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ABSTRACT: This study presents a convenient and cost-effective technology for fabricating flexible thin-film, integrative whole-
Teflon microfluidic chips. By employing micro embossing techniques, we created micropatterns on a thin FEP film (~50 µm), which 
were then sealed with another flat FEP thin film (~200 µm) to form microchannels. This approach enables rapid prototyping of lab-
on-a-film FEP microchips using minimal equipment and at a low cost. Our microfluidic chip stands out due to two key factors: one 
is inherited from the Teflon material, and the other is that the entire microchip is a very thin film. The combination of these factors 
provides distinct advantages, including exceptional chemical resistance, high transparency and flexibility, and efficient heat transfer. 
We developed an adhesive-free, tight-fit, and solvent-resistant interconnector to interface the FEP thin-film microdevices with the 
macroscopic world for stable fluid delivery. Microvalves are integrated into our Teflon microfluidic film chips, which are easy to 
operate for fluid manipulation. As a proof of concept, we demonstrated the versatility and enhanced performance of our transparent 
FEP microfluidic film chips through an on-chip photochemical reaction. These FEP microfluidic film chips offer powerful and diverse 
features that expand the capabilities of microfluidics, making them an attractive option for a wide range of applications such as 
biosensing, portable detection, wearable electronics, and organic reactions. 

1. INTRODUCTION 
Microfluidics is a rapidly evolving technology with tremen-

dous potential for miniaturizing and integrating laboratory func-
tions for the purification, synthesis, or analysis of chemical and bi-
ological compounds1–4. Traditional lab-on-a-chip microdevices 
consist of plates of substrates with a thickness (several millimeters) 
greater than the microchannels (below 1 mm). These microchips 
can be fabricated from thick slabs of various materials5,6, including 
glass and silicon, elastomers (e.g., PDMS), and polymers (e.g., pol-
ycarbonate or polymethylmethacrylate). However, conventional 
bulk-based microchips are mechanically stiff and possess low flex-
ibility. As an alternative, thin film-based microchips made of flex-
ible polymer films, typically less than 500 μm thick7, have recently 
emerged with several advantages over bulk counterparts. Thin mi-
crofluidic chips offer high flexibility, allowing them to be easily 
bent, wrapped around, and folded. They provide several distinct 
benefits: (1) fast and efficient heat transfer through the thin films 
for accurate temperature control in on-chip chemical and biological 
reactions8, (2) flexibility enabling efficient morphological response 
to the environment9, facilitating the integration of pumps and 
valves for fluid control, (3) reduced chip cost due to minimal chip 
volume10 and (4) compatibility with mass production. Film-based 
microfluidic chips have been developed using various materials, in-
cluding paper11, PDMS12, plastic films13, and photocurable poly-
mers14. The fabrication of lab-on-a-film systems requires the pat-
terning of microchannel structures on the thin films. For example, 
Truckenmüller et al.15 achieved high-resolution thermoforming of 
thin polymer films using a modified hot embossing process incor-
porating vacuum and blow assistance. Specifically, the polycar-
bonate, polystyrene, and cycloolefin films were affixed to the des-
ignated mold by applying vacuum or blowing techniques, allowing 
for the formation of micropatterns once heated. Ikeuchi et al.16,17 
developed the membrane micro-embossing (MeME) process to 
fabricate 3D microdevices made of thin PLA films. During the 
pressurization, the PLA is deformed to conform to the mold’s sur-
face with backpressure from the support paraffin substrate. Alter-
natively, Hu et al.13 developed a one-step strategy for rapidly fab-
ricating plastic film-based microfluidic chips. The microchannels 

are formed by the spontaneous rising of the thermally expanding 
polyethylene layer at the area not pressed by the mold and tight 
bonding to the polyethylene terephthalate at the pressed area. De-
spite the advantages of film-based microfluidic chips, their appli-
cations are limited by inherent feedbacks related to these film ma-
terials18–22, such as severe absorption of small nonpolar and weakly 
polar molecules, adsorption of biomolecules, incompatibility with 
organic solvents, and leaching of molecules into the microchannels 
which causes interferences. 

