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 Overview

The Regeneration and Remodeling of Composite Materials (Regeneration) Program was 
supported by the Air Force Office of Scientific Research (AFOSR) through a Discovery Grant 
from 2010-2015. The program was conducted at the University of Illinois at Urbana-Champaign 
(UIUC). Regeneration was conceived to expand the function of materials containing 
microvascular networks to achieve autonomous response and adaptation to external stimuli. The 
central goal of Regeneration was to integrate bio-mimetic functions into synthetic, engineering 
materials realized through a synergistic combination of expertise in chemistry and engineering. 

The Regeneration and Remodeling of Composite Materials program was focused on replicating 
the function of regeneration in which natural systems rebuild or replace macroscopic structures 
autonomously. Inspired by this biological ability, vascular networks were designed to 
synthetically regrow load-bearing structures and replenishing protective surface coatings. Multi-
stage polymerization reactions introduced a new paradigm in healing agent conceptual design 
where rapid rheological transformations and selective wetting resulted in new self-supporting 
fluids which build upon themselves in an accretive fashion to regenerate lost mass. Experimental 
procedures were developed to demonstrate system efficacy and repeatability in achieving 
functional homeostasis of structural materials. A detailed description of thematic research results 
for the research team as part of the Regeneration program are presented in the following sections. 

 
Schematic of multi-stage polymerization for repair of large damage volume. 
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2. Summary of Research 

2.1. Damage Regeneration 

The complexities present in large and multiscale damage, which require a new approach to repair 
beyond the capabilities of existing self-healing technologies are investigated using several 
different types of damage. These challenges are not exclusive to the damage modes tested here, 
thus we seek strategies that can be applied more generally to a variety of damage modes. 

2.1.1. Coating regeneration 

Abrasive damage of coatings presents challenges with geometric configuration of damage and 
vasculature, protection of healing agents, and formulation of the healing agent. Previous 
demonstrations of vascular coatings targeted small damage such as cracks or scratches and 
implemented a two-part healing agent. However, damage due to abrasion that results in complete 
removal of large areas of a coating, has not been addressed. A large volume of material is 
removed and must be restored. Abrasive damage of a coating enables isolation of the vasculature 
from the damage, facilitating the study of repeat damage and repair and the effect on vascular 
delivery.  

Our concept for regenerative coatings, described in Figure 1, is subdivided into three stages: 
triggering, transport, and repair [1]. Initially, a protective coating is deposited on a vascularized 
substrate, a multi-layer model similar to the structure of skin. Upon damage-induced removal of 
the coating (triggering), the vasculature is exposed and uncured liquid healing agent is released 
onto the surface of the substrate (transport). Ultraviolet (UV) light from the sun cures the liquid 
healing agent, reforming the protective coating (repair). 

 

Figure 1. Coating regeneration cycle. Abrasive damage triggers the release of liquid healing 
agent stored in the underlying vasculature. The one-part healing agent reforms the protective 
coating when exposed to simulated sunlight. Protection of the vasculature enables multiple 
regeneration cycles. 

Here a vascular system with a pressurized reservoir enables the delivery of adequate volume of 
healing material to the site of damage. A pressure sensitive valve is employed to mitigate 
potential blockage of vasculature. Lastly, in contrast to two-part chemistries that are commonly 
used in self-healing materials, the one-part UV curable healing agent employed here does not 
require mixing in-situ. The vascular system design in combination with one-part healing 
chemistry enables the regeneration of a protective coating in response to controlled abrasive 
damage. 
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Figure 2. Embedded surface valve for coating regeneration: a) cross-sectional diagram of valve 
and vascular channel embedded in substrate (scale bar = 2 mm); b) model of valve opening 
deformation under pressure, undeformed shape (left), deformed shape (right) (SolidWorks 
Simulation, 276 kPa, scale bar = 0.5 mm); c) 3D x-ray computed microtomographic (microCT) 
reconstruction of channel and conical valve interior (filled with gallium, scale bar = 0.5 mm); d) 
valve specimens, embedded in carbon black filled epoxy (left) and unfilled epoxy (right) (scale 
bar = 5 mm). 

A vascular substrate and valve is designed such that the flexible valve terminates at the interface 
between the substrate and coating (Figure 2). The coating constrains the valve until damage 
occurs, triggering the release of healing agent from the pressurized vasculature. The valve is 
constructed of a silicone elastomer, and closes to prevent penetration of UV into the underlying 
vasculature once the pressure is disengaged. Flow through the valves was characterized using 
solutions of water and glycerol to ensure non-reactivity of the test fluid. The correlation of 
pressure to flow rate is nearly linear (R2 = 0.990). In addition, testing with glycerol and water 
solutions of various mass ratios shows that flow rate is inversely proportional to viscosity. We 
observed a reduction in flow rate over time when testing with epoxies, attributed to swelling of 
the silicone valve material. 

We sought a one-part healing agent, to preclude the challenges imposed by two-part chemistries. 
Furthermore, photocurable chemistries can be selected to harness the UV light available in 
sunlight, removing the need for a non-autonomous post cure [2]. The healing agent is a solution 
of a diluted Bisphenol-A based epoxy (Epon 813) and a cationic photonitiator (4 wt% Irgacure 
250). Upon exposure to UV light with comparable irradiance to sunlight (1 mW cm-2, 365 nm 
peak wavelength), the coating material cures to full hardness in 12 h (Figure 3). This formulation 
has a cured hardness comparable to polymethyl methacrylate (~19 HV) [3].
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Figure 3. Vickers indentation hardness testing of UV cured coating (Epon 813, 4 wt% Irgacure 
250). Exposed to simulated sunlight lamp (1 mW cm-2) for various times and hardness tested on 
both top (green) and bottom (black) of 1 mm thick coating. Error bars represent one standard 
deviation (n = 3). Horizontal lines indicate hardness of specimen cured for 4 h using a high 
intensity lamp, bands represent one standard deviation of three measurements of the same 
specimen (n = 1, 6 mW cm-2). 

