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Closed-loop additive manufacturing of upcycled 
commodity plastic through dynamic cross-linking
Sungjin Kim1, Md Anisur Rahman1, Md Arifuzzaman1, Dustin B. Gilmer2, Bingrui Li2,  
Jackson K. Wilt1, Edgar Lara-Curzio3, Tomonori Saito1*

A sustainable closed-loop manufacturing would become reality if commodity plastics can be upcycled into higher- 
performance materials with facile processability. Such circularity will be realized when the upcycled plastics 
can be (re)processed into custom-designed structures through energy/resource-efficient additive manufacturing 
methods, especially by approachable and scalable fused filament fabrication (FFF). Here, we introduce a circular 
model epitomized by upcycling a prominent thermoplastic, acrylonitrile butadiene styrene (ABS) into a recyclable, 
robust adaptive dynamic covalent network (ABS-vitrimer) (re)printable via FFF. The full FFF processing of ABS-vitrimer 
overcomes the major challenge of (re)printing cross-linked materials and produces stronger, tougher, solvent- 
resistant three-dimensional objects directly reprintable and separable from unsorted plastic waste. This study 
thus offers an imminently adoptable approach for advanced manufacturing toward the circular plastics economy.

INTRODUCTION
Plastics production [currently >400 (megaton) Mt/year] and inciner-
ation are estimated to account for 16% of the global net carbon 
emission by 2050—a significant surge from 2.3% in 2013 (1–5). 
Integrative interventions, including increasing the plastics recycling 
rate and reducing the production demand growth, were simulated 
to reduce carbon dioxide (CO2) emissions by 93% in the best-case 
scenario (6). Thus, establishing the closed-loop circularity of plastics 
is crucial for achieving net-zero carbon emission (7, 8). For example, 
recycling polydiketoenamines with a circular design was reported 
to emit only 1/43 of CO2 compared with producing virgin resins 
without circularity (5). However, the recycling rate of traditional 
plastics remains low because of the deteriorating properties of 
plastics upon recycling and added costs (9). Therefore, developing 
manufacturing paths of plastics with circularity in value-enhancing 
manners is a key enabler toward establishing net-zero carbon 
emissions.

Among manufacturing technologies, additive manufacturing 
(AM) provides on-demand bottom-up three-dimensional (3D) 
material production, which can reduce energy use by 25% and 
materials’ waste and costs by up to 90% from traditional manufac-
turing methods (10, 11). Therefore, if plastic wastes can be turned 
into useful 3D structures with better material performance through 
AM in simple and scalable manners, then such an upcycling ap-
proach can change the paradigm for the circular plastics economy 
(9, 12). In this respect, fused filament fabrication (FFF) is the most 
accessible and user-friendly AM technology and comprised 69% 
of the global 3D printing market share in 2018, thanks to the ap-
proachable printing protocols of layer-by-layer deposition by 
extruded fused polymer filaments (13–15). FFF is also scalable to 
build industry-scale automotive, building, or aircraft parts demon-
strated by the Big Area Additive Manufacturing system (16). However, 
the prerequisite of FFF for materials to be extrudable and printable 

typically excludes the cross-linked thermosets despite their advan-
tages in the thermomechanical and chemical stabilities (Fig. 1A). 
Thus, typical polymers used in FFF have been limited to thermo-
plastics such as acrylonitrile butadiene styrene (ABS), poly(lactic acid), 
poly(carbonate), or poly(ethylene terephthalate), which have ap-
propriate viscoelasticity for extrusion deposition and proper mechani-
cal strength before and after printing. Among them, ABS (produced 
11.17 Mt/year, 2018) is one of the most widely used FFF-printable 
polymers with wide-ranging applications from auto parts to table 
tennis balls and LEGO blocks, owing to its thermomechanical 
toughness, rigidity, and cost-effectiveness (17). If discarded com-
modity thermoplastics like ABS can be upcycled into materials 
with enhanced mechanical-chemical properties and (re)printability 
in desired 3D structures, such a strategy can epitomize transformative 
manufacturing toward better sustainability.