Teflon films are an ideal option to overcome the limitations of 
lab-on-a-film systems due to their exceptional chemical, biological, 
and physical properties23–25. Teflon material, including PTFE (pol-
ytetrafluoroethylene), PFA (perfluoroalkoxy), and FEP (fluori-
nated ethylene-propylene), exhibit superior inertness to almost all 
chemicals and solvents26,27, minimal adsorption of molecules, and 
low molecule leaching28,29. PFA and FEP, particularly, are thermo-
plastic and transparent Teflon, which are highly suitable for fabri-
cating whole-Teflon microfluidic chips. Our research group has pi-
oneered the development of whole-Teflon microfluidic chips and 
demonstrated their superior properties for microfluidics30–33. The 
fabrication process involves the generation of micropatterns in PFA 
and FEP slabs (~ 3 mm thick) by hot embossing and thermal sealing 
of the microchannels. Recent studies have reported the successful 
formation of micropatterns on Teflon slab substrates through meth-
ods such as CNC milling34,35, nano imprinting36, water jet machin-
ing37, and laser cutting38,39. However, PFA and FEP require accu-
rate temperature control (within an accuracy of several degrees Cel-
sius) and high pressure for chip bonding, causing relatively low 
successful bonding rates (less than 20%). In addition, the thick na-
ture of these chips brings more challenges: the optical transparency 
is reduced with a milky white appearance, and the high mechanical 
stiffness prevents the fabrication of integrated microvalves and the 
formation of tight-fitting contact with non-flat substrates.  

Film-based Teflon microchips are proposed to address the 
challenges of bulk-based Teflon chips, as they retain the benefits of 
Teflon while overcoming the drawbacks of bulk-based chips. Thin 
PFA and FEP films offer high optical transparency40,41 for on-chip 
applications such as photochemical reactions and real-time 
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bioanalysis. The excellent physical properties, including the ability 
to withstand extreme temperatures and UV radiation, enhance the 
overall stability of the film-based microdevices42,43. However, fab-
ricating micropatterns on Teflon films is challenging due to their 
high melting points and limited available techniques44,45. Moreover, 
chip bonding for the Teflon film-based devices becomes more dif-
ficult as the thermoformed shell structure must be protected to pre-
vent the collapse of the micropatterns46. For lab-on-a-film systems, 
connecting the chips to the macroscopic world for fluid delivery is 
also a critical consideration47,48. The traditional approach of fixing 
a connecting tube or capillary through the accessing hole49 is im-
practical for thin-film microfluidic chips. Furthermore, the surface 
inertness of Teflon materials makes it unfeasible to use adhesive to 
package the microchips or seal the connection interface50. Conse-
quently, there is a need to develop a robust, universal, easy-to-inte-
grate, solvent-resistant, and adhesive-free connector to bridge the 
chip-to-world interface, particularly for Teflon microfluidic film 
chips. This is a crucial area that requires attention to fully unlock 
the potential of lab-on-a-film systems. 

This study presents an innovative, low-cost, convenient, and 
scalable approach for fabricating Teflon-FEP microfluidic film 
chips. Our approach involves a high-temperature micro embossing 
technique to pattern FEP thin film adhered to a PDMS support sub-
strate, followed by a fusion bonding method to seal the patterned 
FEP shell structure with another flat FEP thin film. Additionally, 
we have developed a robust, universal, adhesive-free connector that 
ensures stable fluid delivery and demonstrated the easy integration 
of valves onto the FEP microfluidic film chips. Lastly, we show-
case the capabilities of our FEP microfluidic film chips by perform-
ing a photochemical reaction, highlighting the chemical resistance 
and transparency of FEP thin film for organic synthesis. The whole-
Teflon thin-film microchips will offer a new microfluidic platform 
with some distinctive features for various applications: (1) the film 
chip is highly transparent to visible light and even to UV and IR; 
(2) the high flexibility makes it easy to form a tight fit to various 
non-flat surfaces (which can benefit skin sensor and flow chemistry 
applications, for example); (3) it can be folded to a small volume, 
increasing the density of microchannels in space; (4) flexible films 
make it very simple to generate on-chip microvalves; and (5) thin 

films makes it easy to accurately control temperature on chip. Ap-
parently, these film chips address the limitations of bulk-based Tef-
lon chips while inheriting all the merits of Teflon materials. We 
believe that this flexible, durable, low-cost, and mass-producible 
Teflon lab-on-film system will significantly enhance the toolbox of 
microfluidic technology for research and industrial applications. 

