
rsc.li/loc

ISSN 1473-0197

Lab on a Chip
Devices and applications at the micro- and nanoscale

PAPER
Ryan D. Sochol et al.
3D microfluidics via cyclic olefin polymer-based in situ direct 
laser writing

Volume 19 Number 17 7 September 2019 Pages 2761–2948



Lab on a Chip

PAPER

Cite this: Lab Chip, 2019, 19, 2799

Received 7th June 2019,
Accepted 15th July 2019

DOI: 10.1039/c9lc00542k

rsc.li/loc

3D microfluidics via cyclic olefin polymer-based in
situ direct laser writing†

Abdullah T. Alsharhan, a Ruben Acevedo,a

Roseanne Warrenb and Ryan D. Sochol ‡*acde

In situ direct laser writing (isDLW) strategies that facilitate the printing of three-dimensional (3D) nanostruc-

tured components directly inside of, and fully sealed to, enclosed microchannels are uniquely suited for

manufacturing geometrically complex microfluidic technologies. Recent efforts have demonstrated the

benefits of using micromolding and bonding protocols for isDLW; however, the reliance on polydimethylsi-

loxane (PDMS) leads to limited fluidic sealing (e.g., operational pressures <50–75 kPa) and poor compatibil-

ity with standard organic solvent-based developers. To bypass these issues, here we explore the use of

cyclic olefin polymer (COP) as an enabling microchannel material for isDLW by investigating three funda-

mental classes of microfluidic systems corresponding to increasing degrees of sophistication: (i) “2.5D”

functionally static fluidic barriers (10–100 μm in height), which supported uncompromised structure-to-

channel sealing under applied input pressures of up to 500 kPa; (ii) 3D static interwoven microvessel-

inspired structures (inner diameters < 10 μm) that exhibited effective isolation of distinct fluorescently la-

belled microfluidic flow streams; and (iii) 3D dynamically actuated microfluidic transistors, which comprised

bellowed sealing elements (wall thickness = 500 nm) that could be actively deformed via an applied gate

pressure to fully obstruct source-to-drain fluid flow. In combination, these results suggest that COP-based

isDLW offers a promising pathway to wide-ranging fluidic applications that demand significant architectural

versatility at submicron scales with invariable sealing integrity, such as for biomimetic organ-on-a-chip sys-

tems and integrated microfluidic circuits.

Introduction

Direct laser writing (DLW) has emerged as an unparalleled 3D
manufacturing technology for the fabrication of structures
with feature resolutions on the order of 100 nm.1–3 DLW in-
volves using a tightly focused femtosecond laser and liquid-
phase photocurable materials to initiate spatially controlled
polymerization events via two-photon or multi-photon absorp-
tion phenomena (e.g., in a point-by-point, layer-by-layer man-
ner) that ultimately produce 3D microstructures comprised of

cured photomaterial.4,5 A fundamental trade-off inherent to
DLW, however, is that the submicron feature size of the cur-
ing voxel is poorly suited for fabricating the macro-to-micro
interfaces – i.e., inlet and outlet fluidic access ports – that are
requisites for DLW-based microfluidic applications.6,7 To
overcome this barrier, researchers have primarily focused on
hybrid protocols that rely on standard micromanufacturing
methods for bulk device fabrication, with DLW utilized only
for critical 3D nanostructured features8–10 In particular, con-
ventionally manufactured microfluidic channels can be in-
fused with a liquid-phase photocurable material to support
DLW-based printing of structures directly inside of the
microchannel11–13 – an approach termed “in situ DLW
(isDLW)”.

Previously, researchers have utilized a number of materials
for isDLW. For example, although glass microchannels are
compatible with isDLW processes,14,15 the protocols for
manufacturing glass microdevices, such as laser ablation and
wet etching (e.g., with HF), are typically associated with
undesired fabrication times, costs, labor requirements and/or
safety concerns.16 As a result, many groups have instead fo-
cused on the use of PDMS-on-glass microchips for isDLW.
A drawback of PDMS, however, is that its gas permeability

Lab Chip, 2019, 19, 2799–2810 | 2799This journal is © The Royal Society of Chemistry 2019

aDepartment of Mechanical Engineering, University of Maryland, College Park,

MD, 20742, USA
bMechanical Engineering, University of Utah, Salt Lake City, UT, 84112, USA
c Fischell Department of Bioengineering, University of Maryland, College Park,

MD, 20742, USA
dRobert E. Fischell Institute of Biomedical Devices, University of Maryland,

College Park, MD, 20742, USA
eMaryland Robotics Center, University of Maryland, College Park, MD, 20742,

USA

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9lc00542k
‡ 2147 Glenn L. Martin Hall, University of Maryland, College Park, MD 20742
USA, Email: rsochol@umd.edu.

Pu
bl

is
he

d 
on

 1
6 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f U
ta

h 
on

 7
/2

9/
20

20
 8

:0
5:

09
 P

M
. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-3037-6127
http://orcid.org/0000-0002-9633-8932
https://doi.org/10.1039/c9lc00542k
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC019017


2800 | Lab Chip, 2019, 19, 2799–2810 This journal is © The Royal Society of Chemistry 2019

results in a thin layer of oxygen adjacent to the channel walls,
which can inhibit photopolymerization.17,18