We hereby open a circular upcycling of a commodity plastic 
exemplified by ABS into a higher-performance vitrimer with full 
FFF (re)processability in conventional printing conditions and 
robust printout properties comparable to cross-linked thermosets 
(Fig. 1B). Vitrimer exhibits mechanical robustness and chemical 
resistance because of its covalent network formation, but it can also 
be malleable by reconfiguring reversible cross-links through the 
associative bond exchange at elevated temperature, making it 
recyclable (Fig. 1A) (18–20). Recently, Smaldone and co-workers 
(21–23) developed FFF-printable thermosets based on dissociative 
Diels-Alder bonds that break to depolymerize at high temperature 
for extrusion followed by repolymerization upon cooling to enhance 
the interlayer bonding in the printout. For soft networks like elasto-
mers or gels (24–26), another extrusion AM method such as direct 
ink writing (DIW) has been used for printing cross-linked thermosets 
with the presence of dynamic bonds; however, reprinting the strong, 
robust network by DIW is limited without chemical or thermal 
depolymerization (27). While the previously reported studies shed 
light on printing cross-linked networks with reversible bonds, a 
different approach needs to be developed for upcycling commodity 
plastics and their (re)printing. To design the ABS upcycled to a 
vitrimer system (labeled as ABS-vitrimer) directly (re)printable in 
typical FFF conditions, we used associative imine exchange, which 
has been applied to develop recyclable vitrimers (28–34). In particular, 
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we gave attention to the high apparent activation energy (Ea ≈ 150 
kJ/mol) of transimination among many associative exchange reac-
tions (35), which can be advantageous for FFF printability upon rap-
id heating at the printhead (more discussion in later sections).

Our approach of upcycling ABS into ABS-vitrimer proved 
notable improvements in thermomechanical and chemical ro-
bustness and maintained facile printability by FFF, overcoming the 
major challenge of (re)printing cross-linked materials. We also pos-
tulated that the associative bond exchange between the vitrimer 
layers upon printing could improve the inherently weak inter-
filament bonding and solvent resistance of the FFF-printed structures 
(13, 35–37) without stepwise depolymerization-repolymerization 
or postextrusion cross-linking. In addition, the ABS-vitrimer demon-
strated the multipath recyclability wherein the ABS-vitrimer wastes 
could be easily separated from mixtures with other plastics by 
dissolution or directly reprinted through FFF into useful 3D struc-
tures, and the dissolved unmodified ABS can be again upcycled to 
ABS-vitrimers (Fig. 1B). Thus, this value-enhancing cycle is expected 
to reduce the CO2-equivalent emissions by at least 65% expected from 
simple dissolution-precipitation recycles compared to incineration 

(38). Full FFF processing of cross-linked materials including vitri-
mers is rarely demonstrated, and thus, the ABS-vitrimer convertible 
from discarded wastes to feedstock filaments and then to desired 
3D structures provides unique advantages distinguished from other 
mechanical or chemical recycling methods. The FFF of upcycled 
ABS-vitrimers thus introduces a readily adoptable approach to 
fulfill the intertwined thermomechanical-chemical-environmental 
needs for circular plastics manufacturing (more detailed background 
is available in Supplementary Text).

RESULTS
Our strategy used one-step modification to upcycle the ABS to an 
FFF-printable vitrimer. In ABS, rubbery butadiene segments provide 
ductility and toughness and importantly contain the unsaturated 
double bonds amenable for postfunctionalization (17). We imple-
mented thiol-ene “click” chemistry (39, 40) to functionalize butadiene 
segments with cysteamine, followed by reacting with a short-chain 
dialdehyde (i.e., glutaraldehyde) to produce ABS-vitrimer (see 
Materials and Methods for details). Both cysteamine and glutaral-
dehyde are widely available U.S. Food and Drug Administration/
World Health Organization–enlisted compounds: The former is 
biosynthesized in humans and used as eyedrops for cystinosis, and 
the latter is a disinfectant (table S1). We modified the virgin ABS 
[(A):(B):(S) = 18:18:64 mole percent (mol %)] or its discarded waste 
to attach primary amine groups via the thiol-ene click reaction of 
cysteamine on butadiene groups in ABS (Fig. 2A and fig. S1). The 
reaction mixture visibly turned from a colorless solution into pale 
lime–yellow solution. The 1H nuclear magnetic resonance (NMR) 
results confirmed that the original 18 mol % of butadiene segments 
in ABS were reduced to 4 mol %, along with the corresponding 
increase of aminoethyl thioether, indicating that 14 mol % of the 
segments are attached with primary amines (fig. S2). Subsequently, 
the amine-modified ABS underwent imine formation with the 
glutaraldehyde cross-linker (Fig. 2B) in varied ratios (i.e., indicated 
by ALD-XX, where XX% = [─CHO]/[─NH2]). The reaction mixture 
turned orange pink in different saturations according to aldehyde 
concentrations, followed by curing at 150°C for further transimina-
tion. The imine cross-linking is evidenced by the Fourier transform 
infrared (FTIR) spectroscopy (fig. S3), solid-state 13C NMR (fig. S4), 
and solvent resistance (35, 36) in multiple solvents, including 
tetrahydrofuran (THF), acetone, chloroform, dichloromethane (DCM), 
and dimethylformamide (DMF) (fig. S6) (41). The change of Tg 
(~118° ± 1°C) or thermal stability upon cross-linking was insignifi-
cant, indicating the preservation of thermal processability of ABS 
(table S2 and fig. S5).

