technology that raises serious manufacturing concerns.® To
address the manufacturing challenges of PDMS actuators, as a first approximation we sought to
3D print a polymer with properties matching or exceeding the mechanical properties of PDMS.
(Note that our polymers are not siloxanes and thus we are only mimicking the mechanical
properties of PDMS, not its molecular structure.) PDMS is a highly stretchable silicone elastomer
(~140% elastic elongation) with a typical Young’s modulus of ~0.5 MPa.” To replicate the PDMS
transistors with SLA, a photopolymer is needed with elasticity and stretchability like PDMS and
that can be 3D printed at high resolution. Most SLA-printable elastomers have some
characteristics of PDMS (e.g., similar Young’s modulus) but they lack other properties (e.g.,
stretchability, transparency), or they cannot be SLA-printed into high-resolution microfluidics
features due to limited resin photo-reactivity.*>*872 The network structure of PDMS consists of
high-Mw polymer segments (i.e., long chains) between cross-links. Therefore, one approach to
create PDMS-like polymers for SLA has been to use acrylated PDMS monomers.*? However,
these high-M,, monomers have a high viscosity, an undesirable feature because they are hard to

remove from internal voids of microfluidic devices after the print process has ended, limiting the



smallest channel that can be achieved.*? Another important consideration in working with viscous
resins in SLA is that the suction force — which must be minimized to prevent distortion and

delamination of layers — scales linearly with the resin’s viscosity.

To overcome these challenges, we printed the actuator membrane using one of two photopolymer
resins based on tunable blends of diacrylate and monoacrylate monomers, an approach that
enhances the elasticity of the otherwise-rigid diacrylate print: either A) our previous blend of
poly(ethylene glycol) diacrylate (PEGDA, My~258) and poly(ethylene glycol methyl ether)
methacrylate (PEGMEMA, M,~300) monomers, termed PEGDA-co-PEGMEMA;*® or B) a
copolymer blend of the 2-hydroxyethyl acrylate (HEA, My~116) and poly(propylene glycol)
diacrylate (PPGDA, M,,~800), here termed HEA-co-PPGDA. Both resins were used in conjunction
with 0.6 wt.% of photo-initiator Irgacure-819 and 0.6 wt.% of the photo-absorber 2-
isopropylthioxanthone (ITX) (see Methods section). In these blends, tuning the monoacrylate to
diacrylate ratio alters the elastic modulus of the printed plastics by over two orders of magnitude,
reaching that of PDMS, while retaining the high transparency, high biocompatibility, and low drug
absorption typical of the diacrylate, and offering a facile route for digital manufacturing not offered
by PDMS molding.*®

Both resin formulations, including the post-processing method, are highly cytocompatible, as
compared to polystyrene controls and measured by the virtual absence of cell death in tissue
cultures of Py8119 cells that were in direct contact with 3D printed wells for 24 hrs. These wells
were 3D printed with the same size and shape as a single well of a 96-well well plate to ensure
all cell cultures contained, by design, approximately the same number of cells and the same
volume of cell culture medium. Live/dead staining (see Methods section) after 24 hrs of culture
(Fig. 2A-C) showed high cell viability across all groups, with HEA-co-PPGDA and PEGDA-co-
PEGMEMA supporting viability comparable to standard polystyrene 96-well substrates of the
same well diameter (Fig. 2D). Quantification of morphological parameters such as individual cell
area and cell aspect ratio (Fig. 2E-G) revealed no significant differences between cells cultured
on HEA-co-PPGDA, PEGDA-co-PEGMEMA, and control polystyrene dishes. This consistent
viability and morphology across different substrates (including the polystyrene control) suggests
that our resin formulations and post-printing processing are very biocompatible, at least for the

studied timeframe.
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Figure 2. Comparison of Py8119 cells cultured for 24 hours in 3D-printed resin dishes
versus standard polystyrene tissue culture dishes. 96-well polystyrene culture dishes (A)
were compared to single-well 3D printed on glass substrates and coated with a PEGDA base

layer using two resin formulations: HEA-co-PPGDA (B) and PEGDA-co-PEGMEMA (C). A
schematic is shown on the left column (A-C) along with an image of a 3D-printed well (B,C). The
fluorescence images in A-C show live cells (acridine orange (AO) staining, green, left column)

and dead cells (propidium iodide (PI) staining, red, middle column) after 24 hrs of culture; the
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rightmost column of images in A-C shows the merging of green and red channels. (D) Graph of
green (AO-stained) cells as a percentage of total cells (red Pl-stained and green AO-stained) for
each condition. (E) Automated analysis of cell morphology, yielding cell size (area in pixel?) and
cell aspect ratio. (F) Cell size distribution for each condition. (G) Cell aspect ratio distribution for
each condition. Statistical analysis indicated no significant difference (ns) among the three

groups.