Although several works have avoided the PDMS interface
entirely, instead employing isDLW to fabricate structures at-
tached solely to the glass substrate,19,20 such methods are in-
sufficient for cases that require fluidic sealing along the en-
tire luminal surface of the microchannel. To enable such
applications, Lölsberg et al. reported that following isDLW-
based fabrication in a PDMS-on-glass microchip, silane-based
epoxy could be perfused through two sacrificial side channels
to permeate the gaps between printed structures and the
PDMS walls.21 As an alternative, we recently demonstrated
that applying a sol–gel coating to PDMS-on-glass micro-
channels enabled effective structure-to-channel fluidic
sealing for input pressures up to 75 kPa, with the caveat that
sealing performance was highly dependent on channel geom-
etry (e.g., size and shape).22 In addition to limited sealing
performance at higher pressures, isDLW with PDMS-on-glass
microdevices also restricts which developers can be used fol-
lowing the printing process as many conventional DLW devel-
opers are organic solvents that can degrade PDMS.21–23

To overcome the aforementioned limitations associated
with PDMS-on-glass systems while still benefiting from the

accessibility of micromolding and bonding procedures, here
we examine the use of cyclic olefin polymer (COP) as an alter-
native microchannel material for isDLW. COP is a thermo-
plastic material that exhibits properties that are advanta-
geous for isDLW, including high optical transparency,24

resistance to polar organic solvents,25,26 effective micro-
pattern replication and bonding,27–30 and low gas permeabil-
ity.31 We present a novel isDLW protocol (Fig. 1) that is based
on COP–COP devices fabricated by hot embossing COP using
DLW-printed molds with customizable geometries. We exper-
imentally characterize key isDLW parameters (e.g., laser
power, microchannel shape and size) to elucidate the condi-
tions under which microstructures of various heights can be
manufactured effectively. We investigate the performance of
COP-based isDLW-printed microstructures with hierarchical
degrees of geometric and operational microfluidic complex-
ity: (i) monolithic (“2.5D”) fluidic barriers that are designed
to remain stationary while obstructing fluid flow (irrespective
of input pressure) – an important measure of structure-to-
channel sealing integrity; (ii) 3D interwoven microvessel-
inspired tubular architectures, which while structurally im-
mobile, are designed to permit fluid flow within their inter-
nal tortuous microfluidic pathways; and (iii) a 3D

Fig. 1 Conceptual illustrations of the cyclic olefin polymer (COP) in situ direct laser writing (isDLW) strategy. (a) DLW of microchannel mold
structures. (b) Printed negative master mold. (c) Hot embossing-based COP replication of the microchannel molds. (d) Micromolded COP. (e) Inte-
gration of inlet and outlet ports. (f) Exposure of vapor-phase cyclohexane to a thin COP sheet. (g) Bonding of the micromolded COP to the thin
COP sheet. (h) Enclosed COP–COP microdevice. (i–k) IsDLW fabrication. (i) Infusion of a liquid-phase photomaterial into the COP–COP micro-
channels. (j) “Ceiling-to-floor”, point-by-point, layer-by-layer photopolymerization via a focused femtosecond IR laser. (k) Printed 3D microfluidic
bellow-type transistor (comprised of cured photomaterial) that is fully sealed to the luminal surface of the COP–COP microchannel at designed
locations.
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microfluidic “bellow-type” transistor that can be dynamically
actuated during operation to actively regulate the flow of
fluid through the component. The results establish funda-
mental baselines with which to evaluate the utility of COP-
based isDLW for a diversity of microfluidic studies and
applications.

Materials and methods
Cyclic olefin polymer (COP) in situ direct laser writing
(isDLW) concept

The COP-based isDLW approach presented in this work in-
cludes five key steps: (i) master mold fabrication via DLW
(Fig. 1a and b), (ii) mold replication (Fig. 1c and d), (iii) inlet/
outlet port integration (Fig. 1e), (iv) COP–COP bonding
(Fig. 1f–h), and (v) isDLW of microstructures directly inside
of (and fully attached to) the COP–COP microchannels
(Fig. 1i–k). Several groups have demonstrated the use of DLW
for micromold fabrication, particularly for cases that demand
non-planar channel geometries.21,22,32–35 Here, DLW is uti-
lized in the dip-in laser lithography (DiLL) configuration to
manufacture microchannels with varying architectures
(Fig. 1a). After completion of the mold printing process and
development (Fig. 1b), established COP hot embossing
methods36,37 are employed to replicate the microchannel
structures (Fig. 1c and d). Thereafter, through holes for inlet
and outlet ports are drilled at desired locations in the micro-
molded COP (Fig. 1e).

A thin, flat COP sheet serves as the base of the COP micro-
channels. To achieve vapor-phase solvent bonding, the COP
base is first exposed to cyclohexane vapor (Fig. 1f), which re-
sults in a tacky surface. This surface is then brought into con-
tact with the micromolded COP to achieve fully enclosed
COP–COP microchannels (Fig. 1g and h). For the isDLW step,
a liquid-phase photocurable material is infused into the
COP–COP channel (Fig. 1i). DLW is then utilized in the oil-
immersion mode for microstructure printing. In this configu-
ration, the laser passes from the objective lens through an
immersion oil, then through the thin COP base, and finally,
through the uncured photomaterial to begin the photo-
polymerization process only at the focal point (Fig. 1j). To
avoid disruptions of the laser due to interactions with previ-
ously cured photomaterial, microstructures are printed in a
“ceiling-to-floor”, point-by-point, layer-by-layer methodol-
ogy.21,22 Once the DLW process is complete (Fig. 1k), develop-
ing agents are infused into the channel to remove any
remaining uncured photomaterial.