Mechanical properties of ALD-0, ALD-08, ALD-17, ALD-33, 
ALD-66, and ALD-124 were assessed by tensile tests and compared 
with untreated ABS (labeled as Neat-ABS) (Fig. 2C). The function-
alization of ductile butadiene segments via the thiol-ene reaction (17) 
reduced the overall toughness of ABS, as seen from ALD-0. Adjusting 
the fraction of ALD cross-linkers—ALD-08, ALD-17, and ALD-33—
controllably improved the strength and toughness, likely because 
the partial cross-linking connected individual chains to increase 
effective overall polymer chain structures responding to the external 
force, which allows chains to be held together longer upon crazing 
against tensile fracture (fig. S7). Compared with the ~3.8 MJ/m3 
toughness and the ~25 MPa ultimate tensile strength (UTS) of 
the Neat-ABS (37, 42), the ALD-33 nearly doubled the toughness 

Fig. 1. Circular model design of upcycling thermoplastics into recyclable vitrim-
er for FFF. (A) Schematic diagram comparing characteristics of traditional thermo-
plastics, thermosets, and vitrimers. (B) Schematic illustration of the circular design 
of upcycling thermoplastics to FFF-(re)printable vitrimer. Dynamic covalent cross-links 
in the vitrimer readily rearranged to enable FFF (re)printing at high temperature 
while enhancing interfilament strength and solvent stability of printouts. The 
photographs show structures printed from the untreated ABS (Neat-ABS) (left) and 
the ABS-vitrimer (right) of a building (top) and an oak leaf before (middle) and after 
(bottom) immersion in tetrahydrofuran (THF) for 48 hours. The ABS-vitrimer preserved 
its structure, whereas the Neat-ABS completely dissolved. Thus, ABS-vitrimer and 
Neat-ABS can be recycled through separation and dissolution-precipitation, respec-
tively, from their waste mixture solution, wherefrom the dissolved Neat-ABS can be 
re-upcycled into ABS-vitrimer (detailed discussion in a later section).
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to ~7.2 MJ/m3 and increased the UTS by 54% to ~38 MPa (Fig. 2, D and E, 
and table S3). When the network was cross-linked with excessive 
cross-linkers (i.e., ALD-124), the plasticity was lost, implying that 
the chain movement beyond the elastic regime was restricted by 
denser covalent cross-links (fig. S7). The UTS of ALD-66 reached 
~44 MPa, which is >80% increase from the Neat-ABS, but the trade-
off in deformability was likewise attributed to the denser network. 
Thus, ALD-33 was selected as the primary formulation to represent 
the imine–cross-linked system for printing and other investigations 
because toughness and ductility are desirable for fracture-free 
preprinting steps and printout properties.

The viscoelastic properties and processabilities were examined 
at temperatures higher than Tg by rheometry on hot-pressed vitrimer 
films (Fig. 3A). The rheological master curve (Fig. 3B and table S4) 
shows that ALD-33 exhibits more solid-like behavior evidenced by 
twofold higher G′ (storage modulus) and slower terminal relaxation 
than Neat-ABS at  ≈ 1 rad/s. In addition, the stress-relaxation test 
was performed to find relaxation times () and their Arrhenius 
behavior, which is widely reported for vitrimers (see Materials and 
Methods for details). Within 100 s, the  of ALD-33 could be deter-
mined for all measured temperatures, and complete relaxation was 
observed at 170°C within 1000 s (fig. S8), indicating that cross-links 
in the network were exchangeable. The temperature dependence of 
 for ALD-33 showed good agreement with Arrhenius law (Fig. 3C 
and table S5), resulting in Ea ≈ 151 kJ/mol, which is consistent with 
previously reported value (~157 kJ/mol) for polyimine vitrimers 
(28, 35). In contrast, the Neat-ABS poorly followed the Arrhenius 
relation, and its obtained  was consistently shorter than that of 

ALD-33 in all measured temperatures (fig. S9 and table S6). Creep 
tests further demonstrated superior thermomechanical stability 
and Arrhenius behavior of the ABS-vitrimer (figs. S10 and S11 and 
table S7). On the basis of these results, the hypothetical topology 
freezing transition temperature (Tv) was estimated to be ~54°C (fig. S9 
and table S8) (43). The Tv is considered as the temperature above 
which the dynamic exchange can occur and can be estimated from 
the extrapolation of the Arrhenius plot (details in table S8) (44). 
Therefore, the dynamic transimination should readily occur in 
the tested temperature range of 130° to 170°C. The Ea of ALD-33 
(~151 kJ/mol) is high among reported vitrimer systems (35), indi-
cating that the system becomes rapidly dynamic upon temperature 
increase toward the extrusion temperature of ~230°C to facilitate 
processing while improving thermomechanical stability near Tg.