 
2. RESULTS AND DISCUSSIONS 
2.1 Fabrication of Teflon-FEP microfluidic film chips  

In this study, we developed a novel and cost-effective ap-
proach for generating micropatterns on FEP films and bonding the 
patterned FEP films with flat FEP films to produce FEP microflu-
idic film chips. Fig. 1 illustrates the whole fabrication process. First, 
a thin FEP film was attached to a partially cured PDMS substrate 
that was deformable. The stacking was then placed on a preheated 
hotplate slightly above the glass transition temperature of FEP 
(260 ℃). An embossing mold was positioned on the FEP film, and 
pressure was applied to the steel block above the mold to press the 
FEP film. This resulted in ladder-shaped micropatterns being 
formed along with the deformation of the PDMS substrate to match 
the surface of the embossing mold. Then, we used fusion bonding 
to create sealed microchannels. Another flat FEP film with access 
holes was aligned to the patterned FEP films on the PDMS support 
substrate, and the stacking was clamped using binder clamps. We 
then heated the stacking in a 250℃ oven for 1 h to bond the FEP 
films and detached the FEP microfluidic film chips from the PDMS 
substrate. 

Here, the use of the partially cured PDMS support was found 
to be critical for three reasons: (1) it helped to evenly spread the 
film without forming creases, ensuring a smooth and uniform sur-
face for the micropatterns to be transferred onto; (2) it greatly fa-
cilitated the pattern transfer process by smoothing out any wrinkles 
that formed and fixing the pattern in the film. Unlike traditional hot 
embossing for slabs where the pattern is ‘etched’ into the slab, the 
film's surface remained smooth after the pattern transfer. Instead, 
the film was stretched under pressure and high temperature to re-
shape itself to fit the pattern; (3) during the fully curing process, the 
reshaped Teflon remained adhered to the PDMS support, 

Figure 1.  Schematic representation of the fabrication process of microfluidic chips using fluorinated ethylene propylene (FEP) film. (A) 
Micro embossing for FEP patterns formation. (B) Fusion bonding for microchannel sealing. 
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preventing any possible collapse of the film during the subsequent 
bonding step. 

2.1.1 Micro embossing of the FEP films. The first critical step 
in this method is attaching a 50 μm-thick FEP film to a partially 
cured PDMS substrate. This specific thickness of FEP film is cho-
sen because it can be embossed while maintaining sufficient me-
chanical strength to support the embossed structures and prevent 
collapse. 

The embossing mold is made of epoxy resin by 3D printing and 
intermediate molding (see Supporting Information). This positive 
master possesses high mechanical strength, which enhances the fi-
delity of the micro embossing process. After complete crosslinking, 
the epoxy resin attains a hardness of 90 Shore D and a deflection 

temperature of ~250℃ (Table. S1), ensuring that the embossing 
mold maintains the microstructures and remains rigid during the 
pressurization at 270℃. Additionally, the epoxy resin mold has a 
non-stick surface, making it easy to release from the patterned FEP 
film.  

Fig. 2B and Fig. 2C show the patterned FEP films on the PDMS 
substrate. The embossed patterns are free of sharp edges or wrin-
kles, indicating a successful fabrication of different microstructures 
on the FEP films. During the hot embossing process, the high tem-
perature helps to facilitate the crosslinking of the partially cured 
PDMS substrate. The elastic modulus and elastic limit of the sup-
port substrate increase after complete crosslinking, making it diffi-
cult to change the shape of the micropatterns. The use of a fully 
cured PDMS substrate as a support substrate enables the patterned 
FEP film to retain its shape after the micro embossing process. 