Negative master mold fabrication via DLW

All microchannel negative master mold patterns were
designed using the commercial computer-aided design (CAD)
software, SolidWorks (Dassault Systemes, France). The CAD
files were converted to the STL file format, and then
imported into the computer-aided manufacturing (CAM) soft-
ware, DeScribe (Nanoscribe GmbH, Germany) to generate the
code for the laser writing path. For all molds, the layer height

and hatching parameters were 1 μm and 500 nm, respec-
tively. Si substrates (25 mm × 25 mm) were rinsed succes-
sively with acetone and isopropyl alcohol (IPA), then dried
with inert N2 gas, and lastly, placed on a hot plate set at 100
°C for 15 min. The negative-tone photoresist, IP-S (Nano-
scribe), was deposited onto the Si substrate, which was then
loaded into the Nanoscribe Photonic Professional GT DLW
system. The DLW printer settings included the use of a 25×
objective lens and the DiLL mode configuration. Due to the
large print area of the channel mold structures (approxi-
mately 3 mm × 3 mm), a stitching-based print methodology
was utilized by which the master mold was printed in 280
μm × 280 μm areas that connect together (e.g., ESI† Fig. S1
and ESI† Movie S1).

For the fluidic barrier structure testing, a total of nine
microchannel designs were printed, corresponding to three
distinct cross-sectional profiles – each at heights of 10 μm,
50 μm, and 100 μm: (i) rectangular (to mimic channels gener-
ated via conventional, monolithic microfabrication pro-
cesses)38 (ESI† Fig. S2a), (ii) trapezoidal (with 20° outward ta-
pering sidewalls) (ESI† Fig. S2b), and (iii) semi-elliptical (ESI†
Fig. S2c). All of the microchannels were designed with an as-
pect ratio of 1. The molds for the microvessel-inspired struc-
tures were designed with a circular region (40 μm in height;
120 μm in diameter) intersecting with six identical micro-
fluidic channels (30 μm in height; 50 μm in width; 25°-
tapered trapezoidal cross sections). For the 3D microfluidic
transistors, the molds were designed with two intersecting
channels (30 μm in height; 50 μm in width; 25°-tapered trap-
ezoidal cross sections). After completion of the DLW-printing
process, the substrates were developed using successive
rinses in propylene glycol monomethyl ether acetate (PGMEA)
for 30 min and IPA for 2 min to remove any remaining
uncured photoresist.

COP–COP microdevice fabrication

A 3 mm-thick COP sheet (ZEONOR 1060R, Zeon Corp., Japan)
was rinsed with IPA, dried with inert N2 gas, and then
brought into contact with the fabricated negative master
mold. The COP sheet was hot embossed for 3 min at 120 °C
to facilitate the replication of the microchannel designs from
the mold (e.g., ESI† Fig. S2d–f). Through holes for inlet and
outlet ports were drilled in the molded COP at desired loca-
tions. The surface of a 100 μm-thick COP film (microfluidic
ChipShop GmbH, Germany) was exposed to vapor-phase
cyclohexane at 30 °C for 2 min. Immediately after the vapor-
exposure process, the 100 μm-thick COP film and the micro-
molded 3 mm-thick COP sheet were brought into contact for
1 min at room temperature (20–25 °C) to facilitate COP–COP
bonding, resulting in a final device with enclosed micro-
channels (ESI† Fig. S3). A key attribute of the 100 μm-thick
COP film is that its refractive index (1.53)39 closely matches
that of both borosilicate glass substrates (1.52) and the im-
mersion oil (1.52) that are conventionally used for oil-
immersion-mode DLW.
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Microstructure fabrication via isDLW

The 3D models for the fluidic barrier, microvessel, and
microfluidic transistor microstructures were all generated
using SolidWorks (Dassault Systemes) and imported into De-
Scribe (Nanoscribe) for writing-path generation. The negative-
tone photoresist, IP-L 780 (Nanoscribe), was vacuum-loaded
into the COP–COP microchannels. The microchip was fixed
on a holder (with immersion oil placed on the underside of
the 100 μm-thick COP film) and loaded into the Nanoscribe
Photonic Professional GT DLW system. The DLW printer set-
tings included the use of a 63× objective lens and the oil-
immersion mode configuration. All structures were printed
via a “ceiling-to-floor”, point-by-point, layer-by-layer writing-
path routine. After completion of the DLW process, any
remaining uncured photoresist was cleared from the devices
by infusing the organic solvent, PGMEA, for 10 min, IPA for 3
min, and lastly, pressurized air into the microchannels. To
facilitate this development process for the circular center re-
gion of the microvessel-based COP–COP device, two interven-
ing microchannels (i.e., one input and one output) for devel-
oper infusion and material removal were integrated into the
design.

Optical characterization

All scanning electron microscopy (SEM) characterizations
were carried out using the Hitachi SU-70 Schottky field emis-
sion gun SEM (Hitachi, Japan). To facilitate SEM imaging of
isDLW-fabricated microstructures, the COP–COP bonding
and isDLW printing protocols were modified to enable de-
tachment of the 100 μm-thick COP base. Specifically, the
cyclohexane exposure time was reduced to achieve a relatively
weak bond between the 100 μm-thick COP film and the
micromolded COP sheet. In addition, printed structures were
designed with a slightly smaller height, such that the isDLW
printing process would terminate approximately 2 μm from
the thin COP film (i.e., to prevent the structures from sealing
to the base). In combination, these modifications allowed for
the 100 μm-thick COP film to be manually removed following
the isDLW process.

