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Abstract 

3D printable elastomers capable of self-healing are attractive for fabricating complex biomimetic 

and soft-robotic devices. While polymer network reorganization can be enabled with dynamic 

bond exchange, this strategy typically faces intrinsic tradeoffs between healability, processability, 

and mechanical performance. Thus, new material design strategies that can subvert these tradeoffs 

are needed. Here, we report the use of multivalent polymer-grafted nanoparticles (PGNPs) as 

reinforcing fillers for self-healing photoresins. As each nanoparticle is functionalized with 

thousands of polymer chains engaging in multivalent interactions with the surrounding elastomeric 

matrix, the bulk modulus of the composite can be increased without impairing the local segmental 

motion of polymer chains necessary for self-healing. We also examine PGNP structural parameters 

to establish structure-property relationships that permit fine-tuning of composite mechanical 

performance. Finally, these enhancements do not impair the materials’ manufacturability, as they 

can be used as feedstocks for digital light printing to produce complex and high-resolution 3D 

objects. 

 

 

 



Elastomeric materials that can heal after experiencing mechanical damage are of significant 

interest for use in complex soft devices in fields such as biomedicine and soft robotics.1–3 However, 

modifying the composition of an elastomer to impart self-healing capacity typically comes at the 

expense of mechanical properties.4–7 For example, the incorporation of large quantities of weak, 

reversible crosslinks (e.g. supramolecular bonds) can  facilitate self-healing via molecular 

reassociation.8 However, a reliance on many weak crosslinks tends to make materials vulnerable 

to creep.9,10 Conversely, good self-healing can also be achieved with smaller quantities of stronger 

reversible crosslinks (e.g. 1-2% of dynamic covalent bonding groups), but only if the polymer 

network is soft enough to allow long-range polymer motion.11,12 Thus, most strategies to impart 

self-healing to elastomers exhibit an intrinsic trade-off between modulus and healing capacity that 

limits the practical utility of many conventional self-healing polymer materials.13–16 

The task of achieving both strong and healable polymer materials is made even more difficult by 

requirements for processability. Notably, many of the most pertinent uses of self-healing 

elastomers benefit from the fabrication of complex 3D shapes using techniques like additive 

manufacturing (AM), particularly vat photopolymerization (VP).1,2,17 VP involves the iterative, 

layerwise illumination of patterned light into a vat of photoactive resin and is ideal for 3D printing 

materials with controlled chemical composition as it polymerizes from liquid-phase feedstocks.18 

Despite its potential, the design of VP-compatible elastomeric resins is non-trivial, as constraints 

on viscosity, resin chemistry, and photopolymerization environment typically result in lowered 

conversion rates and reduced polymer molecular weights that hinder mechanical performance.19–

21 The synthesis of  photopolymers that balance printability, capacity for self-healing, and 

controlled mechanical properties requires is thus a complicated challenge. 



Some methods to simultaneously enhance healing and modulus in printed polymer networks have 

been explored with moderate success, indicating potential routes forward in addressing this 

difficulty. For example, fast exchanging weak bonds (i.e. hydrogen bonds) can be combined with 

dynamic covalent chemistries to reinforce a loosely crosslinked material.22–24 The use of dynamic 

crosslinks can impart increased modulus and toughness while retaining healing capacity, but 

generally with the drawback of making the materials viscoelastic, thereby limiting the range of 

potential application. Alternatively, plasticizing molecules can be incorporated to add polymer 

mobility, which has been shown to yield windows of synergy where both toughness and healing 

are enabled.13,25 However, even in these cases, the intrinsic tradeoff between modulus and mobility 

largely remains. A separate emerging strategy to enhance self-healing materials involves the use 

of nanoscale additives to modulate polymer network connectivity and polymer chain motion.26–28 

While initial approaches are promising, additional exploration of structure-property relationships 

in these nanocomposite materials is needed to alleviate challenges such as colloidal stability, 

rheological compatibility with AM, and synthetic scale.29–32  

We hypothesized that many of these challenges could be addressed by using polymer grafted 

nanoparticles (PGNPs) as additives in 3D printable self-healing resins. Prior investigations on 

thermosetting polymers and polymer adhesives have shown that PGNPs with long-chain polymer 

brushes capable of interacting via entanglement, hydrogen bonding, and ionic interactions can act 

as multivalent supramolecular crosslinkers, strengthening polymer networks without inhibiting the 

polymer mobility needed for adhesion.33 Further, because polymer graft composition can be used 

to enhance PGNP compatibility with a matrix resin, PGNP fillers could be more readily integrated 

into VP additive manufacturing processes than unfunctionalized or small-molecule ligand coated 

particles. 