To enhance the effectiveness and versatility of our method, we 
investigated the impact of PDMS substrates on the cross-sectional 
profile of microchannels by varying the curing time. When the cur-
ing temperature is kept constant, short curing time results in sub-
strates with low elasticity and hardness. Fig. 2D shows that the 
height of the embossed patterns exhibited minimal change over a 
curing time ranging from 11 to 14 minutes. Within this curing du-
ration, the PDMS substrate exhibited a low elastic limit and hard-
ness, and the applied medial force was high enough to form micro-
patterns with maximum depth. We were able to generate FEP mi-
cropatterns with a depth above 200 μm under hand-applied pressure, 
using embossing molds with 400-μm high micropatterns. However, 
a longer curing time results in a more rigid substrate with high 
backpressure and resistance during embossing, leading to a shal-
lower embossed depth. The embossed width of a PDMS substrate 
is determined by its mechanical properties, particularly its elastic 
modulus and Poisson's ratio. Increasing the curing time from 11 
min to 15 min results in a decrease in embossed width due to a 
higher elastic modulus and lower Poisson's ratio. A curing time of 
14 min resulted in improved fidelity of the micro embossing pro-
cess, with a high embossed depth and small embossed width. 

We used a fixed curing time of 14 minutes and varied the di-
mensions of micropatterns on the embossing mold to produce FEP 
films with micropatterns of different cross-sectional profiles. The 
resulting embossed depth was approximately half that of the em-
bossing mold, while the embossed width was more than twice that 
of the mold, as shown in Fig. 2E. The impact of mold dimensions 
on the cross-sectional profiles of the FEP micropatterns highlights 
the potential for designing and fabricating a wide range of micro-
patterns by selecting embossing molds with different dimensions. 

2.1.2 Fusion bonding of the FEP films. The thickness of the 
flat FEP film used to seal the microchannel is a critical considera-
tion, as soft FEP films with low rigidity and a high thermal expan-
sion coefficient may spontaneously expand and block the micro-
channel. Flat FEP films with a thickness above 200 μm met our 
requirements for perfect bonding.  

Pressure must be applied between two FEP films to bond them. 
To prevent the collapse of the microstructures on the FEP films un-
der pressure, we used a fully-cured PDMS support substrate as a 
holder for the patterned FEP film (Fig. 3A). The micro embossing 
process enabled the PDMS substrate to form microstructures that 
precisely matched the patterned FEP films without the need to de-
sign and fabricate additional support holder. This straightforward 
and time-saving method effectively protected the micropatterns on 
the FEP film from collapsing during bonding. 

Additionally, using a PDMS support as the substrate holder 
improves bonding quality by conformably deforming and distrib-
uting pressure evenly to the FEP films, resulting in uniform bond-
ing at the designated sealed area. As shown in Fig. 3B, the patterned 
FEP films and flat FEP films were effectively fused to form a bond-
ing, with no unbonded areas observed.  

Fig. 3E shows the cross-sectional profiles of the bonded mi-
crochannel. The heights of the bonded microchannels were 

Figure 2. Micropattern formation on FEP films using micro em-
bossing. (A) Schematic of the micro embossing process. (B) Sur-
face topography of the embossed micropatterns on FEP films, and 
(C) SEM images of the patterned FEP film reserved on the PDMS 
substrate. (D) Dimensional changes of the FEP micropatterns under 
different PDMS curing durations. (E) Dimensional changes of the 
FEP micropatterns under the use of different dimensions of the em-
bossing mold. The scale bars represent 100 μm. 
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relatively decreased compared to those of the embossed patterns, 
while the widths of the bonded microchannels were close to or 
slightly larger. This is due to the pressure applied to the PDMS sup-
port holder during the fusion bonding process, which compressed 
the PDMS micropatterns medially and expanded them laterally. 
Our method is suitable for micro embossing using molds with 
heights above 200 μm, and it can form film-based FEP microchan-
nels with heights below 100 μm. The minimum bottom width of the 
microchannel fabricated using our method is approximately 500 
μm. By designing specific embossing molds and carefully 
manipulating the substrate properties, we successfully achieved the 
desired dimensions of the FEP microchannels. 