The microfluidic transistors were purposely designed with rigid walls and a flexible membrane,
thus mandating the use of mSLA. While the microfluidic device could, in principle, be printed
integrally in the same flexible material as the membrane, there are two important functional
advantages for using mSLA to print a flexible membrane surrounded by a rigid body: a) leak-proof
connections between outside flexible tubing are best achieved with (rigid) male barb connectors
(Luer connectors are even better, but bulkier);”® b) in a device with flexible walls, actuation of the
membrane at high frequency results in a reduction in response time due to the high fluidic
capacitance of the flexible walls of the control chamber and the rest of the device (i.e., the energy
used to displace the membrane is spent displacing not only the fluid but also the walls); this energy

dissipation into the walls of the device does not occur when the walls are rigid.”

2.d. mSLA-printed microfluidic transistors with a PEGDA-co-PEGMEMA membrane

Our mSLA-printed microfluidic transistors with a membrane made of 40% PEGMEMA / 60%
PEGDA (termed PEGDA-co-PEGMEMA) had high intrinsic gains. Fig. 3A shows the transistor’s
schematic with its three functional leads (the source, the drain, and the gate). Contrary to electrical
devices that can have dead-end leads, 3D printed channels must have an inlet and an outlet, so
the 3D printed device has 4 inlets (Fig. 3B), one of which is blocked during operation (Fig. 3B,
inset, and Fig. S3). The transistor consists of a PEGDA-co-PEGMEMA membrane within a rigid
PEGDA structure (see Fig. 3C schematic). Details of the “print-pause-print” multimaterial SLA-
printing process of this hybrid structure are found in our previous work*4° as well as in the
Methods Section. Note the single-pixel features in our prints (Fig. 3B inset), which are indicative
of the highest-resolution that our printers can offer (27 ym). As illustrated in Fig. 3C and Fig. S3,
when operating the microfluidic transistor, we apply a negative pressure P, at the drain which
pulls the flow from the transistor source. (Note that Gopinathan et al. applied positive pressure at
the source to drive flow from source to drain; the choice of negative pressure for Pp to drive flow

from source to drain for our studies is arbitrary, as the principle of flow limitation only depends on

12



the pressure difference. Therefore, the pressure difference between source and drain, Psp, is
always a positive quantity.) The gate-to-source pressure differential P¢s controlling the drain flow
rate Qp is applied to the membrane with respect to the source. By varying Pgs, we generated the
full set of characteristic Qp-Psp curves of a SLA-printed microfluidic transistor featuring a 50 pm-
thick PEGDA-co-PEGMEMA membrane, a 80 um-high gate gap, and a PEGDA body with a 800
pum-wide fluid, 180 uym high channel (Fig. 3D). A contour plot of the intrinsic gain as a function of
Pgs and Psp for this microfluidic transistor is shown in Fig. 3E, demonstrating high gains of >40
when Psp > 4 psi and Pgs ~ 0 psi. As indicated in Fig. 3D, we observe that our 3D printed
microfluidic transistors replicate all three characteristics of a FET: linear (Ohmic), cutoff, and the

saturation region.

While that changing the gap or the Young’s modulus (by changing the %PEGMEMA composition),
or both, in PEGMEMA-based transistors does not appreciably change the typical intrinsic gain
(Fig. $1), we did observe a range of gains from transistor to transistor due to fabrication variability.
The most critical element is the membrane, whose deflection is determined by the material (which
is kept constant from one transistor to the next except for fluctuations in exposure) and by its
thickness (see Eqgn. 3 and its derivation in Supp. Info.). In our previous study by Kuo et al. we
determined that, for PEGDA containing 0.6 wt.% of photo-initiator Irgacure-819 and 0.6 wt.% of
photo-absorber ITX, the variability that we obtain in Z thickness for a light intensity of 85 m\W/cm?

(as in the present study) with our printer is about ~10 pm.*4
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Figure 3. Microfluidic transistor printed with a PEGDA-co-PEGMEMA membrane using
multimaterial SLA. (A) Schematic of a transistor depicting the three terminals (source, drain,
and gate). (B) Photograph (top) and micrographs (bottom) of a mSLA-printed microfluidic
transistor featuring a 50 uym-thick PEGDA-co-PEGMEMA membrane, an 80 um-high gate gap,
and a PEGDA body with an 800 um-wide, 180 um high fluid channel. The highest-magnification
inset demonstrates that the PEGDA-co-PEGMEMA printing process has reached single-pixel
(27 pm) resolution. (C) Cut-away 3D schematic of the multimaterial microfluidic transistor
depicting the PEGDA body (yellow) and the PEGDA-co-PEGMEMA membrane (red). (D) Qp vs
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Psp characteristic curve of a mSLA-printed microfluidic transistor (same dimensions as in B)
illustrating a “linear” regime at low Psp values, a “saturation” regime (where Qp is nearly constant)
at high Psp values, and the “cutoff’ point for P¢s ~6 psi (beyond which the gate interrupts all flow).

(E) Contour plot of the intrinsic gain as a function of Pss and Psp for the microfluidic transistor

shown in (D).