We show that multivalent PGNP additives can enhance the strength of self-healing 

photoelastomers without reducing self-healing capacity. Specifically, we examined PGNP 

addition to resins that use a small number of thermally activated retro thiol-Michael reactions to 

self-heal, as previous elastomers employing this chemistry (in the absence of PGNP additives) 

showed the typical tradeoff between modulus and healing capacity.25 By tailoring PGNP design 

parameters (e.g. polymer brush length, particle size, volume fraction), we demonstrate that the 

modulus of a given resin composition can be substantially enhanced while retaining the ability to 

self-heal. These PGNP-filled resins showed significant extensibility (300-700% strain), repeated 

healings (3+ cycles) with minimal loss of healing capacity, and up to a 3x increase in modulus at 

100% strain compared to unfilled elastomers of the same design. Additionally, control experiments 

using unfunctionalized nanoparticle fillers emphasized the necessity of multivalent polymer grafts 

in imparting mechanical strength at low filler loadings, providing insight into the mechanisms 

 

Figure 1. Resin composition (top left) and conceptual scheme of multivalent reinforcement from PGNP incorporation 
(top right). By exploiting dynamic covalent bond rearrangement (bottom left), PGNP-strengthened nanocomposites 
can heal from incurred damage (bottom right).  



through which PGNPs impart these beneficial combinations of properties. Finally, the printability 

of the nanocomposite resins was demonstrated using a conventional VP platform to fabricate 

objects with complex 3D geometry. Collectively, these results demonstrate that PGNP additives 

can be used to subvert typical tradeoffs between modulus and polymer flow in self-healing 

elastomers, providing a new strategy in the development of 3D-printable materials for self-healing 

structures and devices. 

As a starting point, polymer-grafted nanoparticles (PGNPs) were designed to be compatible with 

previously reported 3D printable self-healing elastomer materials that have desirable mechanical 

performance (Figure 1).15,25 The base polymer for these resins was a statistical copolymer of 2-

hydroxyethyl acrylate (2HEA) and n-butyl acrylate (nBA) monomers in an 80:20 ratio by weight 

(Formulation A). To prepare compatible PGNPs, poly(2-hydroxyethyl acrylate) (PHEA) polymer 

brushes were grown from the surface of SiO2 nanoparticles via surface initiated ATRP.34–36 For all 

samples in this work, PGNP composition is denoted with the shorthand X-g-Y, where X is the 

Table 1. Resin and PGNP Compositions 

Resins 
Formulation TMSDAa 1,8-Octanedithiola BAPOa 

A 0 0 0.5 

B 1 0 0.5 

C 1 1 0.5 

PGNPs 
Designation SiO2 Diameter (nm)b DP (eq.)c % SiO2 (wt%)d 

50-g-100 54 ± 8 100 66.8 

50-g-190 54 ± 8 187 56.1 

50-g-1200 54 ± 8 1214 26.3 

160-g-160 164 ± 7 164 83.5 

       aListed as parts per hundred rubber (phr)       bAs determined by electron microscopy 
       cDegree of Polymerization, estimated from 1H-NMR conversion          
  dAs determined by thermogravimetric analysis 
 

 



diameter of the core SiO2 nanoparticle in nanometers and Y is the estimated polymer graft chain 

length in monomer units (Table 1). With grafting densities estimated between 0.1-0.5 chains/nm2, 

each PGNP brush consists of thousands of PHEA chains grafted to each SiO2 core.33,34,37,38 PHEA 

grafts ensure the colloidal stability of PGNPs in the resin suspension, as the brush chain 

compositions are miscible in the resin monomers.  Post-polymerization, PHEA grafts interact with 

the polymer matrix via entanglement and hydrogen bonding of hydroxy groups through thousands 

of grafts all tethered to a common core, thereby providing highly multivalent non-covalent 

reinforcement.  

