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Abstract
Hot embossing is a scalable method of fabricating microfluidic devices involving precise
replication of micrometer-sized features from a master mold onto a thermoplastic
substrate. Typically, high-resolution master molds for hot embossing are fabricated using
expensive, resource-intensive processes such as photolithography and electron-beam
lithography. Here, we present a maskless, cost-effective, and rapid microfabrication process
based on electrohydrodynamic jet printing (EJP) for fabricating high-resolution reusable master
templates for hot embossing of thermoplastic microfluidic devices. Our method is based on EJP
to fabricate intricate polymeric templates, with feature sizes of order 100µm, followed by a
double casting process to obtain stiff PDMS master molds. Using these PDMS molds, we
demonstrate the hot embossing of microfluidic devices with excellent reproducibility across
multiple embossing cycles. In particular, we demonstrate the fabrication of microfluidic devices
with simple geometries of cross-shape and Y-shape to complex geometries of flow-focusing
droplet generator and tree-shaped gradient generator. Subsequently, we demonstrate the use of
hot-embossed microfluidic devices for hydrodynamic focusing, droplet generation, and stable
concentration gradient generation. Our method offers a low-cost and rapid alternative to
traditional lithographic processes for fabricating master molds for hot embossing with
comparable feature resolution.

Supplementary material for this article is available online
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1. Introduction

Thermoplastic polymers, such as polymethylmethacrylate
(PMMA), polystyrene (PS), polycarbonate (PC) and cyclic
olefin copolymer (COC) have foundwide applicability for fab-
ricating microfluidic devices owing to their favorable optical
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qualities, thermal and electrical insulation, and biocompatib-
ility [1]. Moreover, thermoplastic polymers are easily fabric-
ated, as opposed to glass, while offering cost-effectiveness,
rapid customization, andmass production capabilities. In addi-
tion to thermoplastics, polydimethylsiloxane (PDMS) is also
a popular alternative to glass for microfluidic device fab-
rication [2]. However, PDMS structures have lower mech-
anical strength and rigidity when compared with thermo-
plastics and are prone to swelling when exposed to non-polar
solvents [3]. Therefore, thermoplastics, with PMMA being
the most popular option, remain the material of choice for
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Figure 4. Schematic representation of the double casting and hot embossing processes to fabricate PMMA microfluidic device starting
from the EHD-jet printed non-sacrificial master template. (A)−(D) show first step of the double casting process to obtain a PDMS-based
(10:1) negative replica from the EHD-jet printed master template. (E)−(G) show the sequence of steps to get a (4:1) PDMS-based positive
master mold. This PDMS-based positive master mold was used in the hot embossing process to fabricate a PMMA microfluidic
device. (H)−(J) illustrate the thermal ageing process, the hot embossing process using PDMS mold and paper binder clips, and the PMMA
replica obtained from the hot embossing process, respectively. (K)−(L) show the thermal bonding process of the PMMA replica with a flat
PMMA slide at 155 ◦C to get the final microfluidic device.

the geometric deformation of the PDMS mold. At the same
time, the embossing force should be sufficient for the mold to
overcome the viscous resistance offered by the thermoplastic
substrate during the embossing process, thereby ensuring good
replication. After multiple iterations of experiments, we found
that four 19mm paper binder clips were sufficient to apply
the requisite embossing force. Figure S2 y of the supplement-
ary information shows the variation of the compressive force
(Fe) of the binder clip with the increase in the gap between
its two jaws (y). The compressive force Fe increases from

17N to 47N for the corresponding increase in y from 1mm
to 9mm. In our experiments, the assembly had a total height
of 7mm. Figure S2 shows that a single paper binder clip exerts
a compressive force of 40 � 3N corresponding to a 7mm gap
between its two jaws. Therefore, a combination of four binder
clips exerted a net compressive force of 160 � 6N and corres-
pondingly a compressive stress of 130 � 7 kPa.