Coating regeneration is demonstrated in a simplified sample geometry consisting of a channel 
and single compliant valve embedded in epoxy (Figure 2d). The original coating (generation 0) 
is formed on the test specimen by pumping liquid through the valve using a constant static 
pressure (276 kPa) until the specimen is coated 
(~100 μL). The specimen is subsequently irradiated with UV light to cure the coating. Each 
generation (0-4) of coating is cured with the simulated sunlight lamp (1 mW cm-2, 12 h) and 
evaluated using Vickers indentation hardness. After evaluation, the vascular system is 
reconnected to a healing agent reservoir and pressurized. Damage is introduced by translating the 
specimen under an abrasive wheel until the coating is completely removed and the valve is re-
exposed (Figure 4a), thus triggering release of liquid healing agent. The process of abrasive 
removal and coating regeneration is repeated a total of four cycles (generations 1-4). All 
specimens fully regenerated after each cycle, with hardness near the virgin cured coating for all 
regenerations (Figure 4b). 

DISTRIBUTION A: Distribution approved for public release.



 

Figure 4. Regeneration process and results: a) top view images of specimen during abrasive 
removal of coating (scale bar = 5 mm), red outline indicates abrasive wheel; b) hardness of each 
generation, cured with simulated sunlight lamp (n = 3, cured 12 h at 1 mW cm-2), horizontal bar 
indicates full cure, with high intensity lamp (6 mW cm-2, 4 h). Error bars and dashed lines bound 
1 standard deviation. 

2.1.2. Fiber pullout 

In order to recover large damage volumes one potential approach is to incorporate a scaffold that 
retains healing fluid in the damage volume. In fiber reinforced composite materials the 
phenomenon of fiber pullout and bridging occurs during some failures (Figure 5b). We 
developed a concept that incorporated fibers (nylon monofilament) that were intentionally 
designed to pullout after fracture of the surrounding matrix material (Figure 5a). Fibers run 
axially along the specimen and damage is introduced via single edge notched tension testing. The 
specimen fractures perpendicularly to the loading axis, and as the gap in the specimen grows 
larger, the fiber bridge the damage and act as a scaffold for fluid retention (Figure 5c).  
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Figure 5. Fiber pullout concept and inspiration. a) Schematic of single edge notched tension 
(SENT) specimen containing bridging fibers as well as vascular channels running along the long 
axis of the specimen. b) Double cantilever bending testing of a fiber reinforced composite 
demonstrating fiber bridging in composite materials. c) Images of specimen prior to initial 
fracture event and fractured specimen after filling damaged region with healing agent. 

The damage was filled with a two part epoxy system first introduced by Toohey et al. [5]. After 
the damage was filled, and the healing agent was allowed to cure, specimens were evaluated for 
recovery of elastic modulus using a three point bend testing. A control test in which the damage 
is filled with a premixed solution of healing agents is depicted in Figure 6, and displayed 
appreciable recovery of stiffness over an unhealed control. 
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Figure 6. Stiffness recovery in fiber pullout specimen before and after healing (control specimen). 
Evirgin represents the undamaged specimen, Ehealed represents the fractured specimen after filling 
with premixed healing agent and allowing it to cure, EUnhealed represents the fractured specimen 
which was not filled with healing agent showing stiffness only due to bridging fibers. 

2.1.3. PDMS hole sealing 

Beiermann et al investigated a capsule-based approach to healing mm-scale puncture damage in 
thin elastomer sheets [6]. Volumetric recovery was limited to a damage size of less than 2 mm 
due to fluid delivery limitations in microcapsule self-healing systems. Vascular systems are able 
to supply larger volumes of healing agent from external reservoirs. To test the damage volume 
limits of a microvascular system, sheets of Sylgard 184 polydimethylsiloxane (PDMS) elastomer 
were fabricated containing two parallel microchannels. A cylindrical damage volume was 
induced with the use of Uni-Core biopsy punches (Ted Pella, Redding CA) of increasing 
diameter. The damage was positioned such that intersection of both microvascular channels 
occurred. A two-part PDMS healing chemistry (Sylgard 170) was injected into the damage 
volume. In cases where the damage region filled, the healing agent was allowed to cure for 24 
hours and room temperature and pressure tested at 100 kPa (1 atm) for leakage. By implementing 
microvascular delivery, damage regions up to 3.5 mm in diameter (Figure 7a) were recovered 
and sealed at a rate of 60% (Figure 7b). Healing agent supply was virtually unlimited, and thus 
recovery size was instead limited by surface tension and gravity. 
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Figure 7. Large damage volumes in PDMS sheets. a) Damage size dependency of fill rate of 
PDMS sheets for 1 mm and 2 mm thick vascularized specimens. b) Damage size dependency of 
seal rate of PDMS sheets that filled for 1mm and 2mm thick vascularized specimens. 

2.1.4. Restoration of large damage volumes in polymers (WSC) 

The regenerative power of tissues and organs in biology has no analog in synthetic materials. 
Whereas biology achieves regeneration through vascularization and recruitment of stem cells [7–
9], engineering materials are generally avascular, with a limited ability to self-heal [10,11]. A 
variety of repair strategies exist for microscopic defects and cracks [1,12–15], but autonomic 
restoration of materials that suffer large-scale damage and associated mass loss has not been 
realized. Restoration requires overcoming the interplay of mass transport, environmental factors, 
intrinsic forces (such as surface tension), and extrinsic forces (such as gravity) that act on liquid 
reagents and the chemical reactions associated with damage repair. 

Our restoration concept for structural materials is illustrated in Figure 8. The strategy is 
predicated on the delivery of reactive fluids through two independent vascular networks to the 
site of damage. Events that lead to substantial mass loss (such as ballistic impact) trigger release 
of fluids, subsequent mixing, and initiation of the restoration process. A reactive system that 
progresses from liquid to gel (gel stage) and gel to polymer (polymer stage) is hypothesized to 
deliver low-viscosity fluids to the site of damage, initially resulting in a shape-conforming yet 
self-supporting viscoelastic scaffold. Addition of new material proceeds until the damaged 
region is fully filled and complete replacement of lost mass is achieved. Transformation of the 
gel into a stiff polymer then allows for recovery of the mechanical properties of the original 
material.  
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Figure 8. Two-stage restoration strategy. Reactive monomer solutions are incorporated into a 
vascularized specimen (blue and red channels). Time t0: impact damage initiates fluid release into 
the damage region. Time t1: gel stage (purple) occurs by acid-catalyzed cross-linking of gelators 
A and B. Deposition of fluid and subsequent gelation continues until the void is filled. Time t2: 
the polymer stage (green) occurs by monomer polymerization, resulting in recovery of structural 
performance. 