While, overall, PEGDA-co-PEGMEMA membranes produced excellent microfluidic transistors
with intrinsic gains exceeding 40, reducing the number of cross-links in the polymer increased the
brittleness of the membranes due to a weakened network structure. In other words, while the
PEGDA-co-PEGMEMA material had the Young’'s modulus of PDMS, it fell short in elastic
stretchability. This shortcoming can manifest itself in subtle ways. In high-cycle applications such
as microfluidic logic, a non-stretchable material is particularly undesirable because it dissipates a
lot of energy, i.e., it presents high hysteresis during load and unload. While attempts to 3D print
microfluidic transistors and amplifiers with PEGDA-co-PEGMEMA were successful, the large
hysteresis of two-transistor amplifiers built in PEGDA-co-PEGMEMA confirmed that high
stretchability is a critical material parameter for the performance of a microfluidic transistor not
captured in the Shapiro number expression, which assumes a perfectly linearly elastic membrane
material. Since the theory of flow-limitation assumes a linearly elastic membrane and does not
predict hysteresis behavior,% we posited that the undesired hysteresis seen here is a result of
irreversible deformation of the PEGDA-co-PEGMEMA membrane. When the PEGDA-co-
PEGMEMA membranes are stretched beyond their elastic limit during the amplifier's forward
sweep, they undergo permanent deformation and cannot return to their original shape when
unloaded, as seen in the backward sweep. This behavior, known as viscoelastic hysteresis,
occurs because the polymer's load-displacement responses differ between the loading and
unloading phases, reflecting its inability to fully recover after being overstressed. Hence, we

proceeded to replace the PEGDA-co-PEGMEMA blend resin with a more suitable blend resin.

The replacement for PEGDA-co-PEGMEMA resin is a blend of HEA and PPGDA (Fig. 4A) that
uses the same photo-absorber (ITX) and the same photo-initiator (Irgacure-819) at identical
concentrations (see Methods section), with no effect on cytocompatibility (see Fig. 2). We
hypothesize that, in the HEA-co-PPGDA polymer network (Fig. 4B), HEA introduces reversible
hydrogen cross-links, while the acrylate groups on both HEA and PPGDA form the stable cross-

links.” Consistent with that hypothesis, the reversible cross-links increase the toughness and
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elastic recovery of the polymer, an approach that is effective at modifying the mechanical
properties of the polymer.”®’” Fig. 4C shows how, by adjusting the ratio of reversible to stable
cross-links through varying the HEA:PPGDA ratio in the resin, we can vary the tensile properties
of the SLA-printed polymers. For instance, by increasing HEA concentration, the resulting polymer
demonstrates lower Young's modulus and higher elongation, which we attribute to the increase
in the number of reversible, hydrogen-bond cross-links in its network’” (Fig. 4C). By carefully
tuning the HEA:PPGDA ratio to 85% (v/v), the resulting resin can yield parts with similar Young’s
modulus and elongation to PDMS (Fig. 4D). We also measured the stretchability of 48 mm-long
dog-bone prints (see Fig. S$2) to compare various HEA:PPGDA ratios ranging 75% - 95% HEA,;
the maximum elongation ranged from ~8016% (75% HEA) to ~126+19% (85% HEA) and
~220+£13% (95% HEA) (Fig. 4D). While 95% HEA might appear a better choice on paper, in
practice our target membrane sizes (800 pm-wide) resulted in 95% HEA membranes that sagged
at zero applied pressure, making studies of Qp vs Psp difficult. Overall, compared to PDMS
(stretchability ~155+10%), the 85% HEA resin demonstrated recoverable elastic properties that
are best matched to PDMS, with ~19% less stretchability than PDMS, no sagging at zero applied
pressure, and improved hysteresis (even slightly lower than PDMS) (Fig. 4E and Fig. S3).

Critically, these blends are SLA-printable at high resolution. We were able to SLA-print the 85%
HEA resin into a 1 mm-wide unsupported 50 um-thin layer (Fig. 4F) and pneumatically actuate 1
mm-diam. diaphragms of the same thickness at different pressures (Fig. 4G; note the peak
deflections of ~375 um and ~625 um achieved at 4 psi and 8 psi, corresponding to a deformation
7.5 and 12.5 times its 50 ym thickness, respectively). The ability to 3D print these membranes is
of central importance to the development of SLA-printed microfluidic actuators (transistors among
them) whose function critically relies on membrane actuation without hysteresis. Fig. 4G and the
Video in the Supplementary Materials show frame grabs and video sequences, respectively,
taken at various time points along ~14 hrs of the repeated actuation of the membrane (~10,000
cycles) with a ramped pressure signal (0-8 psi) without any notable change in the membrane’s
dynamic behavior. This resilience of the membrane to sustain large, repeated deformations over
so many cycles is consistent with the aforementioned hypothesis that the HEA-co-PPGDA