The flatness and surface roughness of the cured PDMS
mixture also affect the quality of the embossed structures. A
non-uniform thickness of the PDMS mold can lead to uneven
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Figure 6. Cross-sections of 10:1 PDMS-based negative replica,
4:1 PDMS-based master mold and PMMA-based negative replica
for (A)−(C) cross-shaped microfluidic device and (D)−(F) droplet
generator, respectively.

channels is primarily governed by axial variations in channel
geometry. For the same reason, microfluidic devices with D-
shaped and Gaussian-shaped cross-sections fabricated using
wet etching and laser ablation methods are interchangeably
used with devices fabricated using the conventional photo-
lithography process. Next, to get an estimate of the rough-
ness of hot-embossed PMMA microchannels, we placed a cut
section of a cross-shapedmicrochannel under a 3D optical pro-
filometer (Zygo, NewViewTM 9000) (refer to figure S4 y of
the supplementary information). We observed that the average
roughness of the microchannel was 80 nm, which is negligibly
small compared to the dimensions of the microchannel.

To assess the uniformity of the printed master templates,
PDMS-based master molds and PMMA replicas, we meas-
ured the line width at ten different locations along the length
of the respective components following the methodology dis-
cussed above. The uncertainty in the measured width, estim-
ated using t� distribution [27], was found to be less than 2% at
95% confidence level for each of the printed master templates,
PDMS master molds, and PMMA replicas. Specifically, at the
cross-over points of the printed templates, such as in cross-
shaped geometries, we observed that the uncertainty in dimen-
sions remained within the acceptable limit of 5% at a 95%
confidence level. This consistency is attributed to the relat-
ively short time interval between printing two perpendicu-
lar lines in our experiments. Consequently, the intersecting
liquid filament deposited on the previously printed filament

locally merged, and the potential dimensional non-uniformity
was minimized due to surface tension. Subsequently, we com-
pared the widths of the printed master template, PDMS mas-
ter mold, and PMMA replica after fifteen iterations of rep-
lica molding and hot embossing for each geometry. For the
cross-shaped PCL-based template, the measured mean width
was 150.2 � 1.6µm, and the correspondingmeanwidths of the
PDMS master mold and PMMA replica were 151.2 � 1.9µm
and 151.6 � 2.1µm, respectively. Similarly, the mean height
of the PDMSmastermoldwas 37.5 � 0.7µmsignifying a 99%
replication [32] along the depth-wise direction. Furthermore,
the cavity volume of the PMMA replica was nearly identical
to the feature volume of the PDMS mold at the embossing
temperature [33]. In the current study, the differences between
the mean widths of the printed feature, the PDMS mold, and
the hot-embossed microfluidic channel in PMMA were stat-
istically insignificant, confirming the non-sacrificial nature of
the EHD-jet printed template. Also, the near-unity values for
both the ratio of the depth of PMMA replica to the height
of the PDMS mold and the ratio of cavity volume of the
PMMA replica to the feature volume of the PDMSmold indic-
ate high replication fidelity of the microfabrication process
[32, 33].

Having established the reliability and replication fidelity
of the hot embossing process, we bonded the hot-embossed
open microfluidic channels in PMMA with flat PMMA slides
to obtain the respective final microfluidic devices. To this
end, a flat PMMA slide was thoroughly cleaned with DI
water and IPA, followed by drying with compressed N2 gas.
Subsequently, inlet and outlet holes, each with a diameter of
2mm, were laser cut on the embossed PMMA slide using a
laser machine. The PMMA slides were then carefully brought
into conformal contact with each other and placed between
two steel plates covered with PDMS pads. The assembly
was then subjected to a force of 0.7 kN at a temperature of
155 � C for 12min to successfully perform thermal bonding.
This process results in a sealed and leakproof PMMA micro-
fluidic device. Alternatively, two hot-embossed PMMA slides
can be thermally bonded to achieve microfluidic devices with
elliptic cross-section. Finally, to check for leakages and clog-
ging of the fabricated PMMA microfluidic devices, a blue-
colored food dye solution in DI water (50mgml� 1) was flown
through the inlets of the microfluidic devices. As illustrated by
figures 5(E)� (H) the microchannels are visibly filled with the
blue-colored dye solutions without any leakages, confirming
the integrity of the fabricated microfluidic devices.

3. Results and discussion

In this section, we demonstrate the application of our hot-
embossed PMMAmicrofluidic devices through a set of typical
microfluidic experiments. Specifically, we demonstrated the
use of the cross-shaped device for hydrodynamic flow focus-
ing, the Y-shaped device and the flow-focusing droplet gener-
ator for droplet generation, and the tree-shaped gradient gen-
erator for generating stable concentration gradients.
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