2.2 Fluid Delivery and Manipulation 
2.2.1 Connector for FEP microfluidic film chips. An effec-

tive connector is indispensable for all microfluidic chips to bridge 
microchip fluids with the macroscopic world. Previously, we de-
veloped whole-Teflon slab microchips and used epoxy to fix the 
Teflon tubes inserted into the Teflon slab. However, epoxy cannot 
stick to Teflon well or withstand organic solvents for a long time, 
and the microscale thickness of thin films makes it difficult to hold 
the tubes. To address this issue, we adapted the design of the luer-
lock to create a tight-fit, solvent-resistant connector for secure con-
nection between the FEP tubes and the microfluidic film chips. Fig. 
4A illustrates the connection mechanism for delivering fluids to 
FEP microfluidic film chips. Once assembled, the C-shaped chip 
holder tightly presses the perfluoroelastomer (FFKM) O-ring (on 
the bottom of the PEEK female luer) against the FEP film chip with 
its access hole on the top. To accommodate the out-of-plane 

microstructures of the film chip, we designed a groove on the chip 
holder to prevent compression of the microchannel by the pressure 
exerted by the O-ring. The entire connector is made of PEEK, re-
sulting in a leak-proof and solvent-resistant joint between the FEP 
microchips and the macroscopic world.  

As shown in Fig. 4B, blue chloroform was delivered to the 
FEP microfluidic film chips. The microchannel has a bottom width 
of ~900 μm and a peak height of ~200 μm; the flow rate is set to 
150 μL/min, sufficient for scalable organic synthesis. Fig. 4C 
shows the mixing of hexane and diethyl ether, and we observed no 
leakage at the connector interface or between the bonded FEP films 
when we bent the flexible microfluidic film chip. 

This robust, reusable, adhesive-free, and universal connector 
resolves the 'chip-to-world' problem associated with Teflon micro-
fluidic chips. It is space-saving, easy to fabricate and assemble, and 
adaptable to all film-based microchips. No adhesive is involved in 

Figure 3. Sealing of FEP film chips using fusion bonding. (A) Sche-
matic of the bonding process to form sealed FEP microfluidic film 
chips. (B) SEM images of the cross-section of the bonded FEP 
films and the bonding interface and (C) the bonded FEP microchan-
nel and (D) the bonded FEP microchamber. (E) Dimensional 
changes of the FEP microchannels under the use of different di-
mensions of embossing mold. 

Figure 4. Connector and valve for FEP microfluidic film chips. (A) 
The mechanism and components of the connector used for FEP mi-
crofluidic film chips. (B) Experimental assembly of the connector 
and delivery of blue chloroform. (C) Mixing of dyed organic sol-
vents in a flexible FEP microfluidic film chip. (D) Schematic of the 
on-chip ‘click’ valve function and (E) images of the open and 
closed status of the valve. (F) Flow rates through the microchannel 
under different pressure on the flow when the valve is open and 
closed. The scale bar represents 500 μm. 
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the connection, ensuring consistent chemical resistance throughout 
the whole-Teflon platform. This connector unlocks the potential of 
FEP microfluidic film chips for stable and long-term organic syn-
thesis applications. 

2.2.2 Valve function on FEP microfluidic film chips. The 
flexibility of the FEP thin film allows for convenient blocking or 
unblocking of microchannels by applying pressure to the upper 
arching FEP film. To take advantage of this property, we designed 
an easy-to-operate 'click' valve and integrated it into our FEP mi-
crofluidic film chips, as shown in Fig. 4D. To ensure efficient 
blocking, the elastic button holder was designed with a smaller hole, 
with the internal diameter being approximately 100 μm narrower 
than the button’s external diameter, to fix the z-axis position of the 
button once pressed down. Additionally, the bottom of the button 
was coated with a thin layer of PDMS (~ 10 μm) to ensure uniform 
pressure distribution on the FEP film. In Fig. 4E, the button is 
pressed down by finger to close the Teflon microchannel. The re-
sults in Fig. 4F demonstrate that when the ‘click’ valve is open, the 
flow in the microchannel is smooth, and the flow rate increases lin-
early with the driven pressure. Conversely, when the valve is closed, 
the flow through the microchannel stops, even at high driven pres-
sure (>20 kPa). These results demonstrate that FEP microfluidic 
film chips provide a simple and efficient strategy for fluid manipu-
lation.  
2.3 On-chip Photochemical Synthesis 

