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Ultrafast and High-Precision 3D Printing via Type-I-Initiated 
Xanthate-Mediated RAFT Polymerization 
Zhihan Yuan,a Yixiang Zhang,a Ying Meng,a Xiaofeng Pan,a Na Li,*a Jiajia Li,*a and Jian Zhu*a

Photopolymerization-based 3D printing offers outstanding spatial and temporal control; however, achieving high build 
speeds without sacrificing network precision remains challenging, particularly for living/controlled polymerization systems. 
Herein, we report an ultrafast, high-resolution photo-RAFT 3D printing platform enabled by xanthates in combination with 
a Norrish type I photoinitiator. This strategy allows practical build speeds (3-30 cm h-1) even at high RAFT concentrations. 
Through rational modification of the xanthate Z group and blending of xanthates with distinct controllability, the 
homogeneity and mechanical properties of the polymer networks can be continuously tuned without compromising printing 
fidelity. The printed objects retain active RAFT chain ends, enabling post-printing welding and multimaterial integration. This 
work establishes a versatile, application-oriented RAFT-based 3D printing framework that integrates ultrafast fabrication, 
precise network control, and programmable mechanical functionality.

Introduction
Three-dimensional (3D) printing, or additive 

manufacturing, has rapidly emerged as a transformative 
technology across aerospace, microelectronics, biomedical 
engineering, and soft robotics, enabling rapid prototyping and 
the fabrication of complex, customized objects directly from 
digital models.1-5 Among the various manufacturing routes, 
photopolymerization-based 3D printing has become the 
dominant strategy for constructing tailored polymeric materials 
owing to its high spatial resolution and precise temporal 
control.6-11 Although substantial efforts have been devoted to 
optimizing resin formulations to tailor material properties, 
comparatively less attention has been paid to regulating the 
polymerization process itself—despite its critical role in 
determining polymer network structure and, consequently, the 
ultimate performance of printed materials. Conventional 
photopolymerization-based 3D printing predominantly relies 
on free-radical, cationic, or hybrid polymerization mechanisms, 
which inherently provide limited control over polymer network 
formation. In contrast, living/controlled polymerization 
techniques, such as living cationic polymerization and reversible 
deactivation radical polymerization (RDRP), offer exceptional 
control over molecular weight, molecular weight distribution, 
monomer sequence, and polymer topology.12-14 Beyond 
molecular-level precision, these techniques also enable 
controlled network formation, thereby holding considerable 

promise for photopolymerization-based 3D printing.15-20 
However, their practical implementation in photoinduced 3D 
printing remains challenging due to intrinsic limitations, 
including slow polymerization rates, the frequent requirement 
for inert atmospheres, and limited tolerance to ambient 
conditions.

A major breakthrough was achieved in 2019, when 
reversible addition–fragmentation chain-transfer (RAFT) 
polymerization—one of the most versatile RDRP methods—was 
successfully adapted for photoinduced 3D printing. Boyer and 
co-workers developed photoinduced electron/energy transfer-
RAFT (PET-RAFT) 3D printing, which operates under open-air 
conditions and affords a build speed of 1.2 cm h-1, enabling 
excellent control over the mechanical properties of printed 
objects and allowing post-printing functionalization.21 Jin and 
Bagheri subsequently demonstrated photoiniferter RAFT 3D 
printing, which requires neither external photoinitiators nor 
photocatalysts; however, deoxygenation is necessary and the 
attainable build speed is limited (<0.5 cm h-1).22 Later, Norrish 
type I photoinitiated RAFT (NTI-RAFT) polymerization was 
introduced, enabling rapid, high-resolution 3D printing with 
build speeds increased to 9.1 cm h-1.23 Our group further 
reported oxygen-tolerant and accelerated 3D printing via 
xanthate-mediated photoiniferter RAFT polymerization, 
achieving faster build speeds than those obtained using 
trithiocarbonates.24 More recently, Wu, Boyer, and An 
developed an open-air, ultrafast photoiniferter polymerization 
system for 3D printing of low-viscosity resins using a computer-
guided molecularly designed photoiniferter (8s per layer).25 
Other RDRP techniques have also been elegantly incorporated 
into photoinduced 3D printing. Spangenberg and co-workers 
realized two-photon-induced nitroxide-mediated 
polymerization (NMP) for 3D direct laser writing, enabling 
multimaterial microstructures through successive 
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photoinduced surface reconfigurations.26 Pang and colleagues 
developed a visible-light-induced ATRP system employing 
carbon quantum dots (CQDs) as photocatalysts, enabling ATRP-
based 3D printing of hydrogels under aqueous conditions.27 In 
addition, our group demonstrated that cationic RAFT 
polymerization offers significant advantages for 3D printing, 
including faster polymerization kinetics and diminished 
retardation effects, allowing higher RAFT concentrations to be 
employed and thereby expanding the mechanical tunability of 
printed networks.28-30