polymer network contains a large number of reversible hydrogen-bond cross-links.”’
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Figure 4. HEA-co-PPGDA photopolymer characterization. (A) HEA and PPGDA monomers.
(B) Polymer network of HEA-co-PPGDA during stretch and recovery. (C) Tensile properties of
HEA-co-PPGDA resins with various HEA contents. (D) Comparison of Young’'s modulus and
maximum elongation of PDMS with HEA-co-PPGDA polymers with different HEA concentration.
(E) Dynamic mechanical response of 85% HEA dog-bone specimen compared to that of a
PDMS specimen of the same size. (F) Micrograph of an SLA-printed 1 mm-wide 85% HEA
membrane (50 pym-thick) bridging two micropillars. (G) Micrographs of an SLA-printed 50 ym-
thick 85% HEA membrane (1 mm dia.) actuated at different pneumatic pressures and 0.2 Hz
frequency. See Movie in Suppl. Mater. The last micrograph in this sequence also demonstrates

that the PPGDA-co-HEA printing process has reached single-pixel (27 um) resolution.

To prove our hypothesis that undesired hysteresis in the PEGDA-co-PEGMEMA membrane is
responsible for its failure to produce amplification in the initial microfluidic amplifier designs, we
SLA-printed microfluidic transistors using 85% HEA resin. The transistor schematic is illustrated
in Fig. 5A and a micrograph of a printed and fluid-filled transistor is shown in Fig. 5B. In this
design, the transistor consists of an 85% HEA membrane within a rigid PEGDA structure. The
inset micrograph in Fig. 5B shows that the printer is operating at single-pixel (27 um) resolution.
Fig. 5C demonstrates how the use of 85% HEA elastic membrane (E ~ 0.6 MPa) has led to the
flow limitation in the microfluidic transistor in contrast to the rigid PEGDA membrane (E ~ 800
MPa). The observed flow limitation is controllable due to the reversible elasticity of the 85% HEA
membrane, as shown in Fig. 5D. Note how the forward and backwards sweeps lie on top of each
other, crucially indicating no hysteresis. If these elements had displayed hysteresis, they would
not be capable of proportional amplification and would therefore be unsuitable for negative
feedback controllers and, more generally, unsuitable for analog signal processing. It is important
to note that the hysteresis behavior (or lack thereof) is not apparent in the Qsp vs Psp characteristic
curves (Fig. 5E) or in the Pgs vs Psp intrinsic gain curves (Fig. 5F). In this particular transistor (50
pm-thick 85% HEA membrane, 80 uym-high gate gap, 800 um-wide fluid channel), there is a
significant region of operation where the intrinsic gain exceeds 100 (for Psp = 9 psi and Pgs = 1
psi), consistent with the very low slopes in the saturation regime close to cutoff in the Qp-Psp

curves.

We next investigated whether digital manufacturing could be used to achieve geometries that

would lead to improvements in intrinsic gain. Since we observed a substantial Qp leakage flow
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rate of ~60 puL/min at the cut-off Pgs = 9 psi (Fig. 5E), we implemented two 3D chamfers at the
edge of the hydraulic microchannel (Fig. 5G&H). These 40 um-tall and 40 pm-wide (slope = 45°)
chamfers cannot easily be replicated by traditional microfabrication techniques such as
photolithography, but we found that they play a crucial role in reducing the leak flow rate in the
microfluidic transistors at the cut-off Pg. After implementing the chamfers, the Qp leakage flow
rate sometimes became negligible (~2 yL/min at P¢s= 9 psi) (Fig. 51). This feature suggests that
our 3D microfluidic transistor can additionally function as a reliable switch with minimal flow
leakage at closure. Importantly, because of the negligible slope in the saturation regime as seen
in Fig. 51, the intrinsic gain for this device became so high as to exceed what could be reliably
measured. However, the variability in manufacturing (we estimate ~10 ym variability for the
membrane thickness alone based on our previous results on PEGDA membranes**) can lead to
large variations in the intrinsic gain, as shown in the three different P-Q characteristic curves (and
the displayed gains) of Fig. S4 measured for three additional chamfered transistors with the same
exact design as the one in Fig. 5l. This result suggests the need for high-resolution 3D printers

to achieve reliable flow limitation behavior in a manufacturing setting.
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Figure 5. Performance of microfluidic transistors with mSLA-printed membranes in 85%
HEA. (A) Cut-away schematic of a microfluidic transistor made in PEGDA (body, green) and
85% HEA (membrane, red). (B) Micrograph of a valve featuring an 85% HEA membrane with

the flow channel filled with blue dye and the gate channel filled with red dye. The inset
schematic depicts the side view, illustrating the lack of a chamfer in the cross section of the flow
channel. (C) Comparison of flow limitation in SLA-printed microfluidic transistors made with an

85% HEA membrane (blue) or PEGDA (red), showing that a highly flexible material is required
for this measurement. (D) Forward and backward sweep of Psp at Pgs= 0 for the SLA-printed

microfluidic transistor with a 50 ym-thick membrane made of 85% HEA. (E,F) Qp-Psp
characteristic curves (E) and contour plot of the intrinsic gain as a function of Pss and P (F) of a
mSLA-printed microfluidic transistor with a 50 pm-thick 85% HEA membrane and 80 pm gate

gap in the absence of chamfers; the leakage flow is indicated with a blue dashed arrow in (E).