We demonstrated the application of whole Teflon lab-on-a-
film systems for the on-chip photochemical synthesis of the ben-
zylic bromination of 1-indanone (1) using N-brosuccinimide (2) 
under UV irradiation (Fig. 5A). Benzylic brominations are im-
portant reactions in organic chemistry due to their versatility and 
efficiency in the synthesis of a wide range of compounds, including 
pharmaceuticals and agrochemicals51. The reaction should be car-
ried out under UV-A irradiation (315 ~ 400 nm), which is used 
widely in photochemical reactions. FEP film in our microfluidic 
system is ideal for scalable on-chip photochemical reactions due to 
its high transmittance in this range of UV and resistance to degra-
dation or discoloration under long-term UV irradiation43,52,53. The 

flexibility of the chip allowed for close attachment to the UV light 
source, improving the efficiency of UV irradiation (Fig. 5B). The 
distance between the light source and the film was estimated to be 
0.5 cm. As illustrated in Fig. 5C, 1-indanone and NBS were in-
jected from two inlets, respectively, and reacted under UV-A irra-
diation (365 nm). We optimized the inlet flow rates to 5 µL/min 
each, with a total flow rate of 10 µL/min, to achieve high mixing 
performance and prolonged residence time under UV exposure. 
Lower flow rates improve mixing efficiency by prolonging the time 
for molecular diffusion and increasing the residence time of the 
mixed reactants under UV exposure within the same distance54–57, 
resulting in a complete reaction on the microfluidic chip. The resi-
dence time of reactants in our microreactor was calculated to be 
approximately 136 s under the given flow rate.  

Fig. 5D shows the 1H NMR spectrum of the products obtained 
without and with UV irradiation. The doublet of doublets peaks at 
5.6 ppm, which represents No.3 hydrogen, indicates the formation 
of the target molecule, 3-bromo-1-indanone (3), under UV irradia-
tion. In contrast, no reaction occurred without UV irradiation. This 
result confirmed the success of the NBS-mediated benzylic bro-
mination reaction under UV irradiation at 365 nm using our FEP 
microfluidic film chip.  

Scaling up the bromination reaction in the batch is challenging 
due to poor light distribution on large volumes of reactants as dic-
tated by the Beer-Lambert law58,59. In contrast, by utilizing our mi-
croreactor technology, we achieved high reaction efficiency and 
obtained a large amount of the desired brominated product by 
simply operating the microreactor for long periods. Furthermore, 
we observed that the film-based FEP microfluidic chips used in our 
microreactor technology significantly improved the yield of the 
photochemical reaction compared to bulk-based chips. High-per-
formance liquid chromatography (Fig. S3a) revealed the character-
istic peaks for the reactant and the product: one at 12.8 min for 1-
indanone and another at 14.9 min for the product 3-bromo-1-inda-
none. Fig. 5E shows that exposing the UV light source from the 
side of a 50-µm-thick FEP film significantly increases the product 
signal, while the yield of the product decreases using a bulk-based 

Figure 5. Photochemical reaction in FEP film microreactor. (A) Bromination reaction performed in the FEP film microreactor. (B) Experi-
mental setup of FEP microreactor attached to a UV light source. (C) Schematic of the delivery of the reaction solutions in the FEP microre-
actor, with details of the chip design and microchannel size provided in Fig. S2. (D) 1H NMR spectra of the synthesized product with and 
without UV irradiation. (E) HPLC chromatograms of the brominated product by UV exposure on film-based FEP microreactor and bulk-
based FEP microreactor. (F) UV-Vis transmittance spectrum of FEP substrates of varying thicknesses. 
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chip with a 500-µm-thick FEP plate. This is due to the high trans-
mittance of the FEP thin film to UV light, allowing for more effec-
tive UV irradiation on the reagents in the microchannel. We further 
tested the UV-Vis transmittance of FEP films with different thick-
nesses (Fig. 5F). A 50-µm-thick FEP film has a transmittance of 
above 80% to light across the electromagnetic spectrum, including 
UV, visible, and IR radiation. In the range of UV-A, the FEP thin 
film in our developed microchips has a transmittance above 90%, 
while the 500-µm-thick FEP plate used in the bulk-based chips has 
only ~75% transmittance. Consequently, the yield of the reaction 
using the FEP thin-film microreactor was 76%, which is signifi-
cantly higher than the yield in the bulk-based microreactor (57%). 
The conversion of 1-indanone in the FEP film microreactor was 
85%, while the conversion in the bulk-based microreactor was 74%. 
This result suggests that the thin film inherent in our FEP microflu-
idic chips can improve the efficiency of on-chip photochemical re-
actions by allowing for more efficient UV irradiation on the rea-
gents in the microchannel. 