Alone, Formulation A (acrylate monomers only) resin forms a soft elastomer with no intrinsic 

mechanism for self-healing other than self-adhesion (i.e., the formation of new hydrogen bonds 

and/or chain entanglements at the interface where damaged surfaces are rejoined). Modifying 

Formulation A by incorporating 1 part per hundred rubber (phr) of crosslinker sulfonylbis(ethane-

2,1-diyl)bis(sulfanediyl)bis(ethane-2,1-diyl) diacrylate (TMSDA) adds dynamic covalent bonds 

that can exchange by thermally-induced retro-Michael reactions; this combination is denoted as 

Formulation B. However, while this network is in principle reconfigurable, the actual self-healing 

capacity is quite limited because the additional crosslinking density from TMSDA constricts 

polymer chain mobility. To enhance the healing capacity of Formulation B, a difunctional chain 

transfer agent 1,8-octanedithiol (ODT) was added at 1 phr (Formulation C). The addition of thiol 

groups to free radical acrylate polymerizations causes early chain termination events followed by 

reinitiation at the thiol. The incorporation of bifunctional ODT therefore broadens the molecular 

weight distribution of the final polymer network, simultaneously softening and plasticizing the 

elastomer material to enhance polymer mobility and capacity for strain.25 Indeed, tensile testing of 

Formulation C samples showed lower modulus, higher strain at failure, and near-complete 



recovery of tensile properties relative to Formulations A and B, which exhibited very limited 

healing capacity (Figure 2). This tradeoff between modulus and mobility is typical of self-healing 

systems that use a small number of dynamic groups to enable bond reconfiguration.  

We hypothesized that, even though the PGNP chains do not possess functional groups capable of 

participating in the dynamic thiol-Michael bond exchange, the brushes would increase the stiffness 

of the elastomer by generating a large number of non-covalent crosslinks (entanglements and 

hydrogen bonds) with the surrounding polymer matrix without impeding the dynamic covalent 

Figure 2. (a) Representative tensile stress-strain curves for pristine (closed symbols) and self-healed (open symbols) 
elastomers of various formulations without PGNPs. (b) Representative tensile stress-strain curves for pristine (closed 
symbols) and self-healed (open symbols) samples of Formulation C with various loadings of PGNP 50-g-190. (c) 
Average tensile strength and (d) average failure strains for the different compositions and conditions shown. All self-
healed samples fractured at the cut interface. 



reactions enabling network reconfiguration. We have previously demonstrated similar polymer 

network strengthening behavior in pressure-sensitive adhesives,33 where ~2-3 wt% of PGNP 

additives increased the shear strength of the materials by as much as 33% without affecting their 

adhesion. 

To test the ability of PGNPs to mechanically reinforce soft self-healing elastomers, a series of dog 

bone specimens were prepared from Formulation C with 4, 8, and 12 wt % PGNP (50-g-190) 

content (Figure 2b). The addition of PGNPs progressively increased the modulus and ultimate 

strength of dog bone samples, with a maximum strength exceeding 1 MPa at 12 wt% PGNP 

loading (Figure 2c). While the ultimate strains of these samples decreased with PGNP contents 

above 4 wt%, elongations were still well over 400% strain before failure for all samples examined 

(Figure 2d). Self-healing tests were conducted by cutting dog bones perpendicular to their length, 

placing them back together, and heating at 90 ᵒC for 24 hours. Crucially, the self-healed 

performance (as measured by the peak tensile stress post-healing) upon the addition of PGNPs was 

largely maintained and in many cases even improved over Formulation C without PGNPs, despite 

the increased stiffness of the PGNP-containing materials. These properties demonstrate how the 

multivalent reinforcement from embedding PGNPs into a polymer network can subvert tradeoffs 

between stiffness and healing capacity typically observed in self-healing materials.  

