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ABSTRACT 

Sacrificial polymers that depolymerize into small molecules upon exposure to an external 

stimulus facilitate the fabrication of synthetic structures with embedded vascular networks. Many 

sacrificial polymers such as poly(lactic acid) (PLA) and polycarbonates possess high thermal 

stability leading to a time- and energy-intensive vascularization process. Furthermore, use of 

these polymer templates is limited to high-temperature resistant (> 180 °C) matrices. Here, we 

demonstrate rapid vascularization of a range of host matrices through thermally triggered 
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depolymerization of cyclic poly(phthalaldehyde) (cPPA) at temperatures near 100 °C. Complete 

mass loss of solvent-cast cPPA films is observed within two hours at 100 °C in a 

thermogravimetric analyzer and after embedding in poly(dicyclopentadiene) matrices. Thermal 

processing of cPPA into sacrificial templates for inverse vascular architectures is hindered due to 

depolymerization at low temperatures. We successfully overcome these templating challenges by 

using solution spinning and 3D printing to fabricate fibers and printed templates, respectively. 

Microchannels are created inside low glass transition temperature (42 °C and 65 °C) epoxy-

based matrices by depolymerizing the embedded fibers and printed templates within one hour at 

110 °C. This low-temperature cPPA evacuation protocol enables vascularization of new matrices 

that would not survive the harsh thermal cycle required for depolymerizing existing sacrificial 

polymers. Moreover, cPPA depolymerization affords a five-fold reduction in the thermal energy 

consumed during template removal compared to PLA. 
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INTRODUCTION 

Biological systems contain hierarchical vascular networks to mediate nutrient and fluid transport 

for repair, thermal regulation, and waste removal.1 Incorporation of microchannels in synthetic 

matrices enables heat and mass transport in microfluidics,2–8 microelectronics,9–12 CO2 

sequestration,13,14 flow batteries,15 heat exchangers,16 actively cooled structures,17–22 and self-

healing structures.23–29 Several strategies have been adopted to create such microvascular 

structures including laser ablation,5 dissolution,3,4 lithography,2,8,13 electrostatic discharge,30 

melting,23,31–33 and template vaporization.9,17,19,24,25,34 Catalyst-assisted thermal depolymerization 

of poly(lactic acid) (PLA) templates embedded in thermoset polymers and composites enables 

the fabrication of multifunctional vascular structures with versatile control over size and 

complexity of the microchannels.24,25,27,34 This technique, termed as Vaporization of Sacrificial 

Components (VaSC), is energy-intensive (typically 200 °C for 12 hours), consuming 85 MJ of 

thermal energy for a one-meter long host structure.35 Furthermore, VaSC of PLA templates is 

limited to host matrices that can sustain this thermal treatment without deformation or 

degradation. The depolymerization temperature decreases to 170 °C with more efficient catalysts 

and a reduction in the molecular weight of the templates, but the evacuation time increases 

considerably at lower temperatures.27,36 Moreover, the catalyst particles remain on the 

microchannel surface after PLA depolymerization,36,37 which may hinder subsequent 

functionalization of the vasculature. Sacrificial polymers that depolymerize at lower 

temperatures without catalysts are desirable for expanding vascularization to a broader range of 

host materials.34  

In addition to rapid depolymerization at low temperatures, sacrificial polymers must be melt- or 

solution-processable into precise architectures and possess good mechanical properties to survive 
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thermomechanical loads during integration into the host matrix. Precision in channel dimensions 

becomes especially critical in microfluidic applications since the volumetric flow rate scales 

inversely with the fourth power of channel diameter. Depolymerization into gaseous products is 

preferred to enable complete evacuation of the high aspect ratio templates.34 Compatibility 

between the matrix and the sacrificial polymer is also crucial since any physical or chemical 

interactions could inhibit the depolymerization and subsequent evaporation of the sacrificial 

templates.11 Polymers that degrade in response to thermal, photo, and chemical stimuli are 

employed in recycling,38–40 triggered release,41–43 transient templates,44–46  and signal 

amplification.47–50 Unfortunately, most stimuli-responsive polymers do not have good 

mechanical properties for templating and integration into load-bearing host structures,38,39,48 and 

require contact with liquid media for facilitating the degradation reaction.40,42,48,51 Solvent access 