The recyclability of ALD-33 was evaluated using dynamic me-
chanical analysis (DMA) (Fig. 3, D and E, and fig. S12) and tensile 
tests (table S9) on samples fractured from the pristine film and then 
repressed at 150°C to reproduce the film up to three cycles (re 1 to 3) 
(Fig. 3A). The DMA profiles of the four samples showed nearly 
identical storage moduli (E′) upon three recycles, indicating a good 
recovery of its elasticity (Fig. 3D). Correspondingly, the Tg determined 
by the DMA tan  peak showed insignificant change throughout 
three recycles, confirming no considerable alteration in elasticity 
and processability (Fig. 3E). The tensile tests on these samples also 
displayed a good recovery of the UTS and ductility (table S9). This 
conservation of network elasticity suggests that the dynamic covalent 
cross-links were restorable during reprocessing cycles. Thus, the 
observed reprocessability proves that the cross-linked ABS-vitrimer 

Fig. 2. Chemical upcycling pathway to synthesize ABS with dynamic imine cross-links and their tailored mechanical properties. (A) The Neat-ABS was modified to 
contain amine groups via thiol-ene reaction of cysteamine with butadiene groups at 60°C by using azobisisobutyronitrile (AIBN) as the initiator. (B) The modified ABS 
underwent the imine formation reaction with glutaraldehyde in the solution state, dried, and then cured at 150°C. (C) Tensile stress-strain curves of Neat, ALD-0, ALD-08, 
ALD-17, ALD-33, ALD-66, and ALD-124. Comparison of (D) toughness (inset is a photo of synthesized ALD-08, ALD-17, and ALD-33 samples with different color saturations) 
and (E) UTS of the specimens in (C). The error bars indicate SDs from at least triplicate measurements.
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can be recycled by reheating without solvents or additives to dissociate 
the network, enabling (re)printability by heating in FFF protocols.

The key to the direct FFF printability of vitrimer is imparting 
fast exchange kinetics and malleability with mechanical integrity 
for self-standing structure during printing. We established a system 
(i.e., ALD-33) with a good balance between strength and deforma-
bility (Fig. 2, C to E) and, importantly, the free ─NH2 groups suffi-
ciently available for facile imine bond exchange with cross-linkers 
(Figs. 2, B to E, and 3, B and C). The  of ALD-33 approaches that of 
Neat-ABS above 170°C (tables S5 and S6) and becomes as short as 0.002 s 
at the typical ABS-printing temperature of 230°C (extrapolated 
from Arrhenius plot in Fig. 3C). On the basis of such fast bond 
exchange and good processability, the ABS-vitrimer was successfully 
printed in common FFF protocols for Neat-ABS involving the feedstock 
filament extrusion (fig. S13), loading, feeding, and printing without 
any postprocessing (see Materials and Methods for details). Dog-bone 
specimens (fig. S14) were printed with transverse (Fig. 4, A to C) 
and longitudinal (Fig. 4, D to F) infill patterns. The tensile strength 
of transverse-printed specimens thus represents the interlayer 
strength because layer joints intrinsically make topological valleys 
where tensile stress concentrates (37). The ALD-33 exhibits ~1.6 
times higher strength in both printing patterns. Notably, the inter-
layer strength of Neat-ABS (~15 MPa) improved to ~25 MPa in 
ALD-33 by incorporating the dynamic imine bonds (Fig. 4, B and C), 
which is a similar value to the original UTS of Neat-ABS films 
(Fig. 2E). Furthermore, the transverse-printed part of ALD-33 
visibly showed better interlayer integration as indicated by smoother 
edge and interlayer joints, whereas the Neat-ABS printout displayed 
curvatures at the edge by the printing path and sharp topological 
valleys at the interlayer joint (Fig. 4G and fig. S15). Thus, dynamic 

