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PersPective

Challenges and Opportunities in 3D Printing 
of Biodegradable Medical Devices by Emerging 
Photopolymerization Techniques

Yinyin Bao,* Nevena Paunović, and Jean-Christophe Leroux*

Since the first report of 3D printed biodegradable structures by stereolithog-
raphy, vat photopolymerization has shown great potential in the fabrication 
of medical implants and devices. Despite its superior printing quality and 
manufacturing speed, the development of biodegradable devices by this 
technique remains challenging. This results from the conflicting viscosity 
requirements for the printing resins, i.e., low viscosity is required for high-
resolution 3D printing, whereas high viscosity is often needed to provide 
high mechanical strength. Recently emerging photopolymerization-based 3D 
printing techniques, including heat-assisted digital light processing (DLP) and 
volumetric printing, have brought new hope to the field. With its tolerance to 
high viscosity resins, heat-assisted DLP enables the fabrication of complex, 
personalizes architectures from biodegradable photopolymers that are not 
printable by conventional printing techniques. On the other hand, volumetric 
printing, which abandons the layer-by-layer printing principle and thus cir-
cumvents the dependence on low viscosity resins, could be highly beneficial 
for the 3D printing of biodegradable devices. This perspective evaluates the 
key challenges associated with biodegradable photopolymers used in the 
3D printing of medical implants and devices. One focuses on their chemical 
structures and physical properties and discusses future directions offered by 
these emerging techniques.
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biodegradable implantable devices that 
can be cleared from the body in a safe 
manner are desirable,[8] as they spare the 
need for a second surgery that is other-
wise necessary to remove nondegradable 
systems made, for instance, from silicone 
or metal.[9] Moreover, the performance as 
well as the tolerance of medical devices 
can be improved by carefully adjusting the 
design parameters to the anatomophysi-
ology of the patient.[10] To produce such 
biodegradable, patient-tailored devices, 
advanced manufacturing techniques with 
high precision and speed are needed.

3D printing, or additive manufacturing, 
allows fabricating complex architectures 
in a rather efficient and straightforward 
manner.[11–13] Among the current 3D 
printing techniques, vat photopolymeriza-
tion is increasingly attracting attention due 
to its superior spatiotemporal resolution 
and fine surface finish.[14–16] In particular, 
photopolymerization-based 3D printing, 
including stereolithography (SLA),[17,18] 
digital light processing (DLP),[19,20] and 
continuous liquid interface production 
(CLIP),[21,22] holds great potential in bio-

medical applications.[23,24] Since the first report in 2000,[25] it 
has been shown that biodegradable photopolymers can be used 
to 3D print on-demand patient-specific resorbable devices when 
combined with imaging techniques such as computed tomog-
raphy (CT). Despite the enormous potential of photopolymeriza-
tion, the majority of degradable 3D printed devices are still pre-
pared by extrusion-based additive manufacturing such as fused 
deposition modeling (FDM), which suffers from relatively low 
resolution.[26] This is partially caused by the lack of suitable bio-
medical 3D printing resins that have the desired viscosity, and 
can simultaneously provide sufficient mechanical performance 
and bioactivity after printing (Figure 1). For instance, photopol-
ymer chain length and reactive diluent concentration are both 
associated with the crosslinking network. As most photopoly-
mers are functionalized at the chain end (e.g., methacrylate), 
the shorter polymer chain can provide a higher crosslinking 
degree and thus reduce the degradability. On the other hand, 
the addition of reactive diluents can increase the non-degra-
dable part of the crosslinking product, as reactive diluents 
are usually vinyl-based monomers. In this perspective article 
rather than giving a comprehensive overview of 3D printing, we 

1. Introduction

Implantable medical devices can have diagnostic, therapeutic, 
and/or regenerative functions in a wide range of clinical appli-
cations,[1] such as vital signs monitoring,[2] percutaneous coro-
nary intervention,[3] tracheal stenting,[4] drug delivery,[5] bone 
repair,[6] and tissue regeneration.[7] For certain applications, 
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focus on the key challenges associated with biodegradable pho-
topolymers for 3D printed medical implants and devices, and 
explore the new opportunities brought by recently emerging 
techniques such as heat-assisted vat photopolymerization[27–29] 
and volumetric 3D printing (Figure 2).[30–34] Finally, we provide 
an outlook on the possible future research directions involving 
material design and technical progress.