is limited to the exposed surfaces of the embedded templates in VaSC, making such stimuli-

responsive polymers unsuitable for vascularization due to extremely slow diffusion-dominated 

degradation.34  

Cyclic poly(phthalaldehyde) (cPPA) is a promising low ceiling temperature (-36 °C)52 polymer 

that undergoes rapid unzipping from the solid state into monomers in response to mechanical, 

acidic, and thermal stimuli (Scheme 1).53–60 Solution-processed cPPA capsules and films have 

been used for functional payload release43 and transient substrates.58,59,61 In this work, we 

investigate the processing and thermal depolymerization of sacrificial cPPA templates for 

creating microchannels in a variety of host matrices. cPPA is formed into films, fibers, and 

printed templates through solution-based methods, and its depolymerization kinetics are obtained 

experimentally and numerically. Evacuation of cPPA templates from several crosslinked 
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matrices is characterized at various temperatures and a low-temperature vascularization protocol 

is established for this new sacrificial polymer. 

 

Scheme 1. Thermal depolymerization of cyclic poly(phthalaldehyde) (cPPA) to oPA monomer. 

 

EXPERIMENTAL SECTION 

Materials. High-performance liquid chromatography grade methanol, tetrahydrofuran (THF), 

and dichloromethane (DCM) were purchased from VWR. ortho-Phthalaldehyde (oPA) (99%) 

was procured from TCI America and purified by recrystallization as previously reported.60 

Dicyclopentadiene (DCPD), 2nd Generation Grubbs Catalyst (GC2), 5-ethylidene-2-norbornene 

(ENB), pentaerythritol tetrakis(3-mercaptopropionate) (tetrathiol), N,N-diglycidyl-4-

glycidyoxyaniline (DGOA), (dimethylaminomethyl) phenol (catalyst 1) were purchased from 

Sigma Aldrich and used as received. Clear polydimethylsiloxane (PDMS) prepolymer (Sylgard 

184) was purchased from DOW Corning. EPON 828 and EPIKURE 3233 were obtained from 

Hexion. 

Solvent-casting of cPPA Films. Films were prepared using a modified procedure from the 

literature.53–55,62 Synthesized cPPA (800 mg) was dissolved in DCM (5 mL) and vortexed for 30 

min to ensure full dissolution. The solution was drop-cast into a Teflon-lined Petri dish with a 

diameter of 50 mm. The evaporation rate of DCM was slowed by placing another Petri dish 
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filled with DCM (10 mL) inside a film casting enclosure.62 Slower evaporation was necessary to 

minimize surface defects and ensure uniform film thickness. The film was dried for 24 hours at 

room temperature (RT) in the saturated enclosure, followed by overnight drying under vacuum at 

0.3 Torr. Film thickness (ca. 250 μm) was controlled by adjusting the initial amount of cPPA in 

the casting solution. The cPPA films were annealed at 90 °C for 15 min to reduce any residual 

stresses resulting from the casting process and stored at -20 °C until further use. The annealed 

films were cut into 20 mm x 5 mm rectangular strips using a 90 W CO2 laser-cutter (Full 

Spectrum Laser, Pro Series). The strips were cleaned with isopropyl alcohol to remove any 

residual monomer on the edges due to laser ablation and weighed on an analytical balance 

(XPE205, Mettler-Toledo, ±0.03 mg) before embedding into various host matrices. 

Wet-Spinning of cPPA Fibers. Synthesized cPPA was dissolved at 30 wt. % in different 

solvents and extruded inside a coagulation bath. Specifically, cPPA (1 g) was dissolved in THF 

(2.3 g) and vortexed overnight to create ca. 30% clear solution without any bubbles. A small 

amount of Nile Red dye was added to some solutions for visualization. The solution was 

transferred to a 5 mL glass syringe and mounted on a syringe pump (Legato 100, kd Scientific) 

followed by extrusion through a stainless-steel nozzle (Nordson EFD General Purpose Tips) 

submerged inside a measuring cylinder filled with methanol (1000 mL). Fibers with diameters 

ranging from 0.2 to 1.6 mm were made by varying nozzle gauges from 27 to 14. For example, a 

flow rate of 30 µL/min through a 22-gauge nozzle (internal diameter of 0.41 mm) yielded fibers 

with diameter ca. 0.4 mm. Fibers were kept submerged in methanol for ten minutes to complete 

the coagulation process and were subsequently dried overnight in a fume hood.  

