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microchannel geometry and quality, and liquid surface tension and 
contact angle with the microchannel material [39–42]. Despite how 
channel wettability can be greatly enhanced as shown by microfluidics 
with hydrophilic structures [23,40], fabricating microstructures on the 
internal curved surface of a channel drastically restricts manufacturing 
options and possible microstructure designs. Typical methods utilize 
multiple open molds with pre-fabricated microstructures and subse
quent assembly [41], resulting in structure misalignment, other defects, 
and reduced overall quality. Therefore, this work aims to additively 
manufacture channels with imprinted hydrophilic microstructures 
through 2PP. Highly hydrophilic fractal microstructures (Fig. 1b2-c2) 
with multiple overhanging features of various sizes, which have not yet 
been fabricated inside of microchannels to the authors’ knowledge, are 
selected to demonstrate the capability of 2PP [34]. 

The third objective involves improving the patterning capability 
developed in the paper through the selective filling of the microchannels 
[41]. Hydrophobic structures at the inlet of a microchannel can prevent 
a liquid from entering the channel until a specific pressure is applied, as 
shown in Fig. 1b3-c3. Utilizing this approach offers several capabilities, 
such as leaving the microchannel empty for venting during one-sided 
electrode filling or selective microchannel filling with different liq
uids. Specifically, if a microdevice has multiple channels that require 
filling with different liquids, hydrophobic inlets can be placed on one 
end of each channel and tuned to suspend liquid on the respective ends 
[42]. 

2. Materials and methods 

2.1. Materials 

2PP resins: IP-S and IP-Q (Nanoscribe GmbH, Eggenstein- 
Leopoldshafen, Germany) resins are used for 3D printing structures 
with hydrophobic and hydrophilic microstructures, respectively. 
Different materials are used solely due to the different size scales of the 
microstructures and utilized printing lenses. 

Propylene glycol monomethyl ether acetate (PGMEA) with 99.5 % 
concentration (Sigma-Aldrich Co., St. Louis, MO, USA, part #484431) is 
used to develop 2PP printed IP-S and IP-Q parts. 

A surfactant-free 1.1 wt % aqueous solution of an intrinsically 
conductive polymer poly(3,4-ethylenedioxythiophene)poly(styrenes 
ulfonate) (PEDOT:PSS) (MilliporeSigma, Burlington, MA, USA, part 
#739332) is used for both the dipping process and filling the micro
structured hydrophilic channels as an example of conductive solution 
for electrode coating due to its great application in various areas and the 
variety of commercially available aqueous solutions. The high content of 
water and absence of surfactants result in a water-like wetting behavior 
of the PEDOT:PSS solution, which simplifies its analysis and use with 
hydrophobic and hydrophilic structures. 

A 1.3 wt % aqueous solution of an intrinsically conductive polymer 
PEDOT:PSS with 5 % surfactant (MilliporeSigma, Burlington, MA, USA, 
part #483095) is used for some tests with hydrophilic microstructures to 
evaluate their interaction with liquids possessing lower surface tension. 

Surfactant plasticizer Triton X-100 (C14H22O(C2H4O)n, where 
n=9–10) (Sigma-Aldrich Co., St. Louis, MO, USA, part #T8787) is added 
to PEDOT:PSS solution when electrode is used for the strain gauge 
experiment to reduce sensitivity of conductivity to low strains expected 
in the experiment and boost overall conductivity [43]. The materials are 
mixed such that the composition of the final electrode contained 20 wt 
% PEDOT:PSS and 80 wt % Triton X-100. 

Isopropanol (IPA) (Duda Energy LLC, Decatur, AL, USA, part #iso
prop), 99.9 % purity, is used for cleaning substrates, developing printed 
parts, and capillary testing of the microstructured hydrophilic channels 
due to its low surface tension. 

Acetone (Duda Energy LLC, Decatur, AL, USA, part #acetone2), 
99.5 % purity, is used for cleaning substrates before printing. 