We developed a two-stage polymer chemistry in which catalyzed gelation of liquid monomer is 
followed by bulk polymerization to a structural solid (Figure 8). The reactive monomer solutions 
are stable and low-viscosity (time t0) until damage-triggered release initiates the chemical 
processes. A relatively fast gel stage (time t1, from 30 s up to 28 min) creates a semisolid 
scaffold on which additional solution is deposited. Gelators A, a bis-acylhydrazine–terminated 
poly(ethylene glycol), and B, a tris[(4-formylphenoxy) methyl]ethane, form a cross-linked 
network of dynamic acylhydrazone bonds through acid-catalyzed condensation (Figure 9) [16]. 
This chemistry is capable of gelling a wide range of organic liquids, including acrylic and thiol-
ene monomers. Monomer gelation accomplishes the need to fill gaps stemming from mass loss, 
and conversion to polymer completes the restoration process. Polymerization kinetics on a 
timescale > t1 (hours) avoids premature stiffening of the restored material. Room-temperature 
polymerization is achieved with judicious choice of radical initiators, promoters, and inhibitors.  

DISTRIBUTION A: Distribution approved for public release.



 

Figure 9. Chemical structures of the two-stage components. 

Although biological systems require a complex and highly regulated system of biochemical 
processes to achieve regeneration [17–24], our strategy produces reliable performance with 
relatively simple synthetic reagents. The properties of the structural polymer are tailored by 
selection of the monomer, as demonstrated below with two examples. In one example, 2-
hydroxyethyl methacrylate (HEMA) was polymerized with a methyl ethyl ketone peroxide 
(MEKP) initiator and cobalt naphthenate (CoNp) promoter to give a thermoplastic material;[25] 
in a second example, liquid thiol-ene agents 1,3-glyceryl dimethacrylate and trimethylolpropane 
tris(3-mercaptopropionate) react to form a thermosetting material (Figure 9).  

Monomers were selected to fulfill a stringent set of requirements, including high boiling points, 
nonwetting properties, low viscosities, favorable cure kinetics, and the ability to dissolve 
gelators. The reagents required for each monomer system are mutually compatible with the 
reagents used for gelation chemistry. Independently tunable chemical triggers selectively control 
the rates of both gelation and polymerization. The components for both examples are 
strategically divided into two stable solutions and loaded into separate microchannels (Figure 8). 

Oscillatory rheology confirmed the separate occurrence of gelation and polymerization stages as 
well as the ability to regulate the reaction kinetics of each stage (Figure 10). A representative 
reaction shown in Figure 10a shows the evolution of storage (G’) and loss (G’’) moduli of a 
12 weight percent (wt %) gelator solution in HEMA. The first plateau of G’ reflects monomer 
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gelation to a ~104 to 105 Pa semi-solid. Onset of the gel stage (t1) was defined as the crossover of 
G’ and G’’. The second modulus plateau, several orders of magnitude higher, reflects a slower 
transformation from gel to structural polymer. Polymerization onset (t2) was designated as the 
peak of the loss factor (tan δ = G’’/G’).  

Rates of gelation and polymerization are largely independent, which enables precise control of t1 
and t2 by varying the concentrations of catalyst for the gelation reaction and initiating 
components for the polymerization reaction. Plots of the time scales of staged transitions for the 
HEMA example are shown in Figure 10b and c. Gelation rate is dependent on catalyst 
concentration and determines the scaffold-forming ability. Gel times are controlled from 30 s up 
to about 30 min (Figure 10b). Control of polymerization was achieved by varying promoter 
concentration in an inert environment, with the polymer stages taking hold in anywhere from 80 
to 180 min (Figure 10c). However, free-radical polymerizations of acrylates are sensitive to 
atmospheric oxygen. In contrast, the thiol-ene thermoset chemistry is oxygen-tolerant and cures 
in ambient environments. Thiol-ene polymerizations produced rapidly and overshadow the gel 
stage even when performed without initiators [26]. To allow sufficient time for gel formation, the 
radical inhibitor cupferron was used to slow the polymerization rate (Figure 11a) [27,28]. 
Without inhibitor, the polymerization occurs in less than 10 min. The immediate polymer stage 
prevents formation of the scaffold and obstructs further delivery of healing agents. Using small 
amounts of inhibitor (0.02‒0.05 wt%), the gel stage is recovered (Figure 11a). Polymerization 
time is readily controlled from 8.5 to ~100 min by inhibitor concentration (Figure 11b).  

 

Figure 10. Characterization of the two-stage process. Solutions contain gelators in HEMA 
(monomer) with dichloroacetic acid (catalyst), methyl ethyl ketone peroxide (initiator), and cobalt 
naphthenate (promoter). a) Rheological properties of the restorative reagents over time display 
both the fast formation of the organogel (t1, seconds to minutes), and slower reaction rate to 
polymer (t2, hours) controlled by the concentrations of chemical triggers. b) Control of gel-stage 
kinetics by varying catalyst concentration (1.5 wt% initiator, 0.1 wt% promoter). c) Control of 
polymer stage kinetics by varying promoter (2 v/v% catalyst, 1.5 wt% initiator).  
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Figure 11. Rheology measurements for controlled two-stage thermoset polymerizations showing 
control over polymerization kinetics by changing inhibitor concentration. a) Recovery of gel 
stage by increasing inhibitor concentration. b) Control of the t2 by cupferron inhibitor 
concentration. A concentration of 0.04 wt% was used in regeneration experiments to allow for 
sufficient time (> 45 min) between the gel and polymer stages. 

Gelation allows deposition of material beyond that which is dictated by surface tension alone. 
When damage size exceeds a certain threshold, surface tension is insufficient to retain unreacted 
fluid, and gravity pulls it out of the damage zone. The boundary between surface tension and 
gravity-dominated regimes (described by Tate’s Law and the drop-weight method of analysis) 
[29–31] was validated for our experimental setup with standard test fluids (Figure 12).  