2. Common Vat Photopolymerization Techniques

SLA was the first 3D printing technique to use vat photopoly-
merization. It was independently developed by Chuck Hull and 
Alain Le Mehaute in 1980s.[35] SLA is based on localized pho-
topolymerization activated by a single laser beam. It takes place 
in a bath containing liquid photocurable resin with low viscosity, 
composed of photopolymers or monomers and photo initiators. 

Following a vertical layer-by-layer crosslinking, which is typi-
cally triggered by the photolysis of the photoinitiator into the 
primary radicals or cations, the photocurable resin is converted 
to solid products.[17,18] DLP relies on the same principle as SLA 
but further employs a digital micromirror device (DMD) that 
converts the laser beam to defined dynamic patterns (Figure 2a). 
Compared to SLA, this light projection function enables shorter 
crosslinking times for each layer.[19,20] However, DLP is still 
limited in speed due to the lift-up step of the print head that is 
needed to enable the resin to flow back after each printed layer.

In 2015, DeSimone and co-workers introduced an oxygen-
permeable window under the resin, and generated a dead 
zone for photopolymerization due to the oxygen inhibition of 
free radicals.[21] The so-called CLIP 3D printing circumvented 
the main time-consuming step by allowing continuous addi-
tive manufacturing, drastically speeding up the vat photopoly-
merization. Recently, the Mirkin group established large-scale 

Figure 2. Working principle of a) conventional DLP, b) heat-assisted DLP (hot lithography). Reproduced under the terms of the CC-BY-NC-ND 
license.[36] Copyright 2021, The Authors, published by American Chemical Society, c) tomographic volumetric printing (computed axial lithography). 
Reproduced with permission.[31] Copyright 2019, The American Association for the Advancement of Science, and d) linear volumetric printing (xolog-
raphy). Reproduced with permission.[34] Copyright 2020, Springer Nature.

Figure 1. The antagonism between the low viscosity of the resin required for high-resolution 3D printing and the high viscosity resulting from high 
molecular weight photopolymers that can provide 3D printed objects with the desired mechanical properties and biodegradability.
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continuous 3D printing by introducing a fluorinated oil as 
the mobile liquid interface under the resin.[37] Up until now, a 
variety of 3D printable photopolymers have been developed for 
SLA, DLP, CLIP, and their derived techniques. Although rapid 
3D printing using conventional nonbiodegradable resins has 
been realized, vat photopolymerization manufacturing of biode-
gradable implantable devices remains challenging. This stems 
from the antagonism between the low viscosity of the resin 
required for high-resolution 3D printing and the high viscosity 
created by high molecular weight photopolymers needed to 
produce 3D printed devices with the desired mechanical prop-
erties and biodegradability (Figure 1).

3. Challenges in Resin Preparation

The resins for vat photopolymerization 3D printing are mainly 
composed of photopolymers or monomers, photoinitiators, and 
diluents (reactive or nonreactive), as well as small amounts of 
dyes as light absorbers and radical inhibitors to prevent pre-
mature crosslinking.[14–16] With the exception of a few reports 
describing degradable monomers based on small molecules 
with hydrolytically labile linkers,[38,39] photoresins used for 3D 
printing of biodegradable implants are often prepared from 
synthetic photopolymers. These are in most cases based on pol-
yesters synthesized by metal-catalyzed ring-opening polymeriza-
tion (ROP), such as poly(lactide) (PLA),[40,41] poly(ε-caprolactone) 
(PCL)[42,43] and poly(trimethylene carbonate) (PTMC) 
(Scheme  1).[44,45] The reasons are that i) ROP offers controlled 
synthesis of degradable polyesters with well-defined structure 
and tunable chain length,[46,47] ii) the resulting polymers can 
be easily functionalized with photocrosslinkable groups (e.g., 
methacrylates), and iii) several of commonly used polyesters are 
already found in commercial biomedical products.[48]