Solution-Printing of cPPA Templates. The printing ink (35% cPPA in THF) was prepared in a  

3 mL syringe barrel (Optimum, Nordson EFD) and inserted into an HP3cc pneumatic dispensing 
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tool (Nordson EFD). The barrel was fitted with a 20-gauge stainless-steel nozzle (Optimum, 

Nordson EFD). A custom regulator controlled the air pressure to drive the ink extrusion process. 

The dispensing head was mounted on a robotic gantry (ABL9000, Aerotech Inc.) operated by a 

high-precision motion controller (A3200, Aerotech Inc.). A custom-designed software 

(RoboCAD 2.0) simultaneously controlled both the extrusion process and motion of the 

dispensing head. cPPA was extruded directly onto a glass plate submerged inside a methanol 

coagulation bath. The printed structures remained in the solvent bath for ten minutes and were 

subsequently removed and dried overnight in a fume hood.   

Specimen Fabrication for Mass-Loss Experiments. Sacrificial film strips (20 mm x 5 mm x 

250 µm) were embedded inside a poly(dicyclopentadiene) (pDCPD) matrix using a half-casting 

procedure. GC2 (0.52 mg) was dispersed in toluene (200 µL) and sonicated for five minutes. The 

catalyst solution was transferred to a scintillation vial containing 4 g of endo-DCPD mixed with 

5 wt.% ENB. 0.13 mg of GC2 per 1 g of DCPD-ENB mixture was maintained for all resin 

formulations. Half of the DCPD resin (2 g) was poured into a 50 mm diameter aluminum dish 

and allowed to partially gel at RT for 120 minutes. Each laser-cut cPPA strip (20.0 ± 1.0 mg) 

was placed on the gelled DCPD surface with a cotton swab, then allowed to adhere for 30 

minutes. Another 2 g of resin was added on top of the film and the matrix was subsequently 

cured at RT for 24 hours, followed by another 24 hours in a 35 °C oven. Each cured specimen 

containing an embedded sacrificial cPPA film was cut (16 mm x 8 mm x 2 mm) using a low-

speed wet saw to expose the transverse ends of the film to the surroundings.  

The mass of all samples was measured before placing them in a heated vacuum oven (Jeio Tech 

Co. Ltd., OV-11) for VaSC experiments. Each specimen was sandwiched between two 

aluminum plates to ensure uniform heating. The temperature of the oven was increased from RT 
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to the desired temperature under vacuum (0.5-1.0 Torr) and the isothermal temperature was held 

for 1-3 hours before cooling down to RT. The specimens were removed from the oven and their 

mass was measured to calculate the total mass loss after cPPA evacuation. The mass loss of neat 

pDCPD samples with similar dimensions as the VaSC specimens was also measured for each set 

of conditions (see Supporting Information).  

VaSC of cPPA Fibers and Printed Templates in Crosslinked Matrices. Sacrificial fibers and 

printed structures were embedded in a pDCPD matrix using a cell casting procedure. The 

templates were clamped between two U-shaped rubber gaskets (each 1 mm thick) attached to 

two rectangular glass plates. The DCPD resin mixture (same formulation as above) was carefully 

poured into the glass mold to cover the sacrificial templates completely and cured according to 

the prior procedure. Solid samples were then removed from the mold and cut using a low-speed 

wet saw (50 mm x 8 mm x 2 mm) to expose the transverse ends of the sacrificial components 

before VaSC.  

Sacrificial templates were embedded in a thiol-based epoxy matrix using the same cell-casting 

procedure as for the pDCPD samples. However, for these samples the glass plates were coated 

with a PTFE release agent (MS-122AD, Miller-Stephenson) before the templates were clamped. 