In contrast to these nonreactive fluids, the gel deposition volume exceeds that expected from 
Tate’s Law by over an order of magnitude. Two formulations containing different gel fractions 
are plotted in Figure 12, with the greater gel fraction producing a larger deposition volume. The 
increase in volume retained over inert fluids is due to the mechanical support of the in situ–
formed gel. Since gelation and deposition occur on the same time scale, the growing material is 
not only retained by the surface tension of the fluid; it is also retained by the cohesion of the 
restored material and its adhesion to the deposition surface.  
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Figure 12. Volume deposited by using restorative gel chemistry (HEMA gel, 2 v/v % catalyst, no 
initiator or promoter). Tate’s Law describes the limiting volume of a nonreactive fluid that can be 
retained with surface tension; standard test fluids confirm this relationship (1, pentane; 2, HEMA; 
3, dimethylsulfoxide; 4, ethylene glycol; 5, glycerol; and 6, water). Two-stage chemistry far 
exceeds this limit, but deposition is dependent on the concentration of gelators. The inset optical 
image on the left shows the volume deposited by 12 wt% gelators, whereas the inset optical 
image on the right shows water test fluid. Scale bars, 5 mm. 

Development of the two-stage polymers into a viable healing chemistry requires minimizing 
cross reactions between components and maintaining low solution viscosities. Both gelation and 
polymerization reactions are triggered by the combination of at least two compounds. Therefore, 
stable two-part solutions were prepared by separating the gelation catalyst from the gelators and 
the polymerization initiator from promoter. In addition, the initiator was separated from the 
catalyst to prevent premature decomposition. By mass, Gelator A comprises most of the gelator 
weight fraction, and was split into both solutions to give equal 1:1 volume ratio solutions.  

The stability of the solutions was assessed by measuring solution viscosity over a 6 h period for 
gel only (no initiator or promoter) and two-stage formulations, shown in Figure 13. Both 
formulations exhibited the same viscosity profile (Figure 13a and b), with Part A and Part B 
initial viscosities of around 20 mPa·s. However, the viscosity of the Part B solution increased for 
the first ~1 h before plateauing around 55 mPa·s from some uncatalyzed acylhydrazone 
formation between the gelators. 
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Two-part solutions for the thermoset polymer system were prepared in a similar manner with 
Gelator A (61%), catalyst, and promoter in Part A; and Gelator A (39%), Gelator B, and initiator 
in Part B (Figure 14). Unlike the HEMA thermoplastic system, the monomer composition differs 
between the two solutions. The thiol monomer trimethylolpropane tris (3-mercaptopropionate) 
(TMPTMP) was exclusively added to Part A due to poor solubility of Gelator B. The 
dimethacrylate monomer 1,3-glyceryl dimethacrylate (GDMA) was divided between the 
solutions (30% in Part A, 70% in Part B) to preserve 1:1 volume ratios. Stability was again 
assessed by monitoring the viscosity over 6 h. Viscosities were significantly higher than for the 
HEMA thermoplastic system with initial viscosities of 240 and 110 MPa·s for Part A and Part B, 
respectively. Part A maintained its viscosity for the test duration; however, Part B viscosity 
doubled over the course of 3−4 hours. Due to the relative instability of the thermoset chemistry, 
the HEMA thermoplastic system was more thoroughly investigated as a restorative healing agent 
while the thermoset chemistry was evaluated only for maximum fill capacity in the following 
sections. 
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Analysis of Restorative Capacity 
In our model damage-filling experiments, the restorative reagents span gaps and fill large 
damage volumes by forming a free-standing, dynamic gel scaffold on which continued material 
deposition occurs. We used an open cylinder (sample dimensions are 52 x 52 x 3 mm thick, 330-
μm-diameter parallel channels) as a model geometry to test the filling of large-scale damage in 
thin epoxy sheets. Solutions of HEMA containing gelators, acid catalyst, and fluorescent dye 
(Nile Red and perylene) were delivered to the damage area via separate microchannels (Figure 
15a). A computer-controlled, pressurized system ensures reagents are delivered at 1:1 volume 
ratios. Upon entering the damaged region, the components quickly mix and wet the inner surface 
of the sample owing to low viscosity and a low fluid-substrate contact angle. Rapid gelation 
forms a scaffold on which additional fluid from the microvascular channels is deposited. The 
faceted appearance of the recovering damage region (Figure 15a) reflects the mechanical 
stiffness of the developing gel because an ideal liquid would assume a smooth circular shape to 
minimize surface energy. Gelled material grows inward, and the entire damage region is filled as 
the process of deposition and gelation continues. The dynamic nature [32] of the gelator 
chemistry enables continuous (defect-free) gel interfaces and the formation of a monolithic plug 
in place of the original void. 
Restoration to full mechanical function was accomplished by replenishing lost mass and 
transforming the gelled monomer to a fully polymerized solid. The filling performance of gelling 
and nongelling controls is compared for increasing damage area in Figure 15b. The area fill ratio 
(AFR) is calculated for each damage area as the ratio Afill:A0, where Afill is the area filled by the 
restorative solutions and A0 is the total damage area. The control solutions achieve an AFR of 1 
only for diameters up to 6.3 mm. For larger diameters, the effect of gravity exceeds surface 
tension and causes the controls to drip out of the damaged region, which results in incomplete 
filling. In contrast, gelling solutions fill to capacity (AFR = 1) for damage diameters up to 9.0 
mm by overcoming gravity and circumventing failure by dripping. Damage size diameters 
exceeding 8.0 mm do not reliably fill for all replicates because gravity causes gel material to 
grow downward rather than toward the damage center; however, the AFR remains substantially 
higher than that of control solutions because of superior material retention.  
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Figure 15. Restoration performance testing with cylindrical damage geometry. a) Optical images 
of 7.5-mm-diameter open-cylinder damage geometry after 1, 3, 7, and 13 min (left to right) 
pressurized delivery of HEMA gel solutions (2 v/v% catalyst, no initiator or promoter). Blue 
liquid is Part A [HEMA, Gelator A (61% of total Gelator A), DCA catalyst] dyed with perylene, 
and red liquid is Part B [HEMA, Gelator A (39% of total Gelator A), Gelator B] dyed with Nile 
Red. Scale bar, 1 mm. b) Fill performance achieved for cylindrical holes of increasing size for 
HEMA gel and a non-gelling neat HEMA control. AFR = Afill/A0. 