Degradable polymers obtained by polycondensation (e.g., 
poly(glycerol sebacate)) also show great potential in vat photopo-
lymerization.[49–51] However, the manipulation of their structure 
and molecular weight (MW) is difficult because of the nature of 
step-growth polymerization that requires perfect stoichiometric 
balance of two difunctional monomers. Photopolymers derived 
from natural polymers (e.g., gelatin methacryloyl) have also 
been investigated for 3D printing, but they provide generally 
weak structures, and are usually used to prepare hydrogels due 
to their ionic or hydrophilic characters.[52–54]

In general, a pivotal requirement for high-resolution 
vat photo polymerization is the low viscosity of the resins 

(practically <10 Pa s)[18,55]  that enables the easy vertical detach-
ment of the crosslinked layer from the vat film. Otherwise, 
the adhesive forces can cause delamination of the layers and 
destroy the 3D printed object. Biodegradable photopolymers 
often result in highly viscous resins requiring up to 50 wt% 
of reactive diluents (e.g., N-vinylpyrrolidone (NVP) and diethyl 
fumarate (DEF))[56,57] or nonreactive solvents (e.g., propylene 
carbonate and ethyl lactate),[40,58] to reduce the viscosity. In addi-
tion, the homogeneous mixing of photoinitiators (1–5 wt%) 
with the photopolymers also requires the assistance of organic 
solvents or diluents. This is because most photoinitiators 
used in 3D printing, in particular monoacylphosphane oxide 
(MAPO) and bisacylphosphane oxide (BAPO),[59] have rigid aro-
matic structures and thus show limited compatibility with bio-
degradable photopolymers.

Although needed, solvents and reactive diluents are also 
introducing additional issues. Removing the volatile organic sol-
vents (e.g., chloroform) before the printing process carries the 
risk of undesired premature crosslinking, while postprinting 
removal can cause a shrinkage of the 3D printed object.[60] On 
the other hand, the addition of reactive diluents may change 
the structure of the crosslinked network, its crosslinking den-
sity,[57] and increase the nondegradable part of the 3D printed 
devices, as these diluents are usually vinyl-based monomers. It 
is also commonly observed that high amounts of reactive dilu-
ents/oligomers result in brittle 3D printed products.[61] There-
fore, the preparation of biodegradable resin with low amounts 
or without diluents/solvents is highly desired for 3D printing 
but rather challenging.

4. Challenges in Printing Performance

After the optimization of the resin preparation, the printing 
performance of the biodegradable resins, including print-
ability, mechanical performance, and biodegradability, need to 
be assessed. In 2000, Matsuda and co-workers reported the first 
SLA printing of biodegradable photopolymers, using a liquid 
copolymer synthesized from ε-caprolactone (CL) and trimeth-
ylene carbonate (TMC).[25] They obtained a series of copolymers 
with MW ranging from 2500 to 12 000 g mol–1. They did a pre-
liminary photopatterning test with a 5100 g mol–1 polymer and 
further 3D printed biodegradable microneedles with the poly-
mers with MW of around 3000 g mol–1, likely because polymers 
with higher MW were very viscous and thus difficult to print.[62] 
The authors did not report the mechanical properties of the 

Scheme 1. Chemical structures of representative ROP-synthesized biodegradable photopolymers based on a) homopolymers and b) copolymers. 
Methacrylate is the typical photocrosslinking group. m or n represents the degree of polymerization and x is the arm number of the polymers (x = 2–4).
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3D printed products, but it is known that crosslinked networks 
from low MW poly(CL-co-TMC) have low mechanical strength 
(< 1.0  MPa).[63] Subsequently, a number of ROP-synthesized 
polyester homopolymers were investigated in SLA or DLP 3D 
printing, including PTMC, PLA, and PCL. However, owing to 
the fact that the polymers with relatively higher MW are in 
solid state, the 3D printable resins usually consist of oligomers 
of less than 3000 g mol–1, even when high amounts of diluents 
were used (up to 50 wt%).[40–45] As a result, the 3D printed prod-
ucts were rather brittle with very low strain at break (typically 
< 50%), and thus may only be applied as tissue scaffolds that do 
not require high mechanical performance.