Theoretical simulations

Finite element analysis (FEA) simulations of the 3D micro-
fluidic bellow-type transistor were conducted using the soft-
ware, COMSOL Multiphysics v.5.3a (COMSOL Inc., Sweden).
First, the 3D CAD model was imported into the FEA software,
and simulations were performed using the fluid–structure
interaction (FSI) module under stokes flow conditions and
quasi-static structural transient behavior. The photomaterial,
IP-L 780 (E = 1.75 GPa and ν = 0.49),40 and water (ρ = 103 kg
m3; η = 8.9 × 10−4 Pa s) were modelled for the solid elements
and input fluid, respectively. To simulate microfluidic tran-
sistor operation, the pressure applied to the gate region was
modelled as a boundary load assigned to the internal surface
of the bellowed element. The pressure applied to the interior
of the bellowed structure was varied from 0 kPa to 90 kPa

using a parametric sweep function, while the source fluid in-
put was maintained at a constant pressure of 10 kPa.

Microfluidic experimentation

For all fluidic experiments, MAESFLO software (Fluigent,
France) was utilized to interface with the Fluigent Micro-
fluidic Control System (MFCS) and flow rate platform, which
supported simultaneous input pressure regulation and pres-
sure/flow rate data registration. Fluids were introduced into
the COP microdevices via fluorinated ethylene propylene tub-
ing (Cole-Parmer, Vernon Hills, IL) and stainless steel cathe-
ter couplers (20 ga., Instech, Plymouth Meeting, PA). For ex-
periments in which specific ports required sealing, stainless
steel catheter plugs (Instech) were inserted into the COP
through holes. Data from all completed experiments were
processed using MATLAB software (MathWorks, Natick, MA)
to calculate the mean and standard deviation (S.D.) of the
flow rate data with respect to specified input pressure incre-
ments corresponding to the fluidic barriers and microfluidic
transistor experiments. For testing with fluorescently labelled
fluids, methylene blue and rhodamine B dyes (Milli-
poreSigma, St. Louis, MO) were infused into the microdevices
via distinct inlet ports. Microscopic imaging was performed
using an inverted microscope (Motic AE31, Motic, Canada)
connected to a charge-coupled device (CCD) camera
(Moticam Pro 285B, Motic), while fluorescence imaging was
performed using an inverted fluorescence microscope (Axio
Observer.Z1, Zeiss, Germany) connected to a CCD camera
(Axiocam 503 Mono, Zeiss).

Results and discussion
COP-based isDLW fabrication parameters

An important criteria for isDLW is that the base material
through which the laser passes must have sufficient optical
transparency such that photopolymerization phenomena are
not disrupted significantly, particularly for microstructures
printed at taller heights (i.e., farther away from the objective
lens). Although the “ceiling-to-floor” printing strategy
employed in this work limits laser aberrations caused by pre-
viously cured microstructures in the laser path, remaining
factors – namely, the optical properties of the uncured photo-
resist and the thin COP base – could still disrupt DLW-based
photopolymerization events. Experiments in which the laser
power was held constant during the isDLW fabrication pro-
cess revealed malformed microstructures for which compo-
nents at taller heights did not appear to cure effectively (e.g.,
ESI† Fig. S4). To overcome such issues, two key parameters
can be dynamically adjusted: (i) increasing the laser power
with increasing height, or (ii) decreasing the laser scanning
speed with increasing height. To maintain a consistent over-
all print time, it is preferable to first set the scanning speed
at a constant magnitude (10 mm s−1 in this case), and then
vary the laser power accordingly. A challenge in determining
the appropriate laser power for a given height is that the ex-
posure energy must be large enough to effectively initiate
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photopolymerization reactions, yet not too large such that
photomaterial burning failures (e.g., disruptive microbubble
generation) occur.

We conducted fabrication experiments at varying heights
and laser powers, and then performed optical characteriza-
tions of the results to establish an optimal parameter space
for COP-based isDLW. The fabrication data suggest an expo-
nential relationship between the laser power and the isDLW
height in the form of:

P = 16.9e(9.1×10
−3)H (1)

where P is the laser power in mW and H is the writing height
in μm measured as the distance from the COP base surface
of the microchannel (Fig. 2a). It is important to note that
these results are based on a specific set of materials (e.g., 100
μm-thick COP substrate, IP-L 780 photoresist) and DLW
printing parameters (e.g., 300 nm layer height, 200 nm hatch-
ing distance, 10 mm s−1 scanning speed), and that any
changes to such conditions may alter the observed laser
power-height correlation. Nonetheless, by using this data to
vary the laser power with printing height (using 10 μm inter-
vals), we observed that microstructures could be successfully
fabricated in COP–COP channels with heights ranging from
10 μm up to 100 μm (e.g., ESI† Fig. S5 and ESI† Movie S2).

Both the height and the shape of the microchannel cross-
sectional profile – in particular, the degree of sidewall taper-
ing – can significantly affect the efficacy of isDLW with re-
spect to structure-to-channel sealing integrity. While we,22

and other groups,21 have previously hypothesized that the
sidewalls of microchannel profiles that lack significant out-
ward tapering induce a “shadowing” effect that disrupts the
laser path (i.e., preventing isDLW in proximity to the side-
walls), the inability to remove the channel base following
isDLW prevented confirmation of such phenomena.21,22 To
investigate the potential for shadowing events to contribute
to isDLW structure-to-channel sealing failures, here we uti-
lized a weak COP–COP bonding approach to enable facile re-

moval of the 100 μm-thick COP film following the isDLW
printing process, thereby allowing for optical characterization
of the in situ fabrication results.