 
3. MATERIALS AND METHODS 
3.1 Device Fabrication 

3.1.1 Micro embossing of the Teflon-FEP films. We cast a 
thin layer of the PDMS precursor (approximately 1.5 mm thick) 
onto a piece of glass using a 10:1 ratio of part A: B. After partially 
curing the PDMS at 70°C, we carefully adhered a 50-μm-thick FEP 
film (DAIKIN, Japan) to the surface of the partially cured PDMS 
substrate. To address the issue of inherent deformation of the FEP 
films under heat and pressure, corona treatment was applied to the 
surface of FEP films to increase the surface energy and improve 
adhesion to the PDMS substrate. After squeezing out any trapped 
air between the FEP film and the PDMS substrate, we placed the 
stacking onto a hot plate preheated to 270°C. The prepared epoxy 
resin mold was tiled onto the FEP film, which was adhered to the 
PDMS substrate. A 2 kg steel block was placed onto the embossing 
mold to apply pressure, and the entire stacking was then manually 
pressed for 2 min. The micropatterns on the epoxy resin mold were 
simultaneously transferred onto the FEP film and the PDMS sub-
strate. Finally, we allowed the entire stacking to cool down to 80°C 
while keeping the steel block on the embossing mold. The PDMS 
substrate with the patterned FEP film on its surface was then 
demolded from the embossing mold and post-cured at 80°C for 1 h. 

3.1.2 Fusion bonding of the FEP microfluidic film chips. 
Before bonding, we drilled access holes through the flat FEP films 
for fluid delivery. The surfaces to be bonded were cleaned with ac-
etone and then dried with compressed air. Next, we aligned the flat 
FEP films to the patterned FEP films on the PDMS support sub-
strate and sandwiched them between two 6-mm thick aluminum 
plates. We fixed the assembly with four binder clamps and placed 
it into a 250°C oven for 1 h. After cooling down to room tempera-
ture, the FEP films were bonded to each other. We then carefully 
detached the microfluidic film chips from the PDMS support sub-
strate. 
3.2 Investigation of the section profile of the micro-
channels 

To investigate the effect of PDMS substrate crosslinking on 
patterned FEP films, we used an epoxy resin mold with 400-μm-
high and 400-μm-wide micropatterns to produce a series of FEP 
micropatterns under different curing durations of PDMS at a fixed 
temperature of 70 °C. We measured the peak heights and bottom 
widths of the FEP micropatterns under an optical microscope to as-
sess the effect of curing duration, varying it from 11 to 15 min in 
1-minute intervals. To further understand the dependence of section 
profile on the dimensions of the embossing mold, we used a series 
of embossing molds with square micropatterns with different 
heights and widths (200 μm, 300 μm, 400 μm, 500 μm, 600 μm) to 
generate micropatterns on FEP films. We measured the peak 
heights and bottom widths of the FEP micropatterns and bonded 

FEP microchannels to assess the effect of mold size. The curing 
conditions of the PDMS substrate were fixed at 70°C for 14 min. 
3.3 Connectors for Teflon Microfluidic Film Chips 

We used a C-shaped chip holder and a PEEK luer-lock con-
nector to establish connections between FEP film microchips and 
the macroscopic world. The chip holder was designed using Auto-
CAD software and created via CNC milling on PMMA or stainless 
steel. The FEP tube was inserted through the male luer and screwed 
into the threaded hole on the chip holder. The male and female luer 
were then screwed together tightly to create a secure, leak-proof 
connection between the tubing and the connectors. A 2.2 mm thick 
perfluoroelastomer O-ring was inserted into the 2-mm-deep groove 
on the female luer to ensure a leak-free connection between the 
connectors and the chips. We aligned the C-shaped chip holder with 
the PEEK luer-lock to the access holes on the microchips and tight-
ened the connectors towards the microchips by screwing the luer-
lock. 
3.4 On-chip Valve Function  