Poly(propylene fumarate) (PPF) represents another type of 
biodegradable photopolymer (Scheme  1).[57,64] It bears unsatu-
rated double bonds on the polymer backbone, alleviating the 
need to introduce additional crosslinking groups by postfunc-
tionalization for 3D printing. Becker and co-workers developed 
a ROP method to synthesize well-defined PPF using mag-
nesium 2,6-di-tert-butyl phenoxide as a catalyst, which pro-
duced printable photopolymers with high end-group fidelity.[65] 
The DLP printed PPF scaffold was further modified with cell 
adhesive peptides by postprinting functionalization, to afford 
notable bioactivity. However, the 3D printing of PPF was still 
based on oligomers (MW <  3000  g mol–1) and required high 
concentration of diluents (up to 50 wt%).[66] Therefore, the vis-
cosity limitation for vat photopolymerization remained the bot-
tleneck in the optimization of the mechanical properties of the 
3D printed products.

Recently, the same group designed a series of four-arm PPF 
polymers, with much lower viscosity compared to the linear ana-
logs.[67] The PPF with 200 repeating units (MW 31 000 g mol–1) 
was successfully printed by DLP in the presence of 50  wt% 
DEF as a reactive diluent. Biodegradable and relatively elastic 
porous scaffolds with high printing quality and shape-memory 
behavior were obtained. The authors did not measure the ten-
sile mechanical properties, making a comparison with other 
photopolymer systems difficult. Interestingly, despite the high 
crosslinking density caused by 50 wt% DEF, the 3D printed 
scaffolds exhibited significant weight loss (20–30 wt%) in 
0.1  m NaOH solution after 40 days. However, the degradation 
behavior of the 3D printed products under physiological condi-
tions or in vivo was not evaluated.[67]

Although the viscosity of biodegradable photopolymers can 
be reduced to some extent by manipulating the polymer chain 
length and topology (e.g., star or branched structures), it is dif-
ficult to tackle this issue only by material design. As most of 
the biodegradable photopolymers are semicrystalline or amor-
phous, their viscosity can be substantially decreased by raising 
the temperature during the printing process, thereby reducing 
the need for high amounts of diluents.

5. Heat-Assisted Vat Photopolymerization

Recently, new opportunities have arisen with the emergence of 
heat-assisted vat photopolymerization (Figure  2b).[27,68,69] Sep-
pälä and co-workers employed heat during the SLA 3D printing 
of PCL tissue scaffolds in 2011.[42] With working temperatures 
around 43–46 °C, they carried out the solvent-free 3D printing 

of PCL methacrylate with MW of 1550  g mol–1. Although the 
photoinitiator (Irgacure 369, 5 wt%) was dissolved in chloro-
form for resin preparation, no solvent nor diluent was used 
during the printing process as chloroform was evaporated 
before printing. Still, it is not possible to print photopolymers 
with high MW in this range of temperatures.

In 2016, Magdassi, Cohn and co-workers reported the first 
3D printing of PCL methacrylate with MW of 10 000  g mol–1 
(melting point ≈50  °C) by SLA equipped with a custom-
ized heating bath.[27] Due to the semicrystalline nature of 
PCL, various shape-memory complex structures, including 
a meshed vascular stent, could be successfully printed at 
90  °C (Figure  3a). The 3D printed products exhibited much 
better mechanical properties in terms of elasticity and max-
imal strain compared to low MW PCL. The 3D printed speci-
mens showed ultimate stress of about 1.5  MPa and strain at 
break of about 90%, which could be increased to more than 
300% when heated to above the melting point of PCL. Using 
the same polymer, a personalized airway stent was fabri-
cated from a tracheal model and its shape-memory behavior 
was demonstrated (Figure  3a, bottom).[70] Most recently, they 
further improved the 3D printing materials by developing 
poly(propylene glycol)/PCL triblock photopolymers with MW 
ranging from 9700 to 13 700  g mol–1.[71] The 3D printed tra-
cheal stents exhibited largely increased flexibility due to the  
introduction of poly(propylene glycol) segments (typical MW 
of 8000  g mol–1), while maintaining excellent shape-memory 
properties (Figure 3b).