cross-linking in the ABS-vitrimer without postprocessing creates 
strong interfilament interfaces, which is typically limited to 3D 
printing of thermosets with postextrusion cross-linking (23). Fur-
thermore, the option to post-anneal the vitrimer samples is also 
available to further enhance the interlayer strength or reduce scratches 
on surfaces (fig. S16). We also examined the solvent resistance of 
specimens immersed in THF to corroborate the cross-linking through-
out the layered structure (Fig.  4H and fig. S17). Despite some 
swelling, the ABS-vitrimer maintained the printed structure well 
and exhibited insignificant mass loss, whereas the Neat-ABS dis-
integrated within 1 hour. This solvent stability thereby supports 
that interlayer covalent bonds preserve the layered structure to 
resist disintegration. Moreover, this solvent resistance enables easy 
separation of ABS-vitrimer from its waste mixtures with Neat-ABS 
or other soluble plastics (e.g., Styrofoam) via a simple dissolution- 
decanting procedure (Fig. 4I). Thus, ABS-vitrimer can be separated 
and readily recycled, and dissolved Neat-ABS waste can be again 
upcycled to ABS-vitrimer (Figs. 1 and 2 and fig. S1). Alternatively, 
we can also decross-link and dissolve the ABS-vitrimer on de-
mand by adding an excess amount of monofunctional amines (e.g., 
octylamine) (29, 32), which provides another possible solution- based 
separation path (fig. S18).

Furthermore, even when mixed with Neat-ABS, the used ABS- 
vitrimer could be directly reprinted using the same printing proto-
cols (Fig. 4J and fig. S19). The discarded ABS-vitrimer wastes were 
fragmented into extruder-feedable sizes and then extruded into 
recycled filaments. The vitrimer wastes could be mixed with 
Neat-ABS wastes to form blends to control the amount and color of 
printouts. The reusability and compatibility of ABS-vitrimer with 
Neat-ABS thus attest that wastes of Neat-ABS, ABS-vitrimer, and 

Fig. 3. Processability and viscoelastic behavior of ABS-vitrimer. (A) Schematics describing the (re)processability of ALD-33. ALD-33 could be hot-pressed into a film at 
150°C, shaped as desired, broken apart, and repressed into a film at 150°C. (B) Rheological behavior at 150°C of Neat-ABS and ALD-33 characterized by frequency sweep 
at 1% strain from small-angle oscillatory shear test and time-temperature superposition (measured 130° to 170°C with 10°C intervals, reference T = 150°C). (C) Arrhenius 
relation from obtained relaxation time () from stress-relaxation profiles of ALD-33 (fig. S8). The deduced Ea is ~151 kJ/mol (see Materials and Methods and table S5 for 
more details). (D) Dynamic mechanical analysis (DMA) of ALD-33 films upon three recycles (re 1 to 3) in oscillation temperature increase from 35° to 130°C (amplitude, 
20 m; frequency, 1 Hz; T ramp rate, 3°C/min). Note that meaningful measurements above 130°C were unavailable using our apparatus configurations because of sample 
deformation of ABS systems (fig. S12). (E) The loss factor (tan  = E″/E′) recorded via the measurement in (D).
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unsorted mixtures produced during any step can be upcycled into 
useful and complex 3D structures difficult to obtain using conven-
tional molding or casting methods such as baskets shown in Fig. 4J, 
instead of being discarded.

We reckon that the short time scale of bond rearrangements (), 
high Ea, and deformability obtained from the rational network 
design make the cross-linked ABS-vitrimer (re)printable and quickly 
develop interlayer bonding upon deposition of melts. These param-
eters shared in this study can serve as useful evaluators for imple-
menting the direct FFF (re)printability (table S10) to other existing 
upcycled vitrimers (19) or future vitrimers. For example, compared 
with a previously reported epoxy vitrimer (45), ABS-vitrimer has 
~1000 times shorter , ~3 times greater Ea, and deformability for 
direct FFF (re)processing/printing and in situ interlayer integration 

(table S11). Thus, upcycling ABS or other commodity thermoplastics 
to FFF-(re)printable vitrimers can be enabled by tuning these design 
parameters to emulate the thermomechanical properties of the 
untreated thermoplastics (tables S5 and S6). Although it is difficult 
to find examples of direct FFF of vitrimer comparable to engineering 
plastics, the ~40 MPa UTS of the ABS-vitrimer exceeds those of 
vitrimers applied in different extrusion-based AM, such as DIW (27). 
Another advantage of ABS-vitrimer FFF resides in the realization 
of intricate 3D geometries with superior structural mechanical 
properties. For example, bioinspired honeycomb structures of 
beetles’ forewings, which are known for their excellent compressive 
properties (46), were facilely printed by FFF of ABS and ABS-vitrimer 
(Fig. 4K). The beetle-inspired ABS-vitrimer printout withheld higher 
load and absorbed more energy upon deformation [i.e., specific 