A ‘click’ valve was used to demonstrate the valve function on 
the FEP microfluidic film chip. The fabrication and working mech-
anism of the ‘click’ valve are shown in Fig. S1. The button used to 
block the channel was fabricated by double-casting transparent 
epoxy resin on a 3D-printed mold. We created a holder using 
PDMS molding on the 3D-printed master to localize the inserted 
button and fix its position on the z-axis. We injected blue ink into 
the microchannel from one inlet using a pressure pump. When the 
valve is open, the holder suspends the button on the surface of the 
FEP microchannel. To block the channel, the button is released 
from the holder towards the FEP film by finger. The valve is closed 
when the button reaches the bottom of the microchannel by squeez-
ing the patterned FEP film onto the flat FEP film. The method used 
to measure the flow rate under different pressures on the flow is 
detailed in the Supporting Information. 
3.5 On-chip Photochemical Reaction  

3.5.1 Photochemical synthesis using FEP microfluidic film 
chip. Reagents were prepared by dissolving 1-indanone (0.25 M) 
and N-bromosuccinimide (0.26 M, 1.05 equiv) into acetonitrile, re-
spectively. The solutions were injected into the chip from two in-
lets through the connectors with FEP tubes. Flow rates were con-
trolled using a syringe pump. A UV light source with a wavelength 
of 365 nm was positioned close to the mixing element of the chip. 
The density of the UV power under an irradiation distance of 0.5 
cm was estimated to be approximately 6 W/cm2, and the diameter 
of the light area was approximately 15 mm. The product was col-
lected at the outlet of the chip into an opaque glass bottle for further 
analysis.  

3.5.2 Characterization of the synthesized product. The 
HPLC spectrum was utilized to quantify the product present in the 
reaction mixture. The system is equipped with a Quatpump (Ag-
ilent 1100 Series G1311A), a vacuum degasser (Agilent 1100 Se-
ries G1322A), an Auto-Sampler (Agilent 1200 Series G1329A), a 
diode-array detector (DAD, Agilent 1100 Series G1315A), and a 
reverse phase C18 column (Luna 5 𝜇𝜇m C18(2) 100 Å, 250 x 4.6 
mm, Phenomenex). The mobile phase consisted of a gradient elu-
tion of 5:95 to 100:0 acetonitrile/water with a buffer containing 0.1% 
trifluoroacetic acid (TFA). The flow rate and injection volume were 
set at 1 mL/min and 10 𝜇𝜇L, respectively.  

To confirm the structure of the product, the solution was con-
centrated using a rotary evaporator. The residue was then treated 
with 20 mL of diethyl ether and filtered to remove any white pre-
cipitate. The organic phase was extracted three times with 10 mL 
of distilled water each time. The resulting organic phase was dried 
using anhydrous sodium sulfate and concentrated using a rotary 
evaporator to yield the desired product, 3-bromo-1-indanone. The 
1H NMR spectrum of the product was recorded on a BRUKER 
AVIII 400 MHz NMR Spectrometer in CDCl3 using tetrame-
thylsilane (TMS; δ =0) as an internal reference. 
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4. CONCLUSIONS 
In summary, we have developed a rapid and cost-effective ap-

proach for mass-producing whole-Teflon thin film microfluidic 
chips at a low cost. The micro embossing technique generates mi-
cropatterns on FEP thin films, combined with a fusion bonding pro-
cess with another flat FEP film to form a sealed microchannel. This 
two-step strategy enables the fabrication of FEP microchannels 
with designated dimensions with minimal machine requirements. 
We also demonstrate an effective connector design to ensure a leak-
proof and solvent-resistant joint between the Teflon film micro-
chips and external components. Critical components, such as 
valves, can be easily integrated into the film chips for on-chip fluid 
manipulation. The whole-Teflon lab-on-a-film platform offers the 
combined advantages of Teflon materials, such as exceptional sol-
vent resistance, and film-based microsystems, such as remarkable 
light transmittance (even for UV) and the flexibility to integrate 
valves. As a proof-of-concept, we performed on-chip photochemi-
cal synthesis on the FEP microfluidic film chip and found that the 
thin-film microchips can improve the yield of the reaction com-
pared to conventional bulk-based chips. We believe this new type 
of microchip made from Teflon will address the limitations of 
PDMS and bulk chips, and will find wide applications in organic 
synthesis, wearable monitoring, and point-of-care testing. 
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