Following the same principle, we have recently built a cus-
tomized DLP printer with heating function.[68] A series of bio-
degradable photopolymers obtained by the copolymerization of 
D,L-LA and CL with MW spanning from 1200 to 15 000 g mol–1 
were printed at 90  °C, with only 8  wt% NVP used to dissolve 
the BAPO photoinitiator (Irgacure 819). The strain at break 
of the 3D printed products could be tuned from 25% to 160% 
along with ultimate stress decreasing from 8.3 to 3.1  MPa. 
In order to further improve the mechanical properties of the 
materials, we introduced a dual-polymer strategy by combing 
four-arm long polymers (MW 15 000  g mol–1) with linear oli-
gomers (MW 600 g mol–1). With a feeding ratio of 75/25 (w/w), 
the resin viscosity was significantly reduced compared to the 
single- polymer resin. The ultimate stress increased to about 
13 MPa with elongation at break remaining higher than 100% 
(engineering stress and strain), benefiting from the enhanced 
crosslinking network. The mechanical performance of the 
3D printed specimens was comparable to that of medical sili-
cone materials for manufacturing airway stents. Subsequently, 
customized biodegradable airway stents with high elasticity 
and mechanical strength were fabricated, for the first time, 
by heat-assisted DLP. When tested in vivo, the stents showed 
good biocompatibility and bioresorption 8 weeks after insertion 
into rabbits’ tracheas (Figure  3d). Therefore, the combination 
of new strategies in material design and emerged 3D printing 
techniques can potentially overcome the challenges in fabrica-
tion of personalized biodegradable medical devices with excel-
lent mechanical performance.

Baker and co-workers employed heat-assisted DLP for the 
3D printing of TMC- and CL-based copolymers.[69] By adjusting 
the molar ratio of the two monomers, the ultimate stress of the 

Adv. Funct. Mater. 2022, 32, 2109864
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photocured specimens could be tuned from 0.2 to 5.4 MPa with 
elongation at break of 50% to 250%. The authors claimed that 
the 3D printed products had slightly lower mechanical perfor-
mance compared to that prepared by photocuring, albeit the 
experimental results were not disclosed. As the printing was 

performed at only 55 °C, the MW of the polymers was limited 
to 3000–4000  g mol–1 and 2-(2-ethoxyethoxy)ethyl acrylate was 
used as a reactive diluent at high concentration (30 wt%), which 
may explain the relatively low mechanical strength. Based on 
these materials, scaffolds with gyroid structure for soft tissue 

Figure 3. 3D printed biodegradable medical implants and scaffolds by heat-assisted vat photopolymerization. a) 3D printed shape-memory stent pro-
totypes from PCL photopolymers. Reproduced with permission.[27,70] Copyright 2016 and 2017, Wiley-VCH. b) 3D printed shape-memory tracheal stent 
from poly(propylene glycol)-PCL block photopolymers. Reproduced with permission.[71] Copyright 2021, Wiley-VCH. c) 3D printed gyroid scaffolds, ear 
model, and vascular model from copolymers of D,L-LA and CL with varied MW, and cell staining after they were seeded on the 3D printed films at 
day 1. Reproduced under the terms of the CC-BY-NC-ND license.[72] Copyright 2020, published by ChemRxiv. d) 3D printed personalized airway stents 
and the insertion in rabbit’s trachea. The implanted stents disappeared after 8 weeks and the tracheal tissue came back to normal after 10 weeks. 
Reproduced under the terms of the CC-BY license.[68] Copyright 2021, The Authors, some rights reserved; exclusive licensee American Association for 
the Advancement of Science. e) BAPO-based polymeric photoinitiator used to print high precision biodegradable scaffolds representing NaCl crystal 
lattice. Reproduced under the terms of the CC-BY-NC-ND license.[36] Copyright 2021, The Authors, published by American Chemical Society.

Adv. Funct. Mater. 2022, 32, 2109864
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regeneration were printed. Interestingly, the higher TMC frac-
tion in the polymer network promoted a better cell adhesion. 
Recently, the same group developed a series of liquid photo-
copolymers from D,L-LA and CL with MW ranging from 1000 
to 10 000  g mol–1 and performed the heat-assisted DLP 3D 
printing at 80  °C.[72] They reported a MW-dependent elasticity 
and mechanical strength of the 3D printed products. The stress 
at break was only in the range of 0.5 –2.7  MPa, likely due to 
the linear polymer structure and high amount of diluent used 
(30  wt%). It was found that the high MW polymer-based net-
works (> 4000 g mol–1) provide higher cell adhesion and prolif-
eration (Figure 3c).