DGOA (7.5 g) was mixed with tetrathiol (9.9 g) at stoichiometry and stirred. Then catalyst 1 

(174 mg) was added and the mixture was degassed at RT under 12 Torr vacuum for ten minutes 

(Yamato ADP31 drying oven, Welch 1402 pump). The resin-hardener mixture was poured into 

the glass mold containing the sacrificial elements and cured for 24 hours at RT. The specimens 

were cut with a low-speed wet saw to expose the transverse ends of the sacrificial templates for 

subsequent experiments. The procedures for cell-casting cPPA templates in amine-based epoxy 

and PDMS matrices are included in the Supporting Information. 
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Characterization. Mass loss of synthesized powder, films, and fibers (3 mg samples) in a 

nitrogen environment was measured on the TA Instruments thermogravimetric analyzer (TGA) 

Q500 system calibrated with nickel standards. For dynamic tests, the mass loss was recorded 

during a heating cycle over the temperature range from 40 °C to 250 °C at a linear ramp rate of 5 

°C/min. For isothermal tests, the temperature was ramped from 40 °C to 10 °C below the desired 

temperature at a linear ramp rate of 10 °C/min, then subsequently ramped to the desired 

temperature at a linear ramp rate of 5 °C/min to minimize temperature overshoot. The isothermal 

temperature was maintained for three to six hours for each test. 

Optical images of the pDCPD, epoxy, and PDMS samples before and after VaSC were obtained 

on a Keyence VHX-5000 digital microscope at 200x magnification.   

Scanning electron micrographs (SEM) were acquired on an FEI Quanta FEG 450 ESEM. 

Samples were imaged at 5 kV after sputter coating with gold/palladium for 70 s using a Denton 

Desk II TSC-turbo-pumped sputter coater. 

 

RESULTS AND DISCUSSION 

Depolymerization of cPPA film templates. Drop-cast cPPA films were annealed and laser-cut 

into rectangular strips (Figure 1a). The mass loss of the cPPA films was monitored ex situ under 

dynamic and isothermal conditions using a thermogravimetric analyzer (TGA) (Figure 2). The 

depolymerization onset (Td) of cPPA films (defined by 5% mass loss) was observed at 115 °C 

with complete mass loss at 140 °C in the dynamic TGA experiments at 5 °C/min (Figure 2a). In 

contrast, only 1% mass loss occurred for PLA films containing 3 wt. % tin (II) acetate in this 

temperature range.36 Under isothermal conditions, significant mass loss of cPPA films occurred 
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only at temperatures greater than 85 °C (Figure 2b). As the exposure temperature increased from 

90 °C to 110 °C, the time required for complete mass loss decreased from 3.5 hours to less than 1 

hour. The PLA films containing 3% tin (II) acetate catalyst again showed negligible mass loss 

after 4 hours at 110 °C and complete vaporization was observed in eight hours at a much higher 

temperature of 200 °C (Figure S1). 

 

 

Figure 1. Specimen preparation for vascularization. (a) Optical image of ca. 250 µm thick cPPA 
film after laser cutting. The film was doped with trace amounts of fluorescent dye and imaged 
under UV light. (b) Schematic of a VaSC specimen showing a cPPA film embedded in a pDCPD 
matrix. 

Next, the cPPA films were embedded in a pDCPD matrix, which will oxidize under the 

conditions required for vascularization with PLA templates (> 170 °C for 12 hours).36 The 

transverse ends of templates (cross-sectional view in Figure 1b) were exposed to the 
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surrounding environment to facilitate the evacuation of gaseous monomer during the thermal 

cycle. Successful vascularization occurred with approximately 95% mass loss of the sacrificial 

template. Any small amount of residual monomer on the channel walls was easily flushed away 

with ethanol. Three hours of exposure at 90 °C resulted in blocked microchannels due to 

incomplete removal of cPPA with an average mass loss of 81% (Figure 3a), which is in 

qualitative agreement with the mass loss data for the films alone.  

 
Figure 2. Mass loss of sacrificial polymer films under dynamic and isothermal conditions in a 
thermogravimetric analyzer (TGA). (a) Dynamic TGA data for cPPA and PLA films at 5 °C/min 
showing complete mass loss of cPPA between 100 and 140 °C. PLA films containing 3 wt. % tin 
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acetate catalyst36 (dashed red line) did not show any mass loss in this temperature range. (b) 
Mass loss of cPPA films in isothermal TGA experiments. Mass loss of PLA containing 3% tin 
acetate36 at 110 °C is indicated by the dashed red line. 

 

Exposure for 3 hours at 100 °C led to successful vascularization with a mass loss of 98%. 