To examine the proposed mechanisms by which PGNPs impart improvements to self-healing 

elastomer performance, control experiments were performed. To verify that mechanical 

reinforcement was attributable to the supramolecular interactions of PGNP brushes within the 

matrix resin (and not simply the presence of a large particle additive), Formulation C was prepared 

with 2.2 wt% bare SiO2 particles (silanol functionalized, of equal particle count to 4 wt% 50-g-

190) and the tensile performance of uncut and self-healed samples were evaluated (Figure S3). 



Notably, the mechanical properties of the uncut and self-healed samples with bare SiO2 did not 

differ from the unreinforced Formulation C samples. The identical mechanical performance of 

these two samples is consistent with the hypothesis that PGNPs reinforce the elastomer matrix via 

multivalent non-covalent interactions with the polymer brush. To confirm that PGNP filled 

materials facilitated self-healing via dynamic bond exchange and not increased adhesion, a series 

of dog bones with various loadings of PGNP 50-g-190 were prepared using the non-dynamic 

covalent crosslinker 1,6-hexanediol diacrylate (HDDA) in place of TMSDA (Formulations D and 

E, see supporting information for details). The self-healing capacity of the non-dynamic HDDA-

crosslinked elastomers was greatly reduced compared to elastomers with dynamic TMSDA 

crosslinks, and was further decreased when PGNPs were added to the resin (Figures S1 and S2). 

Thus, the self-healing performance of PGNP-containing samples can be mostly attributed to 

dynamic bond exchange, supporting the notion that the multivalent supramolecular reinforcement 

imparted by PGNPs does not significantly inhibit the long-range polymer motion required for 

chain reorganization. 



To investigate the role of PGNP architecture in controlling the non-covalent crosslink formation 

enabling improved modulus and self-healing, a series of PGNPs with varied compositions (i.e. 

particle diameter, polymer brush length) were synthesized while the mass of SiO2 was held at 2.2 

wt% for each composite sample (Figure 3a). Increasing polymer brush chain lengths from 190 to 

1200 monomer units led to substantial stiffening, likely due to the greater fraction of polymer 

length that is in the semi-dilute regime and can contribute to entanglement (Figure 3b, red). 

However, greater entanglement likely decreases the polymer network’s ability to quickly 

Figure 3. (a) Schematic depiction of PGNP structures with different particle sizes/brush lengths. (b) Representative 
stress-strain curves for Formulation C resins containing 2.2 wt% of SiO2 PGNPs of composition 50-g-190 (blue), 50-
g-1200 (red), and 160-g-160 (green). Filled and unfilled symbols indicate uncut and cut/healed samples respectively. 
(c) Average peak tensile stresses and (d) average failure strains for each composition and condition. All self-healed 
samples fractured at the cut interface. 



reorganize under strain, as these samples were more prone to fracture and exhibited ~35% 

reduction in ultimate stress and strain (Figures 3c and 3d). Conversely, increasing core 

nanoparticle size to from 50 nm to 160 nm while maintaining polymer brush length resulted in 

softer and more extensible polymer networks (Figure 3b, green). This softening is consistent with 

reported literature on nanocomposites with hydrogen-bonding fillers, which can show regimes of 

decreasing stiffness with added filler.38,39 We hypothesize that the relatively limited brush-matrix 

interactions from short brushes do not compensate for the matrix-matrix interactions that are lost 

due to displacement by larger particle cores. Notably, at these PGNP loadings, all elastomers 

exhibited near perfect recovery of tensile properties upon healing, demonstrating that PGNP 

structure can be a useful design handle to modulate the mechanical properties of self-healing 

elastomers without adjusting PGNP filler loading. 