For negative master mold fabrication, conventional
photolithography-based methods are considerably faster than
the point-by-point, layer-by-layer DLW approach utilized in
this work. The caveat to the use of such microfabrication pro-
cesses, however, is that the resulting microchannels typically
exhibit relatively straight sidewalls.38 To explore the applica-
bility of monolithic microfabrication protocols for isDLW, we
fabricated COP–COP microdevices with rectangular channel
cross sections at varying heights, and then printed 10 μm-
thick microstructures designed to fully adhere along the top
and sidewall surfaces of the microchannel (Fig. 2b). The fabri-
cation results revealed that for 100 μm-tall channels, a signifi-
cant portion of the microstructure did not appear to effec-
tively photopolymerize in the regions adjacent to the
sidewalls (Fig. 2b – left), despite the laser scanning in these
locations (ESI† Fig. S5a and ESI† Movie S2a). Although not as
drastic, similar photocuring failures in proximity to the side-
walls at taller heights also occurred for cases with 50 μm-tall
channels (Fig. 2b – middle). In contrast, for the 10 μm-tall
rectangular microchannels, we did not observe any such fabri-
cation issues (Fig. 2b – right). These results suggest that con-
ventional microfabrication protocols for negative master mold
manufacturing should only be utilized in cases of isDLW cor-
responding to microchannels with small heights (e.g., 10 μm).
One note, however, is that the replicated COP can also be
used to micromold PDMS, which can then serve as an alterna-
tive negative master mold to extend the overall lifespan of the
DLW-fabricated mold (see also ESI† Text and ESI† Fig. S6).

In addition to the rectangular channel profiles, we also in-
vestigated COP–COP microchannels of varying heights with
trapezoidal (20°-tapered) and semi-elliptical cross sections
(Fig. 2c and d). Unlike the rectangular channel results, we
did not observe any height-based disparities in microstruc-
ture polymerization adjacent to the sidewalls. Rather, for
both the trapezoidal and semi-elliptical cases, the isDLW

Fig. 2 IsDLW fabrication results for fluidic barrier microstructures. (a) Average laser power associated with successful isDLW prints and distinct
heights (while maintaining a constant laser scanning speed). Dotted line represents eqn (1); error bars = S.D. for n = 3 experiments. (b–d) SEM
micrographs of fluidic barrier structures printed in COP–COP channels with (b) rectangular, (c) trapezoidal, and (d) semi-elliptical profiles corre-
sponding to channel heights of: (left) 100 μm, (middle) 50 μm, and (right) 10 μm. Scale bars = (left, middle) 25 μm; (right) 10 μm.
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results revealed undisrupted microstructure prints along the
entire top and sidewall surfaces of the microchannels for ev-
ery height examined (Fig. 2c and d). In combination, these
fabrication results suggest that for tall microchannels (e.g.,
≥50 μm), conventional microfabrication protocols for master
mold construction are ill suited for isDLW processes in which
microstructures are printed in proximity to the channel side-
walls. For such cases, alternative methods of negative master
mold fabrication that yield microchannels with effectively ta-
pered sidewalls (e.g., via DLW) should be utilized instead.

2.5D static microstructure case: microfluidic barriers

A critical metric of performance for isDLW strategies is the
fluidic sealing integrity, which is related to the degree of
structure-to-channel adhesion along the entire luminal sur-
face of the microchannel. To quantify the sealing behavior for
COP-based isDLW, we performed microfluidic burst-pressure
experiments in which a ramping input pressure was applied
on one side of an isDLW-printed barrier structure (with a plug
in the other port on the same side), while both outlets on the
opposite side of the barrier remained open (Fig. 3a and b).
While gradually increasing the input pressure at a rate of 2
kPa s−1, we optically monitored the 10 μm-thick barrier to
evaluate if the dye-colored fluid remained on one side of the
structure (e.g., Fig. 3c) or if fluid leaked past the structure at a
particular pressure magnitude. In addition, we also recorded
both the input pressure and fluid flow rates during experi-
mentation to measure any degree of fluid leakage.

Experiments with barrier microstructures printed inside
COP–COP microchannels with rectangular cross sections re-
vealed a significant role of channel height in the fluidic
sealing performance (Fig. 3d). Unlike typical burst-pressure
tests in which fluid flow is blocked up until a critical pres-
sure at which point the flow rate instantaneously increases
dramatically, the data from experiments with the two larger
rectangular microchannels did not exhibit such fluidic
events. Specifically, from the onset of experimentation for the
50 μm and 100 μm cases, we observed a linear relationship
between the applied input pressure and the rate of fluid flow
leaking past the barrier structure (Fig. 3d). This flow behavior
suggests that the barriers lacked structure-to-channel sealing
prior to experimentation, which is consistent with the results
of the malformed barrier microstructures immediately after
isDLW fabrication (Fig. 2b – left and middle). For the 10 μm
case, however, we did not observe fluidic leakage past the
barrier for input pressures up to approximately 500 kPa – the
limit of the pressure regulator equipment, and thus, the larg-
est pressures examined (Fig. 3d). This sealing efficacy is also
corroborated by the fabrication results (Fig. 2b – right).