A pressure cell was used to verify mechanical recovery of our system by applying 345 kPa of 
nitrogen to one side of a damage sample and monitoring leakage on the opposite side [6]. 
Because only a completely filled damage region will withstand pressurization, we tested the 
maximum damage areas at which each restorative system attained complete filling for each of 
five replicates (Figure 16). All gelling systems are able to fill larger damage areas than can non-
gelling solutions but do not provide mechanical recovery without a second transition to polymer. 
Only the thermoplastic and thermoset two-stage polymers combine filling performance with 
mechanical recovery. A standard two-part epoxy resin is presented for comparison, and neither 
fills a substantial damage area nor seals after a 24-hour room temperature cure. As demonstrated 
with both larger-area fill ratios and higher seal rates, two-stage polymers provide restoration 
performance superior to traditional healing chemistries [5]. The final mechanical properties of 
the two-stage polymer systems are comparable with commercial poly(methyl methacrylate) 
(PMMA) polymers [33]. Quasistatic tensile testing of the two-stage thermoplastic (HEMA) 
system yields an elastic modulus of 1.8 GPa and a tensile strength of 45 MPa (Table 1). 
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Figure 16. Restoration performance of various healing systems after a 24-hour room temperature 
cure, with the curing atmosphere indicated in the legend. Samples are subjected to 345 kPa 
nitrogen pressure loading. Restoration requires both a complete fill and recovery of full 
mechanical function.  

Table 1. Tensile modulus and strength for substrate epoxy and two-stage thermoplastic with 
slower gelation time used for impact. Modulus determined using a linear fit between 0.1−0.5%. 
Tested according to ASTM D638, type V at 100 mm/min. 

Sample name Modulus 
(GPa) 

Tensile Strength 
(MPa) 

Number of 
Specimens 

Epoxy substrate (EPON 828 / Epikure 3230) 2.54 ± 0.09 83.3 ± 1.5 3 
Two-stage thermoplastic, slow 1.79 ± 0.07 44.9 ± 0.5 3 

 
To test more realistic damage modes, we impacted and punctured specimens using a drop tower 
apparatus. The multiscale damage present in impact specimens represents a substantial challenge 
and requires chemistry that can both regrow the lost mass as well as penetrate into microcracks 
to create a pressure-tight seal. Dropping a striker with a hemispherically shaped tip at 6.26 J 
(Figure 17a) creates a central puncture and radiating cracks, with damage spanning ~35 mm in 
diameter. We implemented the same pressurized delivery scheme to fill the damage post-impact. 
A dye (Oil Blue N) was used to observe the deposition process, which included wicking into the 
radiating cracks (Figure 17b and c). Although fast gelation chemistry is advantageous for the 
regrowth of lost mass, it does not provide sufficient time for the reagents to fully penetrate into 
radiating microcracks. By slowing the gelation kinetics to around 8 min, we were able to achieve 
gap-filling and partial penetration of radial microcracks emanating from the central hole. 
Pressure testing of impact samples yielded ~60% sealing success, with most failures attributed to 
incomplete sealing of the dense network of radiating microcracks. After restoration of impact 
damage, we reimpacted specimens using the same testing protocol and measured 62% recovery 
of total absorbed energy in comparison with the initial impact test. The restored material 
performed on par (76%) with control specimens in which the native substrate material was 
injected into the damage and cured at a high temperature (Table 2).  
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Figure 17. Restoration of impact damage. Perspective views of impact specimen restored with 
two-stage thermoplastic (HEMA) system (0.1 v/v% catalyst, 1.5 wt% initiator, 0.1 wt% 
promoter). Both components of two-part solutions are dyed and recolored for visualization. a) 
Specimen mounted into impact test fixture; 4-mm striker with a hemispherically shaped tip 
suspended over specimen. b) and c) Impact damage with central puncture and radiating cracks b) 
before filling and c) after filling. Scale bar, 5 mm. 

 

Table 2. Average energy absorption from impact testing, error represents standard deviation. 

Sample  
Total energy absorbed (J) % energy 

[vs. epoxy 
substrate] 

% energy 
[vs. epoxy 

substrate, epoxy 
injected control] 

# of 
Specimens initial impact re-impact 

Epoxy substrate 0.92 ± 0.21  ---- - 30 
HEMA control substrate 0.58 ± 0.22  63% 77% 6 
Two-stage thermoplastic 

control substrate 0.82 ± 0.39  89% 109% 3 

Epoxy substrate, restored 
with two-stage thermoplastic  0.57 ± 0.34 62% 76% 5 

Epoxy substrate, epoxy 
injected control  0.76 ± 0.39 82% - 4 

 
We have demonstrated a vascular approach to damage restoration using a polymer that replaces 
lost mass and recovers structural performance. Our two-stage chemistry makes use of both a 
rapid gelation (gel stage) for gap-filling scaffolds and a slower polymerization (polymer stage) 
for restoration of structural performance. When damage is unpredictable and uncontrolled, more 
complex and interconnected vascular networks [34] will be necessary to provide sufficient 
vascular coverage and redundancy to circumvent channel blockage. Truly regenerative polymers 
may be possible in the future via on-demand delivery of the chemical components of the native 
substrate polymer coupled with tunable gel and polymer transitions. 
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2.1.5. Enhanced design and performance of restorative polymer systems 

The rapid gelation of the two-stage polymer healing agent is the distinguishing feature of the 
system that enables the recovery of large damage volumes. Without formation of the gel, liquids 
are mobile and more susceptible to external forces that may draw the healing agents away from 
large, open damage volumes. Healing chemistries that polymerize too slowly lead to a “bleed-
out” condition where liquids continually drip from the damage zone rather than filling the defect 
to restore component function.  

The initial test geometry (Figure 18a-d), consisting of a 3 mm thick epoxy sheet with two 
parallel vascular channels, achieved a 97% increase for maximum damage area recovered in a 
through-thickness cylindrical defect geometry for a gelling healing chemistry compared to non-
gelling controls [35]. Beyond 9.0 mm damage diameter, samples only partially filled due to three 
failure modes illustrated in Figure 18e.  