The ability of PGNP nanocomposites to subvert tradeoffs between stiffness and self-healing make 

them ideal for applications where healable materials must maintain their macroscopic form during 

operation (e.g., soft robotics). Thus, it is also critical to ensure that these PGNP nanocomposites 

are compatible with manufacturing methods capable of producing complex 3D geometries. To this 

end, PGNP-loaded resins (4 wt% of 50-g-100 PGNPs) were used as feedstocks in a digital light 

processing (DLP) 3D printer. Resins were colored with either red or green food dye to reduce 

light-scattering and printed into complex objects such as the benchmark “3Dbenchy” boat40 

(Figure 4a) and a curved octet truss (Figure 4b). Importantly, loaded resins were found to be 

colloidally stable for hours, printable with no changes to print parameters from resins without 

PGNPs, and indistinguishable from Formulation C control resins by eye after printing. Static 

loading of a printed 1.5 g octet truss under a 100 g weight showed minimal compressive strain 

(~5-10%) and responsive elastic recovery, demonstrating a practical degree of stiffness (Figure 



4c). Flower and dog bone structures (Figure 4d,e,f) were used to illustrate the healability of 

printable PNGP nanocomposite resins, and each of these geometries was able to be cut and re-

connected using the same protocols examined for the samples above (Fig. 2). Importantly, these 

more complex geometries remained free-standing (Fig. 2e) and stretchable (Fig. 2f) after healing. 

These demonstrations illustrate how PGNP reinforcement of printable self-healing materials 

provides a simple strategy to manufacture relatively stiff elastomers with good self-healing 

properties.  

In this work, the incorporation of polymer-grafted nanoparticles into self-healing photocurable 

elastomers at low loadings has been demonstrated as a viable strategy to subvert tradeoffs between 

stiffness and self-healing capacity. The mechanical reinforcement of PGNPs was shown to arise 

from the multivalent non-covalent interactions (hydrogen bonding and polymer entanglement) 

along polymer brush chains, which do not interfere with long-range polymer mobility. By tuning 

 

Figure 4. (a,b) 3D models and printed objects of Formulation C resins with 4 wt% 50-g-100 PGNPs representing (a) 
“3DBenchy”40 and (b) a curved octet truss. (c) Printed octet truss (1.5 g) under the compression of a 100 g weight 
deflects 5-10% (original height marked by dotted red line). (d,e) Scheme showing healing process of geometrically 
complex parts. (f) Elongation of a PNGP-loaded dogbone post healing. Scale bars are 5 mm.  



PGNP structure and composition, the mechanical properties of nanocomposite materials could be 

tuned without compromising self-healing capacity. While functional limits still exist regarding 

critical filler loadings and brush density/size, judicious design of PGNP structural and 

compositional parameters should provide compatibility with a broad array of self-healing resins. 

Further, the straightforward integration of PGNP resins into a commercial DLP-based 3D printing 

process enables this strategy to be readily adapted to the fabrication of functional devices. Future 

studies exploring materials with stronger dynamic interactions are anticipated to enable even 

broader tunability in mechanical performance by adapting the method to different polymer and 

PGNP compositions. Additional work will also explore the healing of complex fracture 

geometries, addressing the influence of local stress on polymer network deformation and self-

healing capacity. 

Experimental Section 

Materials 

Unless otherwise noted, all reagents were used as received. Triethoxysilane (96%), 

tetraethoxysilane (99.9%), 1,6-hexanediol diacrylate (99%), and tin(ii) 2-ethylhexanoate (95%) 

were purchased from Alfa Aesar. Karstedt’s catalyst (0.1 M in PDMS), 1,8-octanedithiol (97%),  

phenylbis(2,4,6-trimethylbenzoyl) phosphineoxide (BAPO) (99%), 2-Hydroxyethyl acrylate (2-

HEA) (96%), and n-Butyl acrylate (nBA) (98%) were purchased from Sigma-Aldrich. Prior to 

their use in PGNP SI-ATRP reactions, the monomers were passed through a column of basic 

alumina to remove inhibitor. Bipyridine was purchased from Beantown Chemical. Anhydrous 

copper (ii) chloride (99+%) was purchased from Acros and stored as a stock solution in 

dimethylformamide (DMF) (20 mg/mL). 2-Bromoisobutyryl bromide (>98%) was purchased from 



TCI America. Ammonium hydroxide (aqueous, 28-30 wt%), triethylamine (99%), and 

trifluoroacetic acid (TFA) (>97%) were purchased from Thermo Fisher Scientific. All solvents 

were of analytical grade and were used as received.  