To investigate the structure-to-channel sealing integrity as-
sociated with COP–COP microchannels with non-planar side-
walls, we isDLW-printed fluidic barrier microstructures in
channels with trapezoidal (20°) and semi-elliptical (aspect ratio
= 1) cross-sectional profiles of varying heights. In contrast to
the rectangular cases, the burst-pressure experiments with trap-
ezoidal and semi-elliptical COP–COP channels did not reveal
any such differences in sealing performance as a function of

Fig. 3 Microfluidic burst-pressure experimental results for isDLW-printed barrier structures. (a) Conceptual illustration of the experimental setup.
Long arrow denotes the direction of input pressure; short arrow marks the location of the fluidic barrier structure in the channel. (b) Image of a
device prepared for experimentation. (c) Micrograph of fluidic sealing under an applied input pressure of 500 kPa. Short arrow marks the location
of the fluidic barrier structure in a 100 μm-tall trapezoidal channel. Scale bar = 50 μm. (d–f) Quantified experimental results corresponding to
channels with varying heights and (d) rectangular, (e) trapezoidal, and (f) semi-elliptical profiles. Error bars = S.D. for n = 9 experiments per channel
height and profile.
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microchannel height (Fig. 3d–f). Notably, for the pressure
ranges investigated (i.e., ≤500 kPa), we did not observe any in-
stances of fluidic barrier rupture for the 10 μm, 50 μm, and 100
μm cases corresponding to both the trapezoidal and semi-
elliptical microchannel profiles (Fig. 3e and f). With respect to
comparable PDMS-based isDLW results from prior work,22 the
burst-pressure results – particularly for the 50 μm and 100 μm
channels – represent an order of magnitude improvement in
fluidic sealing performance.

Although a number of factors may have contributed to the
significant enhancement in fluidic sealing integrity associated
with isDLW in COP–COP microchannels versus PDMS-based
systems, one key difference is the mechanical stiffness of COP
compared to PDMS. Due to the relatively low elasticity of
PDMS, inputting pressures on the order of 10–100 kPa results
in visible outward expansion of microfluidic channels. As the
microchannels expand, isDLW-printed barrier microstructures
would be subjected to additional axial loading along the PDMS

channel-to-structure interface. Microchannels comprised of
COP – which has a Young's modulus that is approximately
three orders of magnitude larger than that of PDMS – do not
exhibit such deformations, including at pressure ranges up to
500 kPa. The lack of channel expansion-based axial forces for
COP–COP systems restricts the overall mechanical loading on
an isDLW-printed fluidic barrier structure to forces deriving
solely from the pressure drop across the barrier.

3D static microstructure case: interwoven microvessel-
inspired microfluidics

Although the microfluidic barrier structures provide a model
system with which to interrogate structure-to-channel sealing
behavior, we anticipate that COP-based isDLW is better suited
for microfluidic applications that rely on architectures with
greater extents of geometric complexity. To explore the poten-
tial use of COP-based isDLW for such scenarios, we designed

Fig. 4 Results for COP-based isDLW-printed interweaving 3D microvessel-inspired microstructures. (a–c) Conceptual illustrations of the: (a) empty
COP–COP microchannel, (b) isDLW-printed microvessel structures, and (c) independent loading of distinct fluorescently labelled fluids. (d and e)
Sequential images of (d) CAM simulations, and (e) corresponding fabrication results for the isDLW printing process (see also ESI† Movie S3). Scale
bar = 50 μm. (f and g) SEM micrographs of fabrication results for isDLW-printed microvessel structures designed with one unenclosed tubular re-
gion. (f) Top view. (g) Tilted orientation with expanded view of the unenclosed region. Scale bars = 50 μm; (expanded view) 20 μm. (h–j) Experi-
mental results of the microvessel structures: (h) prior to microfluidic loading, and (i) after microfluidic loading of rhodamine B-labelled fluid (pink)
and methylene blue-labelled fluid (blue) (see also ESI† Movie S4). Scale bars = 50 μm. (j) Fluorescence micrographs of the microvessel structures
filled with distinctly labelled fluids (see also ESI† Fig. S7). Red = rhodamine B; blue = methylene blue; scale bar = 50 μm.
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a microfluidic system comprising two interwoven microvessel-
inspired components – each with an inner diameter of 8 μm
and a wall thickness of 2 μm – and examined the manufactur-
ability of the tubular, tortuous 3D microstructures within COP
microchannels (Fig. 4a and b) as well as their ability to isolate
distinct fluorescently labelled microfluidic flow streams
(Fig. 4c).

CAM simulations and corresponding printing results for the
“ceiling-to-floor”, point-by-point, layer-by-layer microvessel
isDLW fabrication process (within COP–COP microchannels)
are presented in Fig. 4d and e, respectively (see also ESI† Movie
S3). To prevent disruptions to the laser path caused by previ-
ously photocured structures, both microvessel-inspired struc-
tures were manufactured simultaneously. SEM micrographs of
the fabrication results revealed effective production of the intri-
cate 3D architectures, including the 8 μm-diameter micro-
curvature of the luminal surface of the vessel structure and the
2 μm-thick microvessel walls (Fig. 4f and g).

To evaluate the microfluidic integrity of the fully enclosed
microvessel-inspired structures, we configured the device such
that: (i) one microchannel with a microvessel interface was
connected to an input with a rhodamine B-dyed fluid, (ii) one
microchannel interfacing with the other microvessel structure
was connected to a methylene blue-dyed fluid input, and (iii)
the four additional access ports – including those correspond-
ing to the two intervening microchannels not directly
connected to any microvessel structures (whose function is to
support uncured photoresist removal) – remained open
(Fig. 4h). We then perfused both the rhodamine B-dyed fluid
and the methylene blue-dyed fluid independently through their
respective microvessel structures (Fig. 4i; ESI† Movie S4). Fluo-
rescence micrographs of the microfluidic system confirmed
that the flow streams were uncompromised (i.e., leakage/con-
tamination between the discrete microvessels or the interven-
ing microchannels did not occur), with distinct fluorescence
signatures corresponding to each microvessel structure (Fig. 4j;
ESI† Fig. S7). As recent efforts based on alternative additive
manufacturing approaches have faced difficulties in recreating
fully 3D interweaving tubular structures at sub-100 μm
scales,41–43 these results suggest that the presented COP-based
isDLW strategy could serve as an enabling technology for
organ-on-a-chip systems that require physiologically accurate
3D nanostructured microfluidic components. One caveat to the
fluorescence experimentation is that the photomaterial in this
study exhibits autofluorescence at lower wavelengths (e.g., 405
nm and 480 nm); however, as researchers have demonstrated
DLW-based manufacturing with a wide range of photomaterials
– including those that lack autofluorescence at such wave-
lengths – applications that rely on detecting fluorescence prop-
erties should utilize alternative photomaterials for isDLW.44,45