 

Figure 18. Schematic showing the polymer restoration process for a two-stage healing agent 
system. a) A damage event caused a large, open wound in microvascular material, b) Two-part 
chemical healing system was released into the damage volume where mixing occurred. Green 
segments represent gelator A [PEG-based oligomer], blue dots represent gelator B (aldehyde 
crosslinker) and the red dots represent the monomer solvent. c) Gelation occurred rapidly via 
acid-catalyzed reaction of the dissolved gelators. d) Polymerization of the monomer solvent into a 
structural material. e) Failure modes observed during the fill process:  surface wetting;  
ungelled reagent dripping; and  deflection of the gel. 

First, wetting of the healing agents on either the top or bottom surface of the sample wicked un-
gelled healing agents out of the damage volume by capillary forces( ). Second, gel formation 
inhibited microvascular delivery and interfered with proper mixing, preventing gelation of the 
system. Without gelation, the components of the two-stage chemistry bled out from the damage 
volume( ). Finally, the growing gel mass sometimes deflected downward rather than closing the 
gap in the center of the damage volume( ).Results were reported for a single test protocol and 
the influence of experimental design on these failure modes was not tested. 
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Characterization of Recovery process 
We must mitigate the inherent limitations of liquid healing agents in order to obtain fluid 
retention sufficient to heal large damage volumes. The cohesive and adhesive forces of gelling 
healing agents were previously demonstrated to extend the deposition volume by superseding 
gravitational and surface tension forces in a pendant drop experiment [35]. To test this effect in 
an actual damage geometry, we recorded the progression of damage area recovery as a function 
of time in a series of overhead images (Figure 19). Fill progress was assessed by defining an 
Area Fill Ratio (AFR),  

0

fillA
AFR

A
=

      (1) 

where Afill is the damage area recovered by healing agents as viewed from above and A0 is total 
area of the original damage zone. AFR data for non-gelling controls and a rapidly gelling system 
are shown in Figure 19a and b (blue lines), respectively. The non-gelling control repeatedly 
reached an AFR of ~0.59 before gravity pulled the healing agents from the damage volume and 
reduced the AFR to ~0.33. In contrast, the gel followed a steady progression toward a complete 
fill of the damage area, demonstrating the ability of the two-stage chemistry to recover large 
damage volumes through the formation of a dynamic gel network [16]. 

 

Figure 19. Fill characteristics of large-scale damage filling process a) Non-gelling HEMA 
controls showed limited AFR and near unity circular deviation. b) HEMA gel system reached a 
complete fill and showed a significant deviation from circular shape. Damage diameter is 7.0 
mm. 

For the cylindrical damage geometry, liquid healing agents appeared as an annulus when viewed 
from above with a circular open damage area present in the center of the damage region. The 
extent to which the healing agents conformed to a circular contour was calculated from the shape 
of the unfilled portion of the damage geometry [36], 
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where ξ is the deviation from circularity, xi and yi are the coordinates of points around the 
contour of the unfilled portion of the damage geometry, A0 and B0 are the center coordinates of a 
best fit circle calculated for the unfilled portion of the damage geometry, R0 is the radius of the 
best fit circle, and N is the number of points used to construct the best fit circle. ξ was formulated 
to return a value between 1 (perfect circle) and 0. 

Figure 19a and b (red lines) show the difference in ξ between the liquid controls and gel system, 
respectively. The fill shape of the control fluid is dictated by surface tension, appearing as an 
annulus until immediately preceding a drip when gravity dominates and pulls the liquid into an 
oblong shape. In great contrast, the gel material deviates significantly from circularity at the 
onset of the test and follows no predictable trend, indicating the shape of the gel is not dominated 
by surface tension. 

Healing Agent Delivery Schedule 
Delivery schedule was varied for restoration experiments to gauge the effect on maximum fill 
size. Three pumping protocols were prescribed to alter the cadence of flow while maintaining the 
overall cycle time and average delivery rate. As with previously described work, one delivery 
schedule consisted of the following cadence: 1 s pulsed delivery of 1 μL solution B, 3 s delay, 1 
s pulsed of 1 μL solution A, and a 15 s delay for a total cycle time of 20 s. Two additional 
pumping protocols were examined for comparison (Figure 20a). The first was a simultaneous 
pumping schedule which delivered solutions concurrently. The second was a double frequency 
alternating schedule with 4 alternating pulses each of 0.5 μL volume. In all three cases, the gel 
filled a larger area than the control. The original alternating delivery schedule demonstrated the 
highest fill performance followed by the double frequency alternating schedule and finally, the 
simultaneous delivery schedule (Figure 20b).  
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Figure 20. Effects of different delivery schedules. a) Graphical representation of 2 cycles of each 
schedule. Red lines represent “solution b” and blue lines represent “solution a” (Table 3) b) Fill 
performance of samples tested under various delivery schedules. c) Micrograph from scanning 
laser confocal microscope showing a representative distribution of fluorescent nanospheres (red = 
Rhodamine; green = fluorescein) with an alternating delivery schedule (scale bar = 1 mm). d) 
Higher magnification region indicated by dotted box in Figure 3c, showing the fluorescent 
striations (scale bar = 150 μm). 
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Table 3. Two-part solution composition for two-stage healing agents containing 1.5 wt% 
initiator, 0.1 wt % promoter, and 2 v/v% catalyst with respect to monomer. Representative values 
are given for a solution volume of 2 mL total monomer (1 mL per part).  

 Component Amount 

Solution 
Part A 

Gelator Aa (61%) 0.146 g 

Catalyst 40.8 μL 

Promoterb 2.1 μL 

HEMAc,d 1 mL 

 
Solution 
Part B 

Gelator Aa (39%) 0.093 g 

Gelator B 0.053 g 

Initiatorb 31.0 μL 

HEMAc 1 mL 

a) 12 wt% gelators (3:2 mol ratio A:B) which were divided for equal volume Part A and Part B. 
b) Solutions for fill experiments did not include initiator or promoter. 
c) HEMA used in making solutions for fill analysis contained 0.0001 wt% carbon black as a contrast 

agent. 
d) HEMA used in making solutions for mixing analysis contained .01 wt% fluorescent nanospheres. 