Despite these advances, further enhancing RAFT-based 3D 
printing speed, particularly at high RAFT concentrations remains 
challenging, which is essential for tuning the mechanical 
properties of the printed materials. Although NTI-RAFT can 
achieve high build speeds, these were obtained using large layer 
thicknesses, which compromise z-axis resolution.23 Moreover, 
the relatively low RAFT concentrations limit the tunable range 
of mechanical properties. Herein, we report an ultrafast, high-
precision RAFT-based 3D printing strategy that employs 
xanthates in combination with a Norrish type I photoinitiator, 
enabling rapid printing even at high RAFT agent concentrations. 
By modifying the Z group of the xanthate chain transfer agent 
(CTA), we retain excellent control over network formation while 
significantly accelerating the polymerization rate. Furthermore, 
blending xanthates with different controllability enables precise 
modulation of the mechanical properties of the printed 
networks. The versatility and performance of this platform 
establish a robust and application-oriented RAFT-based 3D 
printing methodology that integrates rapid polymerization, high 
structural fidelity, and tunable material functionality.

Results and discussion
To construct a fast RAFT-3D printing platform, we first 

evaluated the polymerization kinetics of a model resin 
composed of poly(ethylene glycol) diacrylate (PEGDA200), a 
xanthate (ethyl 2-((ethoxycarbonothioyl) thio) propanoate, 
EXEP), and a Norrish type I photoinitiator (diphenyl (2,4,6-
trimethylbenzoyl)phosphine oxide, TPO) (Figure 1A). Real-time 
attenuated total reflection Fourier-transform infrared (ATR-
FTIR) spectroscopy revealed that polymerization proceeded 
sluggishly and more than 30 s was required to achieve high 
monomer conversion in the absence of TPO (Figure 1B). By 
contrast, the formulations containing TPO reached a conversion 
plateau within 10 s, indicating that TPO markedly accelerates 
the consumption of the dissolved oxygen (Figure 1C).  A ratio of 
[CTA]0:[TPO]0 = 1:0.15 was adopted for subsequent 
experiments due to that excess initiator may compromise 
polymer chain-end fidelity. Increasing the EXEP loading up to 20 
mol% relative to PEGDA did not diminish the rapid 
polymerization kinetics (plateau within 15 s; Figure 1D), 
highlighting the robustness of the EXEP/TPO system even at 
high RAFT concentrations. For comparison, a trithiocarbonate, 
2-ethylthiocarbonylsulfanyl-propionic acid ethyl ester (ETSPE), 
in which the Z-group oxygen of EXEP is replaced with sulfur, was 
utilized for the photopolymerization. Under identical 
conditions, ETSPE exhibited significant monomer conversion 
only at low CTA loadings and low conversion even after 60 s at 
higher loadings (Figure 1E). This behaviour can be attributed to 

pronounced retardation and the light absorption of the RAFT 
agent, which interferes with the photoinitiator, thereby 
evidencing less favourable kinetics for high-speed printing.

Fig. 1 A) Resin formulations used for the RAFT-3D printing. Monomer conversion versus 
time with different resin formulations: B) [PEGDA200]0:[EXEP]0 = 100:x; C) 
[PEGDA200]0:[EXEP]0:[TPO]0 = 100:1:x; D) [PEGDA200]0:[EXEP]0:[TPO]0 = 100:x:0.15; E) 
[PEGDA200]0:[ETSPE]0:[TPO]0 = 100:x:0.15.

The practical printing performance of these resins was 
evaluated using a commercial digital light processing (DLP) 3D 
printer (M-One Pro, 405 nm, 6 mW cm-2). The actual build 
speeds (ν) were calculated based on target layer thickness, 
exposure time per layer, target and actual sample thickness and 
calculated using the following equation:

𝑣 =
𝑙1𝑙2 

𝑡𝑙3

where 𝑡 represents exposure time per layer and 𝑙1, 𝑙2 and 𝑙3 are 
target layer thickness, actual sample thickness and target 
sample thickness, respectively. As summarized in Figure 2A and 
Table S1, ν increased as the TPO loading was raised from 0.10 
to 0.15 equiv relative to the CTA, whereas further increases in 
TPO had a negligible effect, indicating saturation of the radical 
flux. Under the optimized conditions (0.15 equiv TPO and a 0.10 
mm layer thickness), build speeds exceeding 30 cm h-1 were 
consistently achieved with an exposure time of only 1 s per 
layer—the hardware minimum—suggesting that even higher 
speeds may be attainable with faster light modulation. In 
contrast, ETSPE-based resin formulations exhibited 
substantially lower build speeds (4.6–10.0 cm h-1 over printing 
thickness per layer of 0.05–0.20 mm; Figure 2B, Table S2), even 
when the TPO content was increased to 50 mol% of the CTA. At 
higher ETSPE loadings, printing failure and poor cure fidelity 
were observed, restricting their practical utility. Conversely, 
EXEP-based systems tolerated CTA loadings as high as 20 mol% 
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relative to PEGDA while maintaining acceptable ν values (Figure 
2C, Table S3), thereby providing a broader compositional 
window for tuning the mechanical properties of the printed 
objects. For comparison, build speeds were also measured for 
photoiniferter RAFT systems operating without a type I 
photoinitiator. As shown in Figure 2D and Table S4, the 
maximum attainable build speed under these conditions was 
limited to 3.01 cm h-1. Notably, this value was achieved only at 
high EXEP concentrations, likely because initiating radicals are 
generated through direct photolysis of the xanthate. The build 
speed of a formulation lacking EXEP was also evaluated and 
found to be comparable to that of the EXEP/TPO system (Table 
S5), indicating that incorporation of an appropriate amount of 
EXEP does not adversely affect printing speed. These results 
underscore the practical viability and robustness of the 
proposed RAFT-based 3D printing platform.

Fig. 2 Printing speed of different printing thickness per layer with a molar ratio of 
A) [PEGDA200]0:[EXEP]0:[TPO]0 = 100:1:x; B) [PEGDA200]0:[ETSPE]0:[TPO]0 = 100:1:x; 
C) [PEGDA200]0:[EXEP]0:[TPO]0 = 100:x:0.15; D) [PEGDA200]0:[EXEP]0 = 100:x.

Although EXEP exhibits a significantly accelerated 
polymerization rate, its relatively modest control over the 
polymerization process leads to broader molecular weight 
distributions and stiffer polymer networks compared to 
trithiocarbonates. To address this limitation, we explored 
another xanthate, ethyl 2-((phenoxycarbonothioyl) thio) 
propanoate (PXEP), which has demonstrated excellent control 
in visible light-induced RAFT polymerization.31 As depicted in 
Table 1, photoinduced RAFT polymerization of butyl acrylate 
(BA) using EXEP, PXEP, and ETSPE yielded polymers with 
dispersities (Ð) of 1.48, 1.18, and 1.06, respectively (Entries 1-
3), indicating that PXEP markedly improves controllability 
compared to EXEP while retaining a reasonably fast 
polymerization rate, achieving monomer conversion exceeding 
90% within 7 minutes. Importantly, blending EXEP and PXEP at 
defined molar ratios enables systematic modulation of 
dispersity, providing a facile strategy for tuning polymer 
network microstructure and the resulting macroscopic 
properties. Furthermore, the successful chain extension of all 
these polymers suggested high chain-end fidelity. (Figure S1).

Tensile testing of dumbbell-shaped specimens printed 
using different CTAs under optimized conditions 
([PEGDA200]0:[CTA]0:[TPO]0 = 100:1:0.3) was performed to 
evaluate their influence on mechanical performance. Moreover, 
all printed objects were post-cured in a photocuring oven for 10 
minutes to further consume the residual monomer. As shown 
in Figures 3B and 3C, materials derived from PXEP and ETSPE

Table 1 RAFT polymerization of BA with a molar ratio of [BA]0:[CTA]0 = 50:1 under 405 
nm LED light irradiation (60 mW cm-2) at 25 °C.

Entry CTA
Time 
(min)

Conv. 
(%)

Mn, th
[a]

Mn, SEC
 [b] Ð

1 EXEP 5 98.3 6500 6300 1.48

2 PXEP 7 97.2 6500 6000 1.18

3 ETSPE 480 93.4 6200 5800 1.06

4
[EXEP]0:[PXEP]0 

= 0.7:0.3
5 95.7 6400 6700 1.34

5
[EXEP]0:[PXEP]0 

= 0.3:0.7
5 98.6 6600 6500 1.26

[a] Calculated based on conversion (Mn,th = [M]0/[CTA]0×MBA×conversion + MCTA). [b] 
Determined by tetrahydrofuran (THF) SEC using polystyrene (PS) calibration.

Fig. 3 A) SEC curves of PBA obtained in Table 1; B) Stress-strain curve and C) Young’s 
modulus of dumbbell-shaped specimens printed using different CTAs with a molar ratio 
of [PEGDA200]0:[CTA]0:[TPO]0 = 100:1:0.3; D) Build speeds of PXEP-formulated resins with 
a molar ratio of [PEGDA200]0:[PXEP]0:[TPO]0 = 100:1:x with different printing thickness per 
layer.
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exhibited comparable Young’s moduli, whereas EXEP-based 
networks displayed significantly higher stiffness, indicative of a 
more heterogeneous network architecture arising from 
reduced control over polymer chain growth. Crucially, PXEP-
formulated resins achieved build speeds comparable to those 
of EXEP systems (Figure 3D, Table S6), thereby establishing 
PXEP as a superior CTA for balancing polymerization rate and 
network controllability in RAFT-based 3D printing.