3D dynamic microstructure case: microfluidic bellow-type
transistors

The manufacturing of 3D microfluidic systems that comprise
active valving elements represents an exemplar with which to

investigate the efficacy of COP-based isDLW in situations that
simultaneously demand sophisticated architectures as well as
functionalities.

Here we designed and printed a 3D microfluidic bellow-
type transistor inside of COP–COP microchannels that con-
sists of two fundamental regions: (i) a source-to-drain flow
path that includes a centrally located top orifice for source
fluid entry and a laterally positioned orifice for the drain out-
put, and (ii) a separate gate area that includes a 3D bellowed
microstructure (Fig. 5a). Under an applied source pressure
(PS), the fluid flow through the microfluidic transistor is
unobstructed, passing through the top orifice, bypassing the
bellowed component, and then flowing out of the lateral ori-
fice (Fig. 5a – left). In contrast, when a gate pressure (PG) of
sufficient magnitude is applied, the 3D bellowed component
deforms such that its top surface interacts with the source or-
ifice to physically obstruct source-to-drain fluid flow (QSD)
(Fig. 5a – right).

We performed FEA FSI simulations with a constant PS of
10 kPa while gradually increasing PG to provide insight into
the mechano-fluidic interactions that govern the operational
performance of the microfluidic bellow-type transistor
(Fig. 5b; ESI† Movie S5). Initially for PG = 0 kPa, QSD was at
its maximum value (Fig. 5b – left). As PG increased, however,
the bellowed structure deformed toward the source orifice,
thereby increasing the hydraulic resistance through the
microfluidic transistor and reducing the magnitude of QSD

(ESI† Movie S5). For PG > 90 kPa, we observed complete ob-
struction of QSD based on contributions from two compo-
nents of the bellowed microstructure: (i) deformations stem-
ming from the bellows, and (ii) expansion of its top surface
into the orifice (Fig. 5b – right). Although the simulation re-
sults for an ideal microfluidic transistor revealed full sealing
due to interactions along a single circular edge, it is likely
that full QSD obstruction during experimentation would re-
quire a higher degree of contact between the top surface of
the bellowed microstructure and the surfaces adjacent to the
source orifice.

To experimentally characterize the 3D microfluidic bellow-
type transistor, we printed the component at a t-junction of a
COP–COP device with trapezoidal microchannels of 30 μm in
height (Fig. 5c and d; ESI† Movie S6). SEM micrographs of a
printed cross section revealed effective fabrication of the 500
nm-thick walls of the bellowed microstructure and the 2 μm
gap between the bottom surface of the source orifice and the
top surface of the bellowed structure, with an absence of
stiction-based failure modes (e.g., premature sealing to the
source orifice, collapsing of the bellowed components)
(Fig. 5e). During experimental actuation of the isDLW-printed
microfluidic transistor, varying the magnitude of PG resulted
in optically observable deformations of the bellowed micro-
structure (Fig. 5f; ESI† Movie S7).

We quantified the operational performance of the micro-
fluidic transistor by varying PS at increasing increments of PG
while monitoring the corresponding QSD (Fig. 5g). For PG
ranging from 0 kPa to 100 kPa, increasing PG resulted in
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slight reductions in the relatively linear relationships be-
tween QSD and PS (Fig. 5g). This behavior is an indication of
increasing hydraulic resistance through the source-to-drain
flow path within the microfluidic transistor, which is consis-
tent with the simulation results (Fig. 5b; ESI† Movie S5). For
PG = 150 kPa, however, the experimental results revealed a
full discontinuation of QSD (Fig. 5g).

One potential basis for the observed trends for PG ≤ 100
kPa cases in which PG ≫ PS (e.g., PG = 100 kPa; PS = 25 kPa),
yet QSD persisted (Fig. 5g) is the effective mechanical stiffness
of the bellowed microstructure. Specifically, sealing of the
source orifice requires a sufficient magnitude of PG to fully
deform the bellowed structure such that the top surface dis-
places the complete distance from its initial state to the ori-
fice (Fig. 5a). In this study, we observed that PG = 150 kPa fa-
cilitated the desired functionality (Fig. 5g); however, it is
important to note that the active sealing functionality of the

3D microfluidic bellow-type transistor can be readily tuned
via geometric modifications. For example, the effective stiff-
ness of the bellowed element can be reduced by increasing
the number of bellows, thereby resulting in comparatively
larger displacements for a given PS. Alternatively, the
designed distance from the top surface of the bellowed struc-
ture to the source orifice can be decreased to limit the
amount of deformation required for the initiation of bellow-
orifice interactions.

Conclusions

Submicron-scale additive manufacturing or “3D printing” ap-
proaches hold significant promise for the microfluidics com-
munity; however, without facile methods that allow for flu-
idic access to printed components (i.e., via macro-to-micro
interfaces), the utility of such technologies remains limited.