Synthesis of Self-healing Crosslinker TMSDA 

The self-healing crosslinker ((Sulfonylbis(ethane-2,1-diyl)bis(sulfanediyl)bis(ethane-2,1-diyl)) 

diacrylate (TMSDA) was synthesized according to previous studies.41 A full synthetic procedure 

is available in the supporting information. 

Synthesis of Surface-Tetherable ATRP Initiator  

The synthesis of (2-bromo-2-methyl)propionyloxyhexyltriethoxysilane (BHE) was carried out in 

two separate steps according to previous studies.33–36 In brief, 2-bromoisobutyryl bromide and 5-

hexen-1-ol were combined via esterification to form the intermediate 1-(2-bromo-2-

methyl)propionyloxy-5-hexene (BPH), which was subsequently reacted with triethoxysilane via 

hydrosilylation to yield BHE. The initiator was stored in a dark cabinet until active use. See the 

supporting information for full synthetic details. 

Synthesis of SiO2 Nanoparticles with Surface-Tethered ATRP Initiator 

Monodisperse SiO2 nanoparticles were obtained via the Stöber process.42–44 Immediately 

following particle preparation, BHE was incrementally added in excess over a 24 h period to yield 

surface functionalized particles with diameters of ~50 and ~160 nm. See the supporting 

information for full synthetic details.  

Synthesis and Characterization of Polymer-Grafted Nanoparticles 



The PGNP brushes used in this study were grown directly from the BHE-functionalized 

nanoparitcle surfaces via surface-initiated atom transfer radical polymerization (SI-ATRP).35,45 A 

complete synthetic protocol is detailed in the supporting information as depicted in Scheme S1.  

Preparation of mold-cured tensile testing samples 

For typical control elastomer dog bones, 2-HEA and nBA were combined in a 4:1 wt:wt ratio in a 

20 mL scintillation vial along with 1 phr TMSDA and 1 phr 1,8-octanedithiol. 0.5 phr BAPO was 

then added, and the vials were vigorously mixed to ensure dissolution. Aluminum foil was 

wrapped around the vials in order to protect the resins within from premature initiation via ambient 

light. The solutions were pipetted into 2 mm deep silicone dog bone molds and photopolymerized 

under high-intensity 365 nm UV light for 2 min. Samples were left to rest under ambient conditions 

for 3 days. Self-healing samples were then bisected with a razor blade and rejoined. Both cut and 

uncut samples were then placed in a convection oven at 90 ºC for 24 h. After heat treating, 

specimens were removed from the oven and allowed to rest again under ambient conditions for 24 

hours prior to mechanical characterization. Samples with multiple cut/heal cycles were cut again 

in the same spot after resting and the heat treatment was repeated. 

Mechanical Characterization 

Dog bone specimens were prepared in compliance with ASTM D 638 V. Tensile testing was 

performed on a Zwick-Roell BTC-EXMACRO equipped with a 10 N load cell and custom self-

tightening specimen grips. Stress was calculated as force divided by initial cross-sectional area. 

Samples were strained at a rate of 50 mm/min until failure. Each resin composition was tested with 

a minimum of 3 specimens and all measurements were performed at 22 ᵒC. 

3D Printing 



3D printing was performed with a custom-built DLP printer using a 405nm LED as the light 

source. The light intensity at the build surface is 6.7 mW/cm2, as measured with a Thorlabs 

PM100USB detector. The layer height was set to 50 microns for all prints, and a layer exposure 

time of 4.2 seconds was used for each layer. The resin was lightly agitated (mild shaking by hand 

for a few seconds) before each print to ensure a homogeneous suspension of PGNPs. After printing 

parts were rinsed with IPA for 30 seconds, post-cured for 2-5 minutes in a 405 nm cure box, then 

transferred to a separate surface coated with silicone mold release spray to prevent adhesion. 

 

Supporting Information 

Full synthetic details, additional control experiments, and complete tensile measurement sets are 

available in the supporting information document. 
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