Note that, for this transistor, the peak intrinsic gain is 320 when Psp = 9 psi and Pgs = 1 psi. (G-I)
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The implementation of chamfers (40 um height x 40 um width) in the design shown in (G) and

(H) helps the membrane conform to the edges and virtually eliminates leakage ().

To demonstrate analog pressure amplification, we tested the performance of a mSLA-printed
common-source amplifier. This design generates pressure gain by operating two transistors in
unison (in series) (Fig. 6). The amplifier circuit design mimics a common-source voltage amplifier
with active load (Fig. 6A). (Note that this design inverts P, with respect to P;,.) A top-view
schematic of its fluidic analogue is shown in Fig. 6B. Similarly to the single-transistor circuit, we
printed an extra inlet to be able to flush the uncured resin and facilitate the filling of the transistor
with fluids, but during operation this inlet was blocked (Fig. 85). The hydraulic resistances Rn; and
Rz are ~36x107 psi.uL/min, imposing negligible pressure loss between the two transistors, and
the supply pressure for the typical range of Qp less than 1000 pL/min. One characteristic feature
of this type of circuit is that, if the two transistors are not identical in performance, the circuit's gain

becomes lower than the intrinsic gain of either transistor (see Discussion).

The performance of the amplifier circuits was strikingly different depending on the resin employed
to print the actuator membrane. For amplifier circuits printed with PEGDA-co-PEGMEMA
membranes, each of the transistors had Qp-Psp characteristic curves like that in Fig. 3D and an
intrinsic gain in excess of 40. Unfortunately, the amplifier circuit did not achieve the performance
predicted by the intrinsic gain of the transistors alone, indicating a mismatch in performance.
Moreover, while one amplifier's transfer curve (Fig. 6C) showed almost 5x changes in output
pressure (~2.93 psi) with small changes in input pressure (~0.61 psi), all amplifiers built with
PEGDA-co-PEGMEMA membranes displayed significant hysteresis (Fig. 6D) as seen by the
different threshold pressures when sweeping the input pressure from low to high (orange) and
high to low (green). Such a device would be suitable for making flip-flops and Schmitt triggers but
would not be suitable for proportional amplification since, due to hysteresis, the output signal is
not purely proportional to the current input signal and is instead influenced by the “memory” of its

prior states.

Amplifiers printed with 85% HEA-co-PPGDA membranes (Fig. 6E), on the other hand, did not
show the hysteresis of their PEGDA-co-PEGMEMA counterparts. The first (top) transistor was a
chamfered transistor and operated according to the Qp-Psp curves in Fig. 5l, accepting the input

pressure signal P;,. The second (bottom) transistor was printed with the same parameters (50 um-
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thick 85% HEA membrane, 80 um gate gap, no chamfers, and 800 um-wide, 180 um high fluid
channel) and acted as an active load to enhance the amplifier gain by operating as a constant
flow source (again using flow limitation). To evaluate the amplifier's performance, we first swept
P:» between 1.0 to 2.5 psi (being the approximate operating range of the amplifier) and monitored
Powe. The transistor demonstrated no significant hysteresis in producing an amplified output
pressure between ~3 and 7.5 psi (Fig. 6F). The lack of hysteresis is critical in preserving the
shape of the input signal and allowed for proportional amplification. Fig. 6G depicts the output
response of the microfluidic amplifier when the input signal is of a sine type. As shown, the circuit
amplified the pressure signal by a gain of ~4 with a sinusoidal output waveform that closely follows
the input waveform. As expected from imperfectly matched transistors, this demonstration of
amplification is much lower than the maximum set by the transistor’s intrinsic gain, which is a
theoretical maximum gain for the best 1-transistor amplifier one could ideally construct with a

given Pgs and Psp (see Discussion).

Some degree of clipping when operating the transistor outside of saturation is expected in any
common-source amplifier (including in electronics) and can be observed in Fig. 6G. When the
input pressure signal is too high (at the peaks of the red sinusoid in Fig. 6G), the top transistor
experiences high Pgs, exiting saturation and entering the cutoff regime. As seen in the upper region
of Fig. 5F (high Pgs), this area of operation has low intrinsic gain, so amplification does not take
place. Similarly, if the input pressure signal were too low, the top transistor would experience low
Psp and would exit saturation and enter the linear regime. As seen in the left region of Fig. 5F (low
Psp), this area also has a low intrinsic gain and so would again block amplification. This behavior
highlights the importance of transistor saturation in the proper functioning of all these circuits. In
electronics, designing the circuit to ensure that all transistors operate in the appropriate regime is

known as “biasing” and is a major part of all transistor circuit design.
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Figure 6. Microfluidic amplifiers printed using multimaterial SLA. (A) Electrical circuit and
its microfluidic analogue (B) of a common-source analog amplifier with active load. (C) Transfer
characteristic of a 3D-printed PEGDA-co-PEGMEMA amplifier showing an example of input sine
wave excitation versus the sine wave output (expected). (D) Hysteresis characterization of the
PEGDA-co-PEGMEMA amplifier in (C) by comparing how P, varies with the forward and
backward sweep scans of the input pressure P;,. (E) Image of an SLA-printed 85% HEA
membrane amplifier filled with pink (pneumatic microchannel) and blue (hydraulic
microchannels) dyes for visualization. (F) Transfer characteristic of the HEA-co-PPGDA analog
amplifier in (E), showing absence of hysteresis. (G) Input (P:,) versus output (P,.:) pressure of
the HEA-co-PPGDA analog amplifier in (E).