Clearly, heat-assisted vat photopolymerization is providing 
new opportunities to investigate structure–property relation-
ships of biodegradable polymeric 3D printing materials. It per-
mits the manufacturing of biodegradable medical devices from 
the highly viscous photopolymers that are not printable by con-
ventional techniques. In fact, heat-assisted vat photopolymeriza-
tion has been commercialized recently by Cubicure (cofounded 
by Stampfl and co-workers), and is referred to as hot lithog-
raphy.[28] This technique enables DLP 3D printing at tempera-
tures up to 120 °C,[73,74] allowing higher double-bond conversion 
and resulting in higher tensile strength and elastic modulus of 
3D printed objects while maintaining high resolution. Recently, 
Moroni and co-workers developed a low-cost heating stage, which 
can be easily implemented within a commercial DLP printer.[29]

6. Volumetric Printing

Despite its many advantages, heat-assisted vat photopolymeriza-
tion has limitations when the resin viscosity exceeds the printable 
range even at elevated temperature. New 3D printing techniques 
that can overcome this important limit are highly desired. 
Volumetric printing based on tomographic reconstruction rep-
resents such a breakthrough in the field of vat photopolymeriza-
tion.[31–33] In 2019, Taylor and co-workers introduced a computed 
axial lithography technique that allowed the ultrafast fabrication 
of arbitrary geometries volumetrically through photopolymeri-
zation.[31] This was achieved through concurrent printing of all 
points within a 3D object by illuminating a rotating volume of 
photosensitive material with a dynamically evolving light pat-
tern (Figure 2c). Completely abandoning the traditional layer-by-
layer stacking, volumetric 3D printing can circumvent support 
structures and allow printing with highly viscous fluids or even 

solids, but only if they are transparent. Shortly after, Moser and 
co-workers improved the printing resolution to 80  µm, which 
is close to the values achieved with conventional SLA or DLP 
printers.[32] We expect that this technique will further facilitate 
the development of biodegradable 3D printing materials, espe-
cially for the photopolymers with viscosity beyond the printable 
range of heat-assisted vat photopolymerization.

Hecht and co-workers proposed another type of volumetric 
printing strategy called xolography.[34] Different from the prin-
ciple of tomographic volumetric 3D printing using single 
light, xolography employs a dual color technique that relies on 
photoswitchable photoinitiators. It induces local polymerization 
inside a confined monomer volume upon linear excitation by 
intersecting light beams of different wavelengths (Figure  2d). 
Due to the unique two wavelength-triggered radical generation, 
the molecular photoswitch enables fine spatial control of the 
photopolymerization. Also suitable for highly viscous pho-
topolymerization resins, this technique provides much higher 
resolution (≈25  µm) than tomographic volumetric printing. 
Importantly, the concentration of the photoswitch (0.01 wt%) 
is much lower than the photoinitiator concentration in conven-
tional SLA or DLP resins (1–5 wt%). This is particularly inter-
esting for biomedical applications of 3D printed materials as it 
could mitigate the potential safety concerns related to photol-
ysis products of traditional photoinitiators. As both volumetric 
printing techniques require high resin viscosity to prevent 
sedimentation of the 3D printed solid object, long-chain biode-
gradable photopolymers may find their place in the rapid man-
ufacturing of implantable devices.

A drawback of volumetric printing is that only transparent 
resins can be used. This is to ensure minimal diffraction and 
a homogenous light dose independent from penetration depth. 
In addition, the printable size of the object is relatively small 
compared to other techniques. Due to the new requirements 
(e.g., transparency) for the range of compatible photopol ymers 
and the technology’s novelty, volumetric printers are not yet 
established and thus are less accessible than conventional 
SLA and DLP printers. Therefore, heat-assisted vat photo-
polymerization will probably remain the dominant 3D printing 
technique in the close future, especially due to its capability to 
print liquid photopolymers with low transparency and semic-
rystalline photo polymers that are solids at room temperature  
(e.g., PCL-MA). For better comparison, we summarized the 
main features and limitations of the aforementioned 3D 
printing techniques as shown in Table 1.

Table 1. Main features and limitations of vat photopolymerization techniques for manufacturing biodegradable 3D printed medical devices.