Optical (Figure 3b-d) and SEM (Figure S3) images of the pDCPD matrix post-VaSC showed 

residue-free microchannels with the same dimensions of the initial sacrificial cPPA templates. A 

dyed solution was injected into the microchannels to further confirm their clearance (Figure 3c). 

Specimens exposed to temperatures between 100-110 °C produced clear microchannels after a 

shorter duration of two hours. We were able to further reduce the exposure time to 1 hour 

through successful vascularization of specimens subjected to 105 °C and 110 °C, which is 

supported by the rapid mass loss of cPPA films at 110 °C in TGA experiments. These results 

show the high temperature-sensitivity of the cPPA mass loss kinetics. A marginal increase in 

exposure temperature from 90 to 100 °C allowed complete evacuation of cPPA templates after 2 

hours, and the exposure time further reduced by 50% with a 5 °C increase in temperature to 105 

°C. Thus, successful VaSC with cPPA is demonstrated at significantly lower temperatures than 

PLA, and the VaSC time is lowered below 1 hour with a modest increase in temperature.  

The in situ VaSC characterization experiments show that cPPA enables rapid vascularization of 

host matrices at much lower temperatures than sacrificial PLA. Additionally, the resulting 

vasculature is residue-free following an ethanol rinse, providing the possibility for surface 

functionalization on the microchannel walls. However, solvent-cast films limit the overall 

dimensions, uniformity, and complexity of the sacrificial structures that can be fabricated62 and 

hinder the creation of interconnected hollow networks. More advanced sacrificial cPPA 

architectures such as fibers and printed structures are required for creating multidimensional, 

interconnected vascular networks in various host matrices. 
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Figure 3. Thermal depolymerization characterization of cPPA films in vascularization 
experiments. (a) Mass loss of cPPA films embedded in pDCPD matrix after VaSC in a heated 
vacuum oven at various times and temperatures. Mass loss of 95% or higher was deemed 
sufficient for successful vascularization. Error bars represent one standard deviation (n = 6). 
Optical images showing the top view of the microchannel in pDCPD matrix created (b) after 
VaSC of cPPA film at 100 °C for three hours and (c) after infiltration with a dye solution (Nile 
Red in ethanol). (d) Cross section of the rectangular channel.  

 

 

 



14 
 

Vascularization with sacrificial fibers. Since cPPA depolymerizes before observable glass54,60 

or melt transition temperatures (Figure S2), solvent-based methods63,64 are required for 

producing sacrificial fibers. We adopted a wet-spinning approach64 to form cPPA fibers with a 

uniform cross section (Figure 4a). During wet-spinning, the polymer solution is extruded 

directly into a coagulation bath, allowing more control over the solvent removal process than 

dry-spinning. The difference in diffusion rates of the solvent exiting the fiber and counter-

diffusion of non-solvent entering the fiber during coagulation plays a major role in dictating the 

cross-section of the freely extruded wet-spun fibers.65 A slow coagulation process with roughly 

equal rates of diffusion and counter-diffusion results in a uniform fiber cross-section.66 Several 

solvent and coagulant combinations were screened for controlling the fiber cross-section (see 

Supporting Information). Based on this screening, we selected tetrahydrofuran (THF) as the 

final solvent and methanol as the coagulant. A concentrated polymer solution (ca. 30 wt. % 

cPPA in solvent) was extruded into a methanol bath. The molecular weight of the starting cPPA 

was preserved after this wet-spinning step (Table S1), and fibers with a circular cross section 

and a smooth surface were obtained (Figure 4b). The final diameter of the fibers was tuned from 

0.2 to 1.6 mm by changing the nozzle diameters during extrusion (Figure 4c).  
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Figure 4. Vascularization of solution-processed cPPA fibers. (a) Schematic of the wet-spinning 
process in which a polymer solution containing 30 wt. % cPPA was extruded into a coagulation 
bath. (b) Optical micrographs of wet-spun cPPA fibers with diameters up to ca. 1.6 mm 
(containing Nile red dye) using tetrahydrofuran as the solvent and methanol as the coagulant. (c) 
Scanning electron microscopy (SEM) image of a cPPA fiber with a circular cross-section. 
Vascularization of pDCPD matrix with cPPA fibers. (d) Top and (e) cross-sectional view of a 
cPPA fiber embedded in pDCPD matrix before VaSC. (f) Top and (g) cross-sectional view of a 
microchannel in the matrix after VaSC at 110 °C for one hour. 