3. Discussion

The novelty of our work is that we have achieved 3D-printability of a microfluidic transistor design
that could pave the way for more sophisticated, integrated on-chip automation, similarly to how
FETs enabled complex control in microelectronics.*' To disseminate this technology, a rapid,
versatile, and scalable manufacturing technique is needed, which is beyond the capabilities of
soft lithography. Nevertheless, we recognize that the digital manufacturing of autonomous
microfluidic circuits with a complexity similar to that of electronics is still far away. We chose
acrylate photopolymer resins because of their proven speed, high resolution, and biocompatibility.
Here we have focused on the short-term characterization of HEA-co-PPGDA in terms of
biocompatibility, elasticity, stretchability, and suitability for high-precision 3D printing (minimal
viscosity, SLA suction force, etc.). Note that, in principle, for a given Young’s modulus E, flow
limitation can be reached by altering dimensional parameters that greatly affect the shape of the
Qp-Psp curves, such as the membrane thickness t or the length L, width w, or height H of the valve
(see Egn. 3 and Suppl. Info.). In practice, however, for our 3D printer (max resolution 27 ym), we
found that a highly stretchable elastomeric resin is needed to obtain a low-hysteresis amplifier
that replicates the mechanical properties of PDMS. Higher-resolution 3D printers that allow for

exploring smaller dimensions might be more forgiving with the membrane materials.

A limitation of our design is that the flow-pressure characteristic of any analog transistor is

extremely sensitive to its geometry (see Eqn. 3). While we measured intrinsic gains of over 300
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in individual transistors, due to mismatches in geometry during manufacturing we could only
demonstrate single-digit gains (4 and 9) when we connected two transistors in an amplifier. When
the transistor is actually used to build an amplifier, the amplifier's gain will be lower due to non-
idealities in the power source, noise, and manufacturing. In the common-source amplifier design
demonstrated here, the maximum gain is achieved when the two transistors are perfectly matched
in their flow-pressure characteristics, so that the total gain of the amplifier is equal to the intrinsic
gain of the individual transistors that make it up. The highest achievable pressure amplification in
our amplifier circuit is affected by several sources of errors including dissimilarity between the two
transistors and existing parasitic capacitances in the experimental setup and measurement. The
dissimilarity stems from morphological differences in the 85% HEA membrane that are typical in
3D printing of elastic thin membranes.*® We have previously observed a variability in the thickness
of 3D printed PEGDA membranes as large as 10 ym.** Additionally, formation and accumulation
of air bubbles in conjunction with the air in our reservoir bottles (see Fig. S6 for a schematic of
the amplifier setup) introduce parasitic capacitances that can diminish the amplifier gain by
absorbing pressure increase at P, or Pi,. Unfortunately, the above error sources prevented our
transistors from matching perfectly, with the bottom transistor saturating at a lower flow rate than
the top transistor. This behavior forced the top transistor to operate closer to the cutoff regime

and severely reduced the overall gain of the circuit.

We conclude that circumventing the above limitation will require high-resolution 3D printers. The
fact that the amplifier's gain is still far from the intrinsic gain of the individual transistors means
that there are many opportunities for future manufacturing improvements in 3D printed
membranes and the resulting microfluidic transistors and amplifiers. We believe that the gain
reduction we observe in amplifier circuits when its transistors’ performances are not well matched
could be used to establish mSLA manufacturing milestones in the future. Undoubtedly, one of the
next frontiers will be on reliable manufacturing to obtain high amplification in more complex
devices, which will require higher-resolution SLA printers. Our 3D printer’s resolution (27 um
projected XY pixel size) and build size (7.1 cm x 4 cm) allows for footprints that fit only a few
transistors, however that number is presently a limitation for the production of larger circuits.5’
Complex fluidic controls such as timers and oscillators or op-amps (typically featuring tens of
hundreds of transistors in electronics®') necessitating larger numbers of transistors will require
more advanced, next-generation 3D printers (such as those based on 8K projectors or 2-photon