Technique Conventional SLA/DLP Heat-assisted SLA/DLP Tomographic volumetric printing Linear volumetric printing

Resolution [µm] 30–100[75] 30–100a) 80–300[32] ≈25[34]

Viscosity [Pa s] 0.25–10[18] <10 at 80–100 °Ca) 4–93[32] 10–80b)

Highest MW  
photopolymers tested

PPF (31 000 g mol–1)  
with 50 wt% DEF[67]

Poly(CL-co-DLLA)-MA  
(15 000 g mol–1) with 8 wt% NVP[68]

NA NA

Limitations Low viscosity Limited speedc) High transparency High transparency

Limited speedc) Limited sized) Limited sized)

a)Estimated value in theory and from the literature (refs. [68–74]); b)Obtained from the information sheet of xolo GmbH; c)Average 20–35 mm h-1 for commercial DLP 
printers obtained from gorillaoutput.com; d)Currently only for small objects in the centimeter range; NA: not available.

Adv. Funct. Mater. 2022, 32, 2109864
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7. Polymeric Photoinitiators

As mentioned above, heat-assisted DLP and volumetric printing 
provide the possibility to 3D print biodegradable devices with 
small amounts of solvents or diluents. However, solvents or dil-
uents are still necessary to facilitate the resin preparation and 
3D printing because most photoinitiators are solids that need 
to be dissolved in the resin. For example, BAPO photoinitiator 
(Omnicure 819, previous trade name Irgacure 819) has become 
one of the most commonly used photoinitiators in SLA and 
DLP, owing to its high absorption in the visible light region[59,76] 
which is particularly important for the 3D printing of biode-
gradable photopolymers with high chain length and hence 
lower crosslinking density. However, BAPO has a melting point 
of ≈130 °C, as well as limited solubility and compatibility with 
the resin, even when photopolymers are in a liquid state.

Grützmacher and co-workers designed a BAPO-based  
 molecule, namely bis(mesitoyl)phosphane (BAP-H), which 
can be derivatized into various functional photoinitiator mole-
cules.[77] A short poly(ethylene glycol) (PEG)-conjugated photo-
initiator was prepared by efficient phospha-Michael addition of 
BAP-H to PEG methyl ether methacrylate (MW 950 g mol–1).[78] 
The resulting BAPO–PEG had good water solubility and strong 
absorption in the visible light region, which enabled high-pre-
cision 3D printing of PEG hydrogels under blue light (460 nm) 
with 0.7 wt% of photoinitiator. The calculated concentration of 
BAPO molecule alone was lower than 0.2 wt%. Interestingly, 
the melting point of BAPO–PEG was only 35  °C due to the 
short PEG chain.[59] This strategy is one step closer to solvent-
free 3D printing resins and subsequent solvent-free biodegrad-
able polymeric implants fabricated by heat-assisted DLP.

Inspired by this work, we synthesized biodegradable poly-
meric photoinitiators with MW around 2000  g mol–1 using 
BAPO-initiated ROP of D,L-LA and CL.[36] The initiators were 
liquid at room temperature and thus easily miscible with 
the biodegradable photopolymers based on D,L-LA and CL, 
allowing solvent-free manufacturing of biodegradable elas-
tomers by heat-assisted DLP (Figure  3e). Importantly, the 
macrophotoinitiators enabled a systematic investigation of 
structure-mechanical property relationships of the photopoly-
mers with MW in the range 1200 –9100 g mol–1, avoiding the 
interference from reactive diluents commonly used in vat pho-
topolymerization. With only 0.5 wt% of BAPO, the 3D printed 
biodegradable elastomers showed good cytocompatibility and 
MW-dependent in vitro degradation profiles. Although the 
solvent-free resins for high-quality printing were limited to the 
photopolymers of lower viscosity with MW up to 9100 g mol–1, 
polymers of higher MW may be potentially printable by volu-
metric printing as the photopolymers and macrophotoinitiators 
were transparent. Thanks to the advanced heat-assisted DLP, 
PCL-based biodegradable shape-memory scaffolds could also 
be printed in the presence of these liquid macrophotoinitiators.