Fig. 5 Results for the COP-based isDLW-printed 3D microfluidic bellow-type transistor. (a) Conceptual illustrations of the operating principle.
(Left) In the absence of a gate pressure (PG), the source pressure (PS) drives fluid flow through the microfluidic transistor. (Right) An applied PG

causes the bellowed microstructure to expand and physically block fluid flow through the microfluidic transistor. Insets include analogous
electronic circuit symbols. (b) Sequential 3D COMSOL Multiphysics fluid–structure interaction (FSI) simulation results for fluid velocity field (colored
arrows) and displacement distribution for the microfluidic transistor with PS = 10 kPa and PG increasing from (left) 0 kPa to (right) 90 kPa (see also
ESI† Movie S5). (c and d) Sequential images of (c) CAM simulations, and (d) corresponding fabrication results for the isDLW printing process (see
also ESI† Movie S6). Scale bar = 50 μm. (e) SEM micrograph of fabrication results for an isDLW-printed microfluidic transistor cross section. Scale
bar = 15 μm. (f) Micrographs of the microfluidic transistor during operation. Expanded views: (left) PG = off; (right) PG = on. Scale bars = 50 μm;
(expanded view) 15 μm. (see also ESI† Movie S7). (g) Experimental results for source-to-drain fluid flow (QSD) versus PS for varying PG. Error bars =
S.D. for n = 3 experiments.
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Although recent efforts have demonstrated PDMS-based
isDLW strategies as potential solutions, drawbacks inherent
to PDMS as a material (e.g., gas permeability, poor compati-
bility with organic solvents, elasticity) render it poorly suited
for isDLW of microfluidic systems (e.g., Fig. S8a–c; ESI†
Movie S8). In this work, we investigated the use of COP as an
enabling material for isDLW due to a number of shared bene-
fits with PDMS (e.g., capacity for micromolding and bonding,
optical transparency), while overcoming several of the key
limitations. The low gas permeability of COP allowed for
microstructures to be isDLW-printed directly onto native COP
surfaces (e.g., Fig. S8d–i; ESI† Movie S9), bypassing the need
for extraneous microchannel processing steps, such as pre-
process application of surface coatings22 or post-process load-
ing of silane-based glues through sacrificial channels.21 The
high resistance of COP to organic solvents facilitated the use
of standard DLW developers (e.g., PGMEA), thereby avoiding
the need for undesired alterations to development protocols
based solely on microchannel material incompatibility.21–23

In addition, the relatively high Young's modulus of COP (>1
GPa) prevented pressure-based microchannel deformations
that can exert undesired axial loading on microstructure-to-
channel interfaces and lead to premature fluidic sealing
failures.

In this work, we systematically explored the use of COP-
based isDLW for 3D microfluidic scenarios corresponding to
hierarchical degrees of structural and functional system com-
plexity. As a fundamental baseline, we printed monolithic 10
μm-thick fluidic barrier structures inside of COP–COP micro-
channels of varying cross-sectional profiles. For the trapezoi-
dal and semi-elliptical channels in particular, burst-pressure
experiments revealed consistent microfluidic sealing for in-
put pressures up to 500 kPa independent of microchannel
height (Fig. 3e and f) – an order of magnitude improvement
compared to the state of the art.22 Notably, the 500 kPa limit
was a constraint of the experimental setup, and thus, it is
possible that COP-based isDLW-printed microstructures are
able to withstand significantly higher pressures.

We also fabricated interweaving microvessel-inspired ar-
chitectures with inner diameters <10 μm to assess COP-
based isDLW of 3D microfluidic systems in which the overall
structure remains static during operation. To our knowledge,
no prior report has demonstrated geometrically complex, bio-
mimetic microfluidic structures at such scales with full
micro-to-macro integration. This ability to recreate anatomi-
cal microfluidic systems at physiologically accurate length
scales could provide a promising pathway not only to
the manufacturing of biological phantoms (e.g., with
microvasculature),46–48 but also toward cellularized in vitro
platforms, such as for modeling components of the kidney,
liver, and/or blood–brain barrier.41,42,49 In addition, the
presented strategy can be employed with a wide range of
DLW-compatible photomaterials, including those that are
flexible and optically transparent.50–52 Such features are bene-
ficial for biological applications, particularly for cases in
which cell imaging is desired.53

To provide insight into the use of COP-based isDLW for
printing 3D microfluidic systems capable of dynamic opera-
tions via active control schemes, we designed and character-
ized a novel microfluidic bellow-type transistor within 30 μm-
tall COP–COP channels. For a sufficiently large PG, the experi-
mental results revealed full blocking of fluid flow through
the microfluidic circuit element (Fig. 5g). As the operational
performance of the microfluidic transistor is a function of
the geometric design of the bellowed component, the con-
cepts established here could be extended to enable 3D inte-
grated microfluidic circuits comprising microfluidic transis-
tors with differing bellow structures designed to activate at
distinct PG magnitudes – an approach that could overcome
the “tyranny of microfluidic interconnects” at unprecedented
length scales.54,55 At present, however, the reported micro-
fluidic bellow-type transistor represents, to the best of our
knowledge, the smallest 3D printed active microfluidic
valving component reported in the literature.55–58

By circumventing conventional clean room-based micro-
fabrication protocols (as the micromolding and isDLW steps
rely primarily on DLW-based fabrication), the COP-based
isDLW strategies described in this work can be employed by
any researcher with access to a DLW printer. Consistent with
the benefits of 3D printing, researchers can readily dissemi-
nate electronic files of 3D models to enable rapid on-site
printing of new microfluidic systems.55–59 In combination,
COP-based isDLW offers unique capabilities and accessibility
for investigators to harness the vast submicron-scale geomet-
ric versatility of DLW for emerging microfluidic studies and
applications.
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