SLA technology) with larger build sizes.
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Further studies should also investigate factors influencing the long-term performance of the
transistors, including durability and long-term stability, which can depend on storage conditions.
Most importantly, their scalability (i.e., repeatability and modularity), which is strongly dependent
on the printer, must be assessed. A challenge for standardization will be the long-term quality of
the resins — acrylate resins are sensitive to temperature and humidity,”® so the elasticity,
stretchability, and the biocompatibility of the membranes may change depending on their storage
conditions. Long-term cytocompatibility and chemical stability under continuous fluid perfusion
were not tested in this study and represent an important area for future investigation, especially
for organs-on-chips applications. We conclude that implementing microfluidic transistors for
automation of room-temperature/benchtop biomicrofluidic applications such as bioassays will be
significantly simpler to achieve than in applications that demand incubation in the presence of
cells or tissues for extended periods of time, e.g., organs-on-chips. In the short term, temperature
sensitivity can foreseeably be addressed with designs where the microfluidic transistors are
placed in a separate module just outside the incubator. If needed, the cytocompatibility of SLA-
printed surfaces can be increased with biocompatible resins,’”® thorough rinsing,**# and/or

parylene C coatings.®'

Our work extends the capabilities of 3D printed microfluidic circuitry to perform both analog and
digital signal processing, which has numerous benefits. Firstly, it enables the direct translation of
a broad class of analog circuit designs from the electronics literature, including power converters,
regulators, references, active filters, analog-to-digital/digital-to-analog converters, and many
others. Secondly, it enables the creation of negative feedback controllers, which is a ubiquitous
motif in high-performance circuit designs, where precision and speed are of utmost importance
and digital systems suffer from quantization error.%"8' This error is potentially acute in
microfluidics, where the pressures and flows involved are very small and require tight control,
such as when moving a single cell*' or tuning flow resistances.®? Last but not least, in microfluidics
real estate tends to be more critical than in microelectronics. Until microfluidic fabrication becomes
capable of placing hundreds of thousands of transistors on a chip, analog circuits will be more
economical in space and transistor count when performing the same operations as their digital

counterparts.8384

In summary, SLA offers several critical features that we believe will significantly advance the
manufacturing of advanced 3D printed microfluidics containing transistors: (/) monolithic
fabrication of the entire fluidic circuits eliminates the need for aligning, bonding, and fabricating

circuit interconnects and inlet/outlet ports, significantly streamlining the circuit fabrication and

26



experimental implementation; (i) the rapid-prototyping of fluidic circuits via SLA (or mSLA)
considerably improves the circuit design verification by allowing multiple design iterations at a
fraction of the time, cost and labor; (iii) the simplicity of fabricating 3D architectures by SLA
potentially enables the printing of out-of-plane transistors,?58¢ hence the production of microfluidic
circuits with much higher density of transistors, i.e., higher processing power; and (iv) the
presence of SLA machines in many laboratories around the world or in the form of 3D printing
commercial services effectively ‘democratizes’ the implementation of 3D printed microfluidics
without access to high-end facilities. Moreover, our HEA-co-PPGDA resin formulation enables the
digital fabrication of low-hysteresis microfluidic transistors that closely replicate key field-effect
transistor behaviors, including saturation and proportional amplification. As printer resolution,
material uniformity, and manufacturing reproducibility continue to improve, this approach could
support dense, reliable microfluidic circuits capable of analog signal processing, feedback control,
and autonomous operation (e.g., timers®® and oscillators®¢7) to meet the automation demands
of complex microfluidic systems. Ultimately, these advances point toward a future in which
microfluidic control architectures can be designed, fabricated, and iterated with an agility

analogous to that which enabled the rise of modern electronics.
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4. Methods
4.1. Resin formulation

PEGDA resin is prepared by mixing poly(ethylene glycol) diacrylate (PEGDA, M,~258, Sigma-
Aldrich) with 0.6 wt.% phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (Irgacure-819, BASF,
IL) as the photo-initiator and 0.6 wt.% 2-isopropylthioxanthone (ITX) (PL Industries, PA) as the
photo-absorber. PEGDA-co-PEGMEMA resin is prepared by mixing 40 wt.% PEGMEMA with 60
wt.% PEGDA, and then mixing with 0.6 wt.% of Irgacure-819 and 0.6 wt.% of ITX. HEA-co-
PPGDA resin is prepared by mixing a known volumetric ratio (depending on the experiment) of
2-hydroxyethyl acrylate (HEA, M\~116, Sigma-Aldrich) and poly(propylene glycol) diacrylate
(PPGDA, M,~800, Sigma-Aldrich) with 0.6 wt.% of Irgacure-819 and 0.6 wt.% of ITX.

4.2. Measurement of elastic properties

To measure the elastic properties of HEA-co-PPGDA printed polymers, we have printed SLA-
printed dog-bone specimens (Fig. S2a) and measured their tensile properties according to ASTM
(D638-10) standard. Similarly, PDMS dog-bone specimens were prepared by molding Sylgard
184 (1:10 curing ratio). We used Instron 5584H load frame equipped with a 50 N load cell (Fig.
S2b). The extension rate of the specimen was set at either 10 or 100 mm/min depending on the
experiment, and the elongation was recorded with a video extensometer. The dynamic
mechanical responses of 75% and 95% HEA are given in Fig. S3 of the Supplementary

Information.