 

Optimizing two-part healing agent mixing through controlled delivery has been shown to result 
in superior mechanical performance [34,37–39]. Likewise for a rapidly gelling healing 
chemistry, performance discrepancies in fill size could be due to different levels of mixing 
between the two components. Gel time of the healing chemistry is greatly affected by the 
stoichiometric ratio of the solutions (Table 4). Although each of the schedules was calibrated to 
deliver 1:1 ratios of solutions, the local stoichiometry of a poorly mixed sample impacted gel 
time and fill performance. 

Table 4. Gel time for vary solution ratios as determined by inversion test. Error is one standard 
deviation (n = 3). 

Solution Ratio (A:B) Gel Time (s) 

2:1 39.7 ± 2.5 

1.5:1 32.0 ± 6.2 

1:1 29.0 ± 2.0 

1:1.5 44.7 ± 3.5 

1:2 51.7 ± 1.5 
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Evaluation of Degree of Mixing 
Confocal fluorescent microscopy was used to analyze the position of fluorescent dyed 
nanospheres to gain a direct indication of mixing. Fluorescent silica nanospheres (~300 nm) 
containing either Rhodamine B or Fluorescein were synthesized [40,41] and suspended in each 
of the healing agent components (Rhodamine - Part A, Fluorescein – Part B). As the two-part 
system mixed during delivery, gelation locked the nanospheres in place and the nanosphere silica 
shell prevented diffusion following deposition of the healing agents. After allowing the healing 
chemistry to fully cure into a rigid polymer, confocal micrographs of polished surfaces had a 
striated appearance with notable concentrations of each nanosphere species (Figure 20c and 
20d). The striated appearance of the fluorescent microspheres is indicative of the layer-by-layer 
growth of the gel mass and provided an opportunity for quantitatively assessing the level of 
mixing.  

We evaluated the distribution of the dyed nanospheres by converting each channel into a binary 
image (Figure 21a and 21b), overlaying a 30x30 cell grid (cell size ~200 µm x 200 µm, Figure 
21c), and calculating cell concentrations of each dye via MATLAB. Lacey described a statistical 
method to determine the degree of mixing between two particulate species [42],  

2 2
0
2 2
0 R

M σ σ
σ σ

−=
−       (3) 

where M is the Lacey Mixing Index, σ0 is standard deviation of cell concentration in a 
completely unmixed sample, σ is the standard deviation of cell concentration in the actual 
sample, and σR is the standard deviation of cell concentration in a perfectly mixed sample. M will 
approach unity for a perfectly mixed sample. As opposed to other methods that rely on 
circumstantial evidence of mixing from mechanical data [5,34,39], our analysis achieves a direct 
assessment of healing agent placement during fluid delivery. 
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Figure 21. Evaluation of mixing. a) Binary conversion of rhodamine (red) channel from Fig 3C 
(diameter = 6.5 mm). b) Binary conversion of fluorescein (green) channel from Fig 20c. c) 
Representative 30x30 grid overlaid on Rhodamine channel. Cells with less than 1.5 % 
concentration of either component were omitted from mixing index calculations d) Lacey mixing 
index for each delivery schedule (n = 3 for each schedule, error bar is one standard deviation). 

Samples that were premixed with a vortex mixer (“perfectly mixed controls”) and manually 
injected into damage volumes approached M values of unity as expected (Figure 21d). In 
agreement with fill performance, simultaneous delivery schedule showed the lowest degree of 
mixing. However, alternating and double frequency alternating schedules showed similar degrees 
of mixing despite differences in fill performance. A closer look at each sample (Figure 22) 
revealed the double frequency alternating samples contained larger regions of single-dye 
composition and lower regional mixing even though overall mixing is equivalent. Hence, mixing 
influenced fill size but other factors such as local viscosity changes or dynamic contact angle of 
healing agents could also impact delivery and flow of healing agents in the damage volume to 
influence the fill performance.  
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Figure 22. Confocal fluorescence micrographs with Rhodamine (red) and fluoresceine (green) 
dyed nanospheres. a) – c) Perfectly mixed control, d) – f) alternating delivery schedule, g) – i) 
simultaneous delivery schedule, j) – l) double frequency alternating delivery schedule. Circle 
diameter = 6.5 mm 
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Sample Thickness and Orientation 
We investigated the effects of substrate thickness and sample orientation on maximum fill size to 
determine whether the surface area available for gel accretion or the direction of gravity would 
influence regeneration performance. The effect of sample thickness on maximum fill area is 
shown in Figure 23a. Sample thickness is varied from 1-3 mm while holding microchannel 
position constant with respect to the upper surface. Increasing sample thickness resulted in an 
increased fill size for both non-gelling controls and gelling healing agents. Improved 
performance with increasing thickness is expected since the greater sample thicknesses provide a 
larger surface area for healing agents deposit, spread, and gel to delay failure by deflection. The 
fill size of the gelling healing agents increased more rapidly with thickness than the non-gelling 
controls. The controls experienced only marginal benefit from thicker samples because gravity 
still dominated retention limitations.  

 

Figure 23. Effect of thickness and orientation on fill performance. a) Fill area of controls and gel 
for each sample thickness b) Fill area of samples with following orientations:  0°,  45° 
vertical channels,  90° horizontal channels,  90° vertical channels.  

The fill performance of the gelling healing agents under different damage orientations was 
investigated to better understand the effect of gravity on the healing process. Figure 23b shows 
the fill performance of non-gelling controls and gelling healing agents in four different sample 
orientations:  0°,  45° tilt with veritcal channels,  90° with horizontal channels, and  90° 
with vertical channels. The 0° orientation far outperformed all other orientations for the gel. As 
expected, the controls were largely unaffected by damage orientation. The gel only provided a 
marginal benefit over controls for the 45° tilt with vertical channels and 90° with horizontal 
channels. The controls slightly outperformed the gel for the 90° with vertical channels test case. 

In all orientations other than the 0° case, one or more of the channels became blocked by the 
formation of gel. Consequently, the blockage resulted in poor mixing and/or inadequate ratios of 
components delivered to the damage region which decreased the fill performance. In the 0° 
orientation, liquids were distributed and retained around the entire circumference of the damage 
zone awaiting gelation. In all other orientations, healing agents pooled at the bottom of the 
damage geometry, only covering a relatively small portion of the damage circumference. Healing 
agents with faster gel times could potentially be used to mitigate orientation challenges if 
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gelation occurs before healing agents accumulate on the lowest surface. The introduction of 
additional channels may also help the system resist failure due to channel blockage. 