8. Conclusions and Outlook

3D printed biodegradable medical devices have been success-
fully employed in medicine and have already shown their life-
saving potential, exemplified by personalized PCL splints for 

the treatment of severe tracheomalacia.[79–81] Due to its superior 
printing quality and rapid fabrication, vat photopolymerization 
is expected to greatly accelerate the development of personal-
ized implantable devices. The antagonism between the low vis-
cosity of the resin required for high-resolution 3D printing and 
the high viscosity needed to confer high mechanical strength 
has, however, been an obstacle to the implementation of this 
printing method in the biomedical field. To tackle this chal-
lenge, novel strategies are required both from a material and a 
technological perspective:

i) 3D printing material design: In order to obtain implants with 
suitable mechanical properties and degradation profiles, it is 
essential to focus on the design of photopolymers with high 
MW. While long degradable chains bring elasticity and deg-
radability to the system, relatively high crosslinking density 
is needed for sufficient mechanical strength. Dual-polymer 
resins combining long and short photopolymers could be a 
convenient solution to achieve a balance among different key 
properties (e.g., elasticity and strength) and simultaneously 
reduce the viscosity. In addition, more synthetic routes for 
biodegradable photopolymers should be explored. For exam-
ple, the photopolymerizable groups can be introduced by the 
side-group functionalization of ROP monomers, allowing the 
control of the photocrosslinkable sites in the resulting poly-
mers.[82,83] More polymeric topologies (i.e., bottlebrush and 
hyperbranched polymers) that are rarely reported for pho-
topolymerization 3D printing but exhibit potentially low in-
trinsic viscosity could also be investigated.[84,85] Random and 
block copolymerizations can provide various opportunities for 
further tuning the mechanical properties of the crosslinked 
networks. In addition to rational chemical design, machine 
learning and data mining[86,87] are useful tools. By integrat-
ing the viscosities, mechanical properties, and degradation 
behaviors of the reported photopolymers developed either for 
conventional photopolymerization or for 3D printing, these 
tools could generate a material database and help predicting 
3D-printable biodegradable structures with the most promis-
ing properties in specific applications. This might reduce the 
workload for the development of new 3D printing materials, 
especially when considering photopolymerization, 3D print-
ing tests can consume a relatively large amount of synthetic 
materials. Furthermore, various biodegradable polymeric 
photoinitiators could be designed through photoinitiator-
initiated ROP or postconjugation to improve compatibility 
with the photopolymers. Numerous polymeric photoinitia-
tors that have been reported in literature but have not yet 
been applied to vat photopolymerization[88,89] may be worth 
revisiting to evaluate their potential in 3D printing.

ii) 3D printing technique selection: In general, heat-assisted vat 
photopolymerization is highly efficient to print amorphous 
liquid photopolymers or semicrystalline photopolymers 
with a low melting point. So far, heat-assisted vat photopo-
lymerization has allowed the high precision manufacturing 
of implantable devices or scaffolds with tunable mechanical 
performance and degradability, while the fabrication of bio-
degradable materials by volumetric printing has not yet been 
reported. When the resin viscosity exceeds the workable limit 
for heat-assisted SLA or DLP, volumetric printing would 
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show its superiority, but the high-transparency requirement 
for 3D printing resins and the limitation in printable size are 
challenges to be considered. New printing techniques that 
can combine the merits of both methods would be highly de-
sired. CLIP at elevated temperature has not yet been report-
ed, likely due to its lower accessibility compared to SLA or 
DLP. In addition, the oxygen permeability–heat relationship 
will have to be investigated for the optimization of the 3D 
printing performance. If a CLIP printer can be equipped with 
a heating function, the fabrication of biodegradable medical 
devices could be much faster and more efficient.

Overall, significant progress in the development of biodegrad-
able medical devices or implants by vat photopolymerization 
has been achieved. With increasing complexity, the translation 
of these devices/implants toward clinical applications will be a 
challenge, but also a driving force for multidisciplinary research 
involving chemistry, material science, mechanical engineering, 
pharmaceutical science, veterinary and human medicine. On 
the basis of ongoing advancements in both novel materials and 
high precision 3D printing techniques, photopolymerization 
3D printing may eventually revolutionize the manufacturing of 
biodegradable medical implants or devices and become an irre-
placeable tool in personalized medicine.
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