Furthermore, the mechanical properties of the printed 
materials can be continuously tuned by varying the CTA 
composition.32-33 Increasing EXEP content from 0.5 to 20 mol% 
systematically reduced Young’s modulus (Figure 4A). 
Meanwhile, dynamic mechanical analysis (DMA) revealed that 
the full width at half maximum (FWHM) of the tan δ peaks 
decreased with increasing CTA concentration (Figure 4B), 
indicating the formation of a more homogeneous network with 
reduced chain entanglement, which is consistent with the 
tensile test results. In addition, blending EXEP and PXEP enabled 
precise modulation of network stiffness by adjusting their molar 
ratios (Figure 4C). A higher PXEP content resulted in a lower 
Young’s modulus and narrower FWHM (Figure 4D), verifying 
that PXEP provides better controllability than EXEP over 
network formation. 

Fig. 4 A) Young’s modulus of dumbbell-shaped specimens printed using EXEP with 

a molar ratio of [PEGDA200]0:[EXEP]0:[TPO]0 = 100:x:0.15; B) Tan δ versus 

temperature curves of dumbbell-shaped specimens printed using EXEP with a 

molar ratio of [PEGDA200]0:[EXEP]0:[TPO]0 = 100:x:0.15; C) Young’s modulus of 

dumbbell-shaped specimens printed using EXEP and PXEP with a molar ratio of 

[PEGDA200]0:[EXEP]0:[PXEP]0:[TPO]0 = 100:a:b:0.3; D) Tan δ versus temperature 

curves of dumbbell-shaped specimens printed using EXEP and PXEP with a molar 

ratio of [PEGDA200]0:[EXEP]0:[PXEP]0:[TPO]0 = 100:a:b:0.3.

These macroscopic trends demonstrate the effective 
modulation of printed network properties afforded by RAFT 
polymerization. The practical impact of these tunable materials 
was further verified by printing two macroscale objects using 
formulations that differed only in EXEP content. Under an 
applied load of 100 g, the high-EXEP (20 mol% of PEGDA200) 
object exhibited substantially greater deformation than its low-
EXEP (1 mol% of PEGDA200) counterpart (Figures 5A and 5B). 

Moreover, objects with distinct mechanical properties could be 
welded after surface coating with PEGDA and TPO followed by 
light irradiation, owing to the preservation of RAFT chain ends, 
which enables post-printing modification. The interfaced 
components fused robustly and displayed differential 
deformation under external force, illustrating a versatile 
strategy for the construction of multimaterial architectures 
(Figures 5C, 5D and 5E).

Fig. 5 Digital image of A) the printed tables with no weights; B) the printed tables 
supporting 100 g weights; C) the welded tables; D) the welded tables exerted by a 
downward force; E) The mechanism of polymer welding.

To evaluate the printing resolution, a precision model was 
fabricated using a formulation composed of 
[PEGDA200]0:[EXEP]0:[TPO]0 = 100:1:0.3. As shown in Figure S4, 
scanning electron microscopy revealed sharply defined features 
and smooth surfaces at 50 µm resolution, although slight 
overcuring was observed at the edges of the printed model. The 
addition of a small amount of curcumin (0.28 mol% of CTA) as a 
UV blocker further enhanced the printing resolution (Figure 
6A). Furthermore, hollow grid models were printed at layer 
thicknesses of 200, 100, and 50 µm, respectively, with exposure 
times of 2 s, 2 s, and 1 s per layer. All constructs exhibited well-
resolved geometries and high build speeds (Figures 6B-6D), 
demonstrating that rapid printing and fine structural resolution 
can be simultaneously achieved in this photo-RAFT system.

Fig. 6 A) Digital and SEM images of the printed precision model; Digital image of the 
printed hollow grid model with a printing thickness per layer of B) 0.05mm; C) 0.1mm; 
D) 0.2mm.

Conclusions
In summary, we have developed an ultrafast, high-

precision photoinduced RAFT-3D printing strategy by 
integrating xanthate-mediated polymerization with type I 
photoinitiation. This approach overcomes limitations of RAFT-
3D printing, namely slow polymerization rates and restricted 
RAFT loading, by enabling rapid build speeds (>30 cm h-1) while 
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maintaining excellent network control and high printing 
resolution. Through rational xanthate design and blending, 
polymerization kinetics and network homogeneity can be 
systematically modulated, allowing predictable tuning of 
mechanical properties. Importantly, the preservation of RAFT 
chain ends permits post-printing welding and multimaterial 
assembly, extending the functionality of printed objects beyond 
static structures. Collectively, this work establishes a robust and 
generalizable RAFT-3D printing platform that bridges high-
throughput manufacturing with precision polymer network 
engineering.
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