 

These circular fibers were embedded in a pDCPD matrix and subsequently depolymerized at  

110 °C for one hour (protocol established from previous mass-loss experiments) to obtain 

residue-free microchannels as shown in Figure 4d-g. X-ray computed microtomographic (µCT) 

reconstruction of the resulting microchannels confirmed that the channel dimensions matched 

well with the sacrificial precursor (Figure S5). cPPA fibers were embedded in three additional 

matrices with Tg < 100 °C (thiol-cured epoxy, amine-cured epoxy, and polydimethylsiloxane 

(PDMS)) to further demonstrate the advantages of low-temperature vascularization. Clear 
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microchannels after one hour at 110 °C were observed for the thiol- and amine-cured epoxy 

matrices with Tg ca. 42 °C and ca. 65 °C (Figure S6), respectively, without degradation of the 

host polymers (Figure S7,8). Fibers embedded in PDMS matrix with a Tg ca. -125 °C were also 

successfully evacuated under the same 110 °C / 1 h conditions (Figure S9). Increasing the 

temperature to 200 °C caused charring of the thiol-cured matrix (Figure S10) proving that 

sacrificial PLA is undesirable for vascularizing such matrices in short periods (< 3 h). Besides 

expanding vascularization to a broader range of matrices, cPPA allows substantial energy 

savings by cutting down the time and temperature required for the VaSC process. An estimation 

of the energy consumed in a 0.8 m3 heated vacuum oven during vascularization shows a five-fold 

reduction for evacuating cPPA templates compared to PLA (Table S3). 

Modeling depolymerization kinetics of cPPA. We developed a depolymerization kinetics 

model67 to obtain the critical parameters that govern rapid depolymerization of cPPA at such low 

temperatures. An nth order kinetic model that depends on the degree of cPPA depolymerization 

was used to simulate the mass loss behavior at different temperatures (Equation 1).  

𝜕𝛼
𝜕𝑡 = 𝐴𝑒𝑥𝑝 )−

𝐸
𝑅𝑇.

(1 − 𝛼)!𝛼" (1) 

 

𝛼	(𝑡) =
𝐼𝑛𝑡𝑖𝑡𝑖𝑎𝑙	𝑤𝑒𝑖𝑔ℎ𝑡	 − 	𝑊𝑒𝑖𝑔ℎ𝑡	𝑎𝑡	𝑡𝑖𝑚𝑒	(𝑡)
𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝑤𝑒𝑖𝑔ℎ𝑡	 − 	𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙	𝑤𝑒𝑖𝑔ℎ𝑡  (2) 

 

where, 𝛼 (non-dimensional) denotes degree of depolymerization/conversion of cPPA;  𝑡 (s) and 

𝑇 (K) denote time and temperature, respectively; 𝐸 (kJ mol-1), 𝐴 (s-1), and	𝑅 (8.314 J mol-1 K-1) 

denote the apparent activation energy, pre-exponential factor, and universal gas constant 
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respectively; 𝑛 and 𝑚 denote two constants associated with conversion that accounts for 

autocatalytic effects. 

The mass loss of cPPA fibers was determined in TGA experiments and an optimization scheme 

provided the best-fit parameters for the depolymerization model in Equation 1. Since the Td of a 

polymer is highly dependent on the heating rate,68 the temporal derivative of the mass loss at 

three different ramp rates (Figure 5a) was used to capture the depolymerization kinetics in a 

broad range of temperatures. An apparent activation energy (E) of 89 kJ mol-1 and pre-

exponential factor (A) of 4.4 x 109 s-1 accurately depict the mass loss behavior observed in 

dynamic TGA experiments. The 27% lower E for cPPA compared to 122 kJ mol-1 for PLA 

containing 3% tin acetate catalyst36 (see Table S2) promotes its rapid depolymerization at 

significantly lower temperatures. The mass loss predictions are also in agreement with 

isothermal TGA experiments at three different temperatures (Figure 5b). Complete mass loss of 

cPPA fibers occurs in ca. 70 min at 100 °C, and increasing the temperature to 120 °C 

substantially reduces the depolymerization time to ca. 15 min. These findings suggests that the 

vascularization with cPPA templates can be achieved in a few minutes with a modest increase in 

temperature above 100 °C. Comparing the crucial modeling parameters that dictate the 

depolymerization kinetics of different sacrificial polymers would help establish vascularization 

protocols that are amenable to the thermal stability of the desired host matrix.   
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Figure 5. Comparison between TGA experiments (solid lines) and simulations (dashed lines) for 
mass loss of cPPA fibers. (a) Time derivative of mass loss at three ramp rates. (b) Mass 
remaining at three different isothermal temperatures. Model optimization was performed using 
MATLAB software.  