Polydimethylsiloxane (PDMS), Sylgard 184 (Dow Inc., Midland, MI, 

USA, part #4019862) is used for testing the microstructured hydrophilic 
channels. 

2.2. Two-photon polymerization additive manufacturing 

The fabrication of the hydrophobic and hydrophilic microstructures, 
along with the channels, is accomplished using a Nanoscribe Photonic 
Professional GT2 system (Nanoscribe GmbH, Eggenstein-Leopoldshafen, 
Germany) that is equipped with a 780 nm laser with a pulse duration 
between 80 and 100 fs and a repetition rate of 80 MHz. Hydrophobic 
structures are printed with IP-S, a highly viscous 2PP curable resin. All 
prints using IP-S resin utilize the 25x objective (0.8 numerical aperture) 
lens along with 1 in. x 1 in. indium tin oxide (ITO) coated soda lime glass 
substrates (MSE Supplies, Tucson, AZ, USA). For this configuration (25x, 
IP-S, ITO glass), standard printing parameters of 50 mW output power, 
1.0 power scaling, slicing distances of 1 µm, hatching distance of 0.5 µm, 
galvo speed of 100 mm s-1, and stitching angles equal to or greater than 
15◦ are used to maintain mushrooms with no stitching effects. For better 
data and visuals, some of the parts are printed near the edge of the ITO 
coated glass substrates, while others are printed in the center of the 
substrates. The hydrophobic channels are printed with IP-Q resin on 
1 in. x 1 in. silicon substrates utilizing the 10x objective (0.4 numerical 
aperture) lens. Standard printing parameters used for this configuration 
(10x, IP-Q, silicon substrate) are 45 mW output power, 1.0 power 
scaling, slicing distances of 5 µm, hatching distances of 1 µm, and 
stitching angle of 15◦. 

All printed parts, with the exception of the channels, are developed 
in PGMEA for 20 min, then in IPA for 5 min, and are blown dry with an 
airball. Due to the microchannels being filled with liquid resin during 
printing, to ensure the channels are fully developed, they are placed in 
PGMEA for 1 h at 70 ◦C, and then are placed in IPA for 10 min at 50 ◦C. 
The channels are then blown dry with an airball. The channels that 
appear to need more development are placed back in IPA and into a 
vacuum chamber set to 20 torr absolute pressure for less than a minute, 
to remove the air inside the channels while filling them with IPA. The 
parts are pulled out and left to sit in IPA for 10 min, and then are blown 
dry and inspected. If more development time is necessary, this process is 
repeated, applying sonication when needed. 

2.3. Nanoindentation 

Nanoindentation is performed to measure indentation hardness, H, 
and reduced modulus, Er, later converted to Young’s modulus, of the IP- 
S and IP-Q polymers using a Bruker Hysitron TI-980 TriboIndenter 
(Billercia, MA, USA). A force of 5 mN is applied to 300 µm diameter and 
100 µm height cylindrical samples of IP-S and IP-Q with a 100 nm radius 
Berkovich diamond indenter prober. The measured reduced modulus 
and Poisson’s ratio of 0.3 are used to calculate the Young’s modulus of 
both the IP-S and IP-Q samples. Three segment indentation processes, 
including loading, unloading (1 mN s-1), and a 5 sec dwell time, are 
executed as shown in Supporting Information Fig. S1. The measured 
values for both IP-Q and IP-S are listed in Supporting Information 
Table S1. 

2.4. Microscopy and profilometry 

A scanning electron microscope (SEM), the FEI Quanta 650 (Field 
Electron and Ion Company, Hillsboro, OR, USA), is used to assess the 
quality of the printed parts, and to investigate printing defects that could 
cause undesired wettability. The accelerating voltage of 10 kV is used 
for all the images. In addition, a Filmetrics Profilm3D (KLA Corporation, 
Milpitas, CA, USA), an optical profilometer with 10x and 50x Nikon 
objectives, is used to measure the thickness distribution of the deposited 
electrode. 
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