Fig. 4. FFF of ABS-vitrimers. (A) Computer-aided design (CAD) of a single-layered dog-bone tensile specimen printed in the transverse path. (B) Tensile stress-strain 
curves and (C) UTS of transverse-printed specimens made of Neat-ABS and ALD-33. (D) The CAD, (E) the tensile stress-strain curves, and (F) the UTS of longitudinal-printed 
specimens. (G) Scanning electron microscopy (SEM) images showing edges of the transverse-printed specimens. (H) Solvent resistance of an FFF-printed oak leaf structure 
(0.3 g) over 24 hours in THF (10 ml) at room temperature. The blue Neat-ABS was used for better visual comparison. (I) Separation of ABS-vitrimer from its unsorted waste 
mixture with Neat-ABS and Styrofoam by dissolution in THF followed by decanting. (J) The wastes of Neat-ABS, ABS-vitrimer, or their blends upcycled into 3D-printed 
baskets with different colors by iterating the same FFF protocols. (K) The compressive force-displacement curves of the unit mass (Fload/mspecimen) of beetles’ forewing–inspired 
structures printed from Neat-ABS and ALD-33. (L) Specific energy absorption (SEA) and (M) the yielding Fload/mspecimen at the displacement of ~0.4 mm in (K). The shaded 
area indicates the typical SEA range of a fully filled structure of Neat-ABS. The error bars indicate SDs from triplicate measurements.
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energy absorption (SEA)] than the Neat-ABS. Notably, the SEA of 
ABS-vitrimer printout reached values as high as those of epoxy com-
posites with chopped carbon fibers, which is threefold greater than 
those reported for filled structures of unmodified ABS (Fig. 4, K to M, 
and figs. S20 to S22) (47). The superior SEA obtained by bioinspired 
printing of upcycled ABS-vitrimer, therefore, indicates a path to 
achieve enhanced structural strength with substantially reduced ma-
terial consumption compared with traditional manufacturing routes.

Last, we assessed the generality of our upcycling pathway of 
ABS-vitrimer using alternative cross-linkers of acetylacetate (AcAc) 
functional groups to form vinylogous urethanes by dynamic trans-
amination (figs. S6 and S23 to S28) (48, 49). To our satisfaction, the 
UTS and solvent resistance were enhanced to a similar level reached 
by ALD-33, proving our synthetic approach indeed can be versatilely 
applied to different cross-linking paths to enhance mechanical and 
chemical robustness (figs. S6 and S28). As exemplified by the AcAc 
systems, our thiol-ene click modification strategy for developing 
vitrimers can be greatly expanded material selections of different 
base polymers with alkene groups, branching molecules, and cross-
linkers with diverse length, structure, and exchange groups to 
control material properties. This study thus provides a platform for 
developing other FFF-printable vitrimer and vitrimer composites 
for foreseeable applications ranging from electronics, vehicles, and 
robotics to biomedical therapeutics (50–52).

DISCUSSION
Our findings here offer an opening model to upcycle plastic wastes 
into elaborate 3D-printed structures of robust, recyclable cross-linked 
materials, and the strategy should be especially applicable to various 
currently printable commodity thermoplastics (39). The facile 
upcycling from existing commodity thermoplastics and the manu-
facturability of complex objects, such as beetle-inspired structures, 
enable multiple value-enhancing circular models. The design and 
evaluation of the ABS-vitrimer for the full FFF printing shared in 
this work present a tangible example to benchmark and apply FFF 
printability without modifying approachable printing protocols and 
conditions to the broad range of existing or future vitrimer materials. 
The approach of upcycling commodity plastics into materials with 
higher-value structures and properties through an accessible AM 
technique provides an imminently adoptable and pragmatic strategy 
toward establishing closed-loop circular manufacturing.

MATERIALS AND METHODS
Materials
ABS (molar mass of 211.3 g/mol) polymer pellets were purchased 
from 3DXTECH (Michigan, USA). Cysteamine, azobisisobutyronitrile 
(AIBN), glutaraldehyde, and octylamine were purchased from Sig-
ma-Aldrich. All solvents used in this study including ethanol, THF, 
acetone, DCM, chloroform, and DMF were reagent grade purchased 
from Sigma-Aldrich. All chemical ingredients were purchased from 
Sigma-Aldrich unless specified otherwise.