4.3. SLA-printing process

The microfluidic transistors and amplifiers have a hybrid structure combining an elastic HEA-co-
PPGDA membrane and a rigid PEGDA structure. These hybrid structures were SLA-printed using
a “print-pause-print” protocol, as in our previous works.*34° We used a digital light projection (DLP)
SLA 3D printer (Pico 2 HD, Asiga) that has a X-Y pixel resolution of 27 um, equipped with a 385
nm UV-LED light source. In our prints, we set the light intensity at 85 mW/cm?. To SLA-print
microfluidic transistors and amplifiers, we used a glass slide attached to the 3D printer’s build
platform. Prior to 3D printing, the glass slide is washed successively with acetone, IPA, and DI-
water, and dried in an oven at 80 °C for 20 min. The glass slide is finally silanized with 3-
(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich) overnight to ensure the attachment of
polymerized resins onto its surface, according to our previously published protocol.*® To attach

the glass on the build platform, we used a drop of PEGDA resin followed by curing under ambient
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light for ~5 min. To detach the glass slide from the build platform after the print, we wedged a
razor blade between the build platform and the glass slide. After the print, the microfluidic devices
were immersed in IPA bath for ~20 min away from ambient light. Then, we flushed the
microchannels with IPA to completely remove uncured resin. After the parts are dried in ambient
air, we then placed them under a UV light source for ~1 min to completely cure the resin remaining
on the walls. The STL files for microfluidic transistors and amplifiers are available in the

Supplementary Information.

4.4. Cell culture and post-processing procedure for fluorescent cell staining

Using both resin formulations, we printed single-well culture dishes on PEGDA-coated glass
substrates; these 3D printed single wells were of the same size and shape as a single well of a
96-well well plate. Immediately after printing, the constructs underwent a standardized post-
processing protocol: (1) immersion in isopropanol (IPA) for 2 hrs in the dark, (2) flushing with fresh
isopropyl alcohol (IPA) and deionized water to remove unreacted monomers and prevent
microchannel blockage, (3) air drying, (4) UV curing for 1—-2 min to complete polymerization and
enhance structural stability, and (5) thermal treatment at 70 °C for 30 min to terminate the
photoreactants. Prior to cell seeding, the devices were pre-soaked in culture medium, rinsed with
PBS, and seeded with Py8119 cells at a concentration of 0.07 x 10° cells per well. The Py8119
cell line is a mesenchymal-like cell line that was originally derived from a mammary
adenocarcinoma that spontaneously arose in a C57BL/6 female mouse with the MMTV-PyMT
transgene. Since Py8119 are used to assess cytotoxicity in cancer treatments, here we used them
to measure whether our resins had any cytotoxic effects. Acridine Orange (AO, 2 ug/mL) and
Propidium lodide (PI, 1 ug/mL) were added directly to the culture medium after 24 hrs of culture
to generate AO/PI staining. The mechanism of imaging with acridine orange (AQO) and propidium
iodide (PI) relies on the differential membrane permeability of the two dyes, enabling the
distinction between live and dead cells based on their fluorescence. AO is a small, cell-permeable
dye that can cross the intact membranes of both live and dead cells, whereas Pl is a larger dye
that is impermeable to the membranes of live, healthy cells. Once AO is inside the cell, it binds to
nucleic acids (DNA and RNA). When bound to double-stranded DNA (dsDNA) inside cells, AO
emits green fluorescence when excited with blue light. PI, on the other hand, can only enter cells
with compromised or damaged membranes, a characteristic of dying, dead, or necrotic cells. Pl
also binds to nucleic acids inside the cell, but emits a strong red fluorescence. The combination
of these dyes in a single solution allows for simultaneous live and dead cell assessment. Live

cells fluoresce green because only AO can enter live cells. Dead cells, on the other hand,
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fluoresce red because, due to Fluorescence Resonance Energy Transfer (FRET), the green
fluorescence emitted by AO is absorbed by the nearby Pl molecules, and only the red
fluorescence of Pl is observed.®® Fluorescence images were acquired using an exposure time of
1/35 s for the green channel (AO) and 1/20 s for the red channel (PI).

4.5. Microfluidic setup

The microfluidic transistor and the microfluidic pressure amplifier were tested according to the
setup shown in Fig. S4 and Fig. S5, respectively. The input pressure to the transistors and
amplifiers was generated with a pressure controller unit (Elveflow). To measure the output flow
rates, we used a flow sensor (Sensirion). To calculate the pressure output (P,.:in Fig. 85) of the

amplifier, we used a differential pressure sensor (Honeywell).

Supporting Information

The following Supporting Information is available online: Alternative expression for the Shapiro
number S; Variability in P-Q characteristic curves and intrinsic gain for various PEGDA-co-
PEGMEMA transistors of different membrane composition and gap height; Dynamic mechanical
response of HEA-co-PPGDA; Variability in P-Q characteristic curves and intrinsic gain for various
PPGDA-co-HEA transistors of exact design dimensions; Schematics of the experimental setup
for testing microfluidic transistors and analog pressure amplifiers; Video of the 85% HEA

membrane periodic actuation; STL design files for microfluidic transistors and amplifiers.
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