 

Vascularization with printed cPPA templates. 3D printing of cPPA overcomes the templating 

challenges of solvent-cast films, achieve multi-dimensionality beyond 1D fibers, and provide a 

scalable approach with fine control over template dimensions. Precision in channel dimensions 

becomes especially critical in microfluidic applications since the volumetric flow rate scales 

inversely with the fourth power of channel diameter.34 We used a direct ink writing technique, 
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resembling a wet-spinning process, to extrude cPPA solution (35% in THF) onto a glass slide 

submerged in a methanol bath (Figure 6a). The concentrated cPPA solution adheres to the glass 

slide upon extrusion and sets into the printed shape upon solvent diffusion. cPPA was printed in 

a zig-zag pattern for demonstration (Figure 6b). Two zig-zag templates were overlaid and 

embedded in a thiol-cured epoxy matrix. This specimen was vascularized at 110 °C for one hour, 

and the resulting microchannels were filled with dyed ethanol solution (Figure 6c,d). The two 

microchannels were interconnected at the overlapping regions where the sacrificial templates 

made physical contact before casting/evacuation. This fabrication strategy demonstrates a viable 

method for creating 2.5D/3D vasculatures by printing planar templates separately and stacking 

them before resin infusion. Realizing free-form 3D cPPA templates will require a viscoplastic 

coagulant which can mechanically support the print while also facilitating uniform diffusion of 

the solvent from the extruded solution.69,70 A print bath with these desired features will allow the 

integration of complex sacrificial templates inside polymers and composites for manufacturing 

multifunctional vascular structures.  



20 
 

 

Figure 6. Printed cPPA templates for vascularization of a room temperature cured epoxy matrix. 
(a) Solvent-cast printing of a polymer solution containing a 35 wt.% cPPA into a coagulation 
bath. (b) Solvent-cast printed template using tetrahydrofuran (THF) as solvent and methanol as 
coagulant. (c) Top view of microchannels in the epoxy matrix after VaSC of two printed 
sacrificial templates at 110 °C for 1 hour. (d) Top view of the channel filled with a dye solution 
(Nile Red in ethanol) after VaSC.  

 

CONCLUSIONS 

In this work, we have created internal microvascular architectures through rapid 

depolymerization of cPPA templates resulting in a five-fold reduction in thermal energy 

consumption compared to existing sacrificial polymers. Transient cPPA templates with varied 

size scales and dimensionality were fabricated by employing different solvent-exchange methods 

on concentrated polymer solutions. The cross section and morphology of the transient templates 

were tuned by changing the diffusion rate of the solvent into the coagulation bath. Complete 

depolymerization and vaporization of cPPA templates without the need for additional catalysts 
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was observed after one hour at 110 °C in both ex situ TGA experiments, and in situ 

vascularization experiments with templates embedded in host matrices. Even though a narrow 

temperature range is explored for successful vascularization in this work, a further reduction is 

VaSC time is possible with slight increases in temperature, as suggested by TGA experiments 

and modeling. Optical, SEM, and micro-CT characterization confirmed that the microchannels 

were residue-free after an ethanol rinse. cPPA expands the scope of vascularization to matrices 

with low glass transition temperatures (< 150 °C), such as thiol- and amine-crosslinked epoxies 

cured at room temperature. We aim to extend this low-temperature VaSC technique via 3D 

printing to manufacture interconnected microvasculature in structural polymers and composites 

that resemble biological fluidic networks. This advancement hinges on obtaining mechanically 

robust templates that can survive the thermomechanical loads present during the fabrication of 

such host structures. The development of new processing routes to make complex cPPA 

templates may also find use in transient substrates for textiles and electronics applications.  
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