Synthesis of ABS-vitrimers
The virgin or discarded ABS pellets were dissolved in a minimal 
amount of THF, and then the butadiene segments were functionalized 
with amine groups via thiol-ene reaction (39, 40, 53) triggered by 
adding cysteamine of more than 5× the molar equivalent amount to 

ethylene fractions in ABS (18% measured by 1H NMR; see fig. S2 for 
more details) and AIBN as the radical initiator of 0.5× molar equiv-
alent to the ethylene fraction in ABS following the reported method 
(54). The reaction proceeded at 60°C for 18 hours or longer with 
continuous stirring. The reaction was halted by cooling the reaction 
mixture to room temperature, and then the THF was removed via 
rotary vaporization. The product was then purified by precipitating 
in ethanol three times. The precipitates were obtained by decanting 
and filtering and then dried under vacuum at room temperature 
overnight. The products were characterized with 1H NMR to quan-
tify the amine-functionalized molar fraction (14 mol %) (fig. S2). 
The products were then mixed with glutaraldehyde or AcAc 
cross-linkers with desired ratios (i.e., different [─CHO]/[─NH2]) 
in THF. The reaction continued longer than 5 hours at room tem-
perature under continuous stirring. Then, the solvent was removed 
by vacuum, and the cross-linked product was further cured in a 
vacuum oven at 150°C for longer than 3 hours.

Synthesis of AcAc cross-linkers
For the synthesis of AcAc cross-linkers, please see the Supplementary 
Materials (figs. S23 to S26).

Spectroscopic characterizations
1H NMR spectra were recorded with a Bruker Avance III 400 NMR 
spectrometer (400 MHz) (Massachusetts, USA) on the sample 
dissolved in THF-d8 or CDCl3 and analyzed with Bruker TopSpin 
software version 4.0.9 with the reference of THF-d8 or CDCl3 as the 
solvent. FTIR spectra were recorded with the Thermo Fisher Scientific 
Nicolet iS50 FTIR spectrometer (Massachusetts, USA) using the 
transmission mode on polymer film samples. The 13C NMR spectra 
were collected on a Varian VNMRS spectrometer (California, USA) 
operating at 700 MHz 1H frequency using a 3.2-mm T3 triple reso-
nance Varian probe. The spectra were collected using a standard 
echo experiment at 22.5-kHz magic angle spinning rate (srate) with 
1H decoupling. The echo time was 1/srate. The spectra were collected 
with a recycle delay of 100 s with ~2000 scans.

Tensile analysis
Tensile stress-strain curves were obtained by using an Instron 3343 
Universal Testing System (Massachusetts, USA) with a 1-kN load 
cell following the ASTM D1708 standard. Samples were prepared 
by hot pressing (0.7 metric ton) at 150°C for 30 min to make a film 
followed by punching to cut the dog-bone films with a total length 
of 18 mm, a gauged length of 7.0 mm, a gauged width of 2.52 mm, 
and an average thickness of 0.20  mm. For the tensile tests of 
3D-printed specimens, please refer to the “FFF 3D printing” section. 
The samples were tested at room temperature. Samples were 
elongated at the rate of 1 mm/s until failure. Toughness was calcu-
lated from the area under the stress-strain curve. The mechanical 
properties were reported from the average of at least three speci-
mens for each sample.

Dynamic mechanical analysis
Dynamic mechanical property analyses were carried out by TA 
Instruments DMA 850 System (Delaware, USA) by using a film 
tension clamp. The same dog-bone films used in the tensile analysis 
were used for characterization. Samples were tested at temperatures 
ranging from 35° to 130°C at a ramp rate of 3°C/min, with a fre-
quency of 1 Hz and an amplitude of 20 m.
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Differential scanning calorimetry
The differential scanning calorimetry (DSC) analysis was performed 
using TA Instruments Q1000 DSC (Delaware, USA). Approximately 
5  mg of samples was measured into standard sealed aluminum 
T-Zero pans. A heating cycle was then run from 25° to 200°C at a 
heating rate of 10°C/min under nitrogen with a 5-min isotherm 
at the maximum and minimum temperature. The specimens were 
subjected to three heating cycles.

Thermogravimetric analysis
The thermogravimetric analysis (TGA) was performed for assessing 
the thermal decomposition. The ~10 mg of sample was prepared and 
run from room temperature to 800°C at a heating rate of 10°C/min 
under nitrogen on a TA Instruments Q-50 TGA (Delaware, USA).

Rheological measurements
Rheological measurements were performed with a TA Instruments 
AR2000ex rheometer (Delaware, USA) using 4-mm aluminum 
parallel-plate geometry. For frequency sweep and stress relaxation 
experiments, the samples were tested at temperatures of 130°, 140°, 
150°, 160°, and 170°C by applying a constant strain at 1%. The fre-
quency sweep tests were performed at a 0.1- to 100-rad/s frequency 
range and then processed through time-temperature superposition 
to generate master curves at a reference temperature of 150°C via TA 
Instrument TRIOS software by using the Williams-Landel-Ferry 
equation (table S4). The relaxation modulus G(t) (Pa) was recorded 
up to 1000 s at a constant temperature. The  (s) were determined 
following the widely used custom to evaluate stress relaxation of 
vitrimers as the time when G(t)/Gi became 1/e (~36.8%) from the 
Maxwell model (Eq. 1), where Gi (Pa) is the modulus at time 0.1 s 
when the strain was stabilized at the set value

   G(t ) =  G  i   exp  (  −   t ─    )     (1)

The creep test was performed at 130°, 140°, 150°, and 160°C at a 
constant stress of 50,000 Pa. Before each rheological measurement, 
the sample underwent thermal equilibration for 5 min. The tem-
perature dependence of obtained  was fitted with the following 
Arrhenius relation (Eq. 2) (36, 48, 55)

   (T ) =    0   exp (      E  a   ─ RT   )     (2)

where (T) is the relaxation time (s) measured at temperature T 
(K), 0 is the characteristic relaxation time at infinite temperature 
(s, Arrhenius prefactor), Ea is the apparent activation energy (J/mol), 
and R is the ideal gas constant (J/mol·K).

Chemical-solvent resistance test
The chemical resistance of the samples was tested by immersing 
each sample in more than 30 times the volume of acetone, THF, 
chloroform, DCM, or DMF at room temperature. The dissolution 
was visually observed and compared within 24 hours unless speci-
fied otherwise. When separating the ABS-vitrimer from unsorted 
plastic waste mixtures, THF was used to dissolve the dissolvable 
plastics followed by decanting the supernatant solution.

Fabrication of polymer filaments
The polymer filaments were produced and spooled by using the 
Filabot Ex2 Extruder and Spooler System (Vermont, USA). The 

polymer pellets or particles were fed into the hopper and extruded 
at 230°C through a 1.75-mm die nozzle. The formed filament was 
wound onto a spool by using the spooler at ambient temperature 
(fig. S13). The extrusion and winding rates were adjusted to stably 
produce the 1.75-mm-thick filament wound onto a spool.

FFF 3D printing
The FFF 3D printing was performed using a Hyrel 3D System 30M 
(Georgia, USA). The 1.75-mm polymer filaments were loaded into the 
filament feeder of the printer and continuously fed during printing. 
The polymer was extruded at 230°C, the typical extrusion temperature 
of ABS through a 0.5-mm hothead nozzle and deposited onto the 
hotbed stage. The hotbed stage temperature was 90° to 100°C. The 
printing infill pattern was designed to print single- layered tensile 
dog-bone specimens that were 0.2× size of ASTM D638 type I (i.e., 
full length of 33 mm, gauged width of 3.0 mm, grip width of 4 mm, 
and thickness of 0.5 mm) in either transverse or longitudinal paths of 
printed layers (fig. S14). The corresponding G-code was coded via 
Ultimaker Cura software version 4.7.1 and was used to print Neat-ABS 
and ABS-vitrimers. The deposited samples were carefully retrieved 
after 5 min without any postmodification. The 3D-printed tensile 
specimens were subjected to the aforementioned tensile test condi-
tions. Likewise, the same G-codes and printing parameters for other 
printout structures were used to print Neat-ABS, ABS-vitrimer, or 
their mixtures.

Scanning electron microscopy
The surface morphological properties of 3D-printed samples were 
characterized by a Zeiss Auriga focused ion beam–scanning electron 
microscopy (SEM) system (Germany). All samples were sputter- 
coated with gold for 10 s before imaging, and images were obtained 
with an operating voltage of 5 kV.

Compression test
The compression tests were performed at ambient conditions by 
using an MTS 808 electromechanical testing machine (Minnesota, 
USA) and a die-set fixture at a constant crosshead displacement rate 
of 20 m/s. The compression specimens were printed in cuboid 
structure (width by length by thickness: 15.5 mm by 15.5 mm by 
5 to 7 mm, 1.0 to 1.5 g) with cross-sectional geometry inspired by 
the honeycomb structures of beetles’ forewings (56). The SEA that 
estimates the ability of a unit mass of a material to dissipate crushing 
energy through plastic deformation is defined as follows

  SEA =  ∫0  
 d  max  

      F(x) ─ m   dx  (3)

where m is the mass of the energy-absorbing material (g), F(x) is the 
compressive force [i.e., load (kN)] at the displacement x (mm), and 
dmax is the maximum displacement (mm) before material densifica-
tion where the slope of F(x) surges at a later stage. See figs. S20 to 
S22 for more details.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn6006

View/request a protocol for this paper from Bio-protocol.
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