Surface Wetting 
We investigated the effect of specimen coatings on the surface wetting failure mode and the 
maximum damage fill size. The contact angle of HEMA varied drastically with coating, eliciting 
wetting (θ = 18°), near oleophobic (θ = 72°), and super oleophobic (θ = 163°) responses for bare, 
Frekote, and UED coated samples, respectively (Figure 24a-c). Liquid on a wetted surface 
crossed the sample edge to wet the adjacent surface if the “Gibbs inequality condition” [43] 

(Figure 25) was exceeded, 

1 0 2(180 )θ θ φ θ≤ ≤ − +      (4) 

where θ1 is the equilibrium contact angle of the wetted (damage) surface, θ0 is the contact angle 
at the edge, Φ is the angle between the two surfaces, and θ2 is the equilibrium contact angle of 
the non-wetted (top or bottom sample) surface. θ1 is 18° for all samples because damage exposes 
bare epoxy and Φ is 90° because damage is created perpendicular to the channels. However, θ2 
varies and is represented by the contact angle of the various coating conditions. 

 

Figure 24. Effect of surface modification on wetting and fill performance. a) Contact angle of 
HEMA on uncoated epoxy, b) Frekote 55-NC, and c) Ultra-Ever Dry. d) Fill performance of 
samples at varying surface contact angles. 
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Figure 25. Schematic showing variables included in the Gibbs inequality condition (Equation 4). 
Droplet outlines represent the low equilibrium contact angle for the damage (uncoated) surface 
and the bottom (uncoated, Frekote 55-NC, or Ultra-Ever Dry) surface of the sample. As θ2 
increases, the specimens increasingly resist failure by wetting. 

Figure 24d compares the fill performance for each coating condition. Bare epoxy samples were 
prone to wetting failure for both the non-gelling controls and gelling healing agents, resulting in 
only a marginal performance increase for the gel compared to controls. Healing agents often 
wetted the bottom surface of the sample prior to gelation. Both Frekote and UED coated samples 
achieved equivalent fill results for control liquids because the coatings eliminated the wetting 
failure mode. In contrast, gel fill performance increased with contact angle. Gel buildup hindered 
and deflected the flow of healing agents to cause occasional wetting failure on Frekote samples, 
but this event was not observed with UED samples. The selective phobicity of the surface 
redirects fluids [44,45] and better retains healing agents within the damage volume. 

Concentration of Vascular Channels 
Samples with 2, 4, and 8 intersecting channels were fabricated and evaluated for fill 
performance. Cylindrical damage volumes were created at the intersection of the channels (the 
damage event split each channel in half; E.g. the 2-channel specimens had 4 half-channels 
delivering fluids) and the healing agent delivery rate was held at 3 μL*min-1 per channel for each 
experimental configuration. Figure 26a shows an image sequence of the fill process for an 8-
channel specimen with a 10.5 mm damage diameter. We observed more deposition with higher 
microvascular concentration, leading to enhanced restoration performance (Figure 26b). The 
maximum fill size of controls was largely unchanged by increasing the number of channels, but 
gel performance of the 8-channel specimens achieves 164% improvement (11.2 mm damage 
diameter) in fill area over the 2-channel sample geometry and 197% improvement over controls. 
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Figure 26. Effect of number of delivery channels on fill performance. a) Fill process for a 10.5 
mm diameter sample shown after 1, 5, 8 and 10 minutes into the fill process (scale bar = 2 mm). 
b) Fill performance of samples with varying channel count. 

Overall Fill Performance 
The HEMA gel system is a versatile strategy to address large damage volumes as demonstrated 
by the superior fill results compared to non-gelling control fluids. Table 5 contains numerical 
values comparing the relative performance of all test conditions. The restoration performance 
was calculated as a normalized value of gel performance compared to non-gelling controls with 
respect to the maximum fill area obtained, 

gel control

control

α α
ζ

α
−

=
      (5) 

where ζ is the performance increase, αgel is the maximum fill size attained by HEMA gel for a 
given experimental protocol (delivery schedule, sample geometry, sample orientation, surface 
coating, and microvascular density), and αcontrol is the maximum fill size attained by non-gelling 
controls for the same protocol. The gel outperformed the non-gelling control fluids for every test 
case (ζ > 0) except for the 90° oriented test configuration with horizontal channel positioning (ζ 
= -0.09). The performance increase was greatest for samples with an alternating pumping 
schedule, largest thickness, 0° orientation, superoleophobic surfaces, and highest concentration 
of microvascular channels. Under these conditions, the gel exceeded the maximum fill size of 
non-gelling controls by a margin of 3:1.  

 

DISTRIBUTION A: Distribution approved for public release.



Table 5. Maximum fill size attained for each test condition.  

 

HEMA Controls  HEMA Gel 
Performance 
Increase, ζ Diameter 

(mm) 
Area 

(mm2)  Diameter 
(mm2) 

Area 
(mm2) 

Standard Specimena 6.3 31.2  9.0 63.6 1.04 
Experimental 

Seriesb Variables       

Delivery 
Schedule 

Simultaneous 6.2 30.2  7.6 45.3 0.50 
Double Frequency 

Alternating 6.3 31.2  7.7 46.5 0.49 

Thickness 
1 mm 5.0 19.6  6.3 31.2 0.59 

2 mm 5.9 27.3  7.8 47.8 0.75 

Orientation 

45°, Vertical Channels 5.5 23.7  5.9 27.3 0.15 

90°, Horizontal Channels  6.2 30.2  5.9 27.3 -0.09 

90°, Vertical Channels  6.2 30.2  6.5 33.2 0.10 

Surface 
Coating 

θ = 18° 5.7 25.5  6.3 31.2 0.22 

θ = 72° 6.3 31.2  7.9 49.0 0.57 

Channel 
Count 

4 Channels 6.6 34.2  9.2 66.4 0.94 

8 Channels 6.5 33.2  11.2 98.5 1.97 

a) Standard sample consists of alternating delivery schedule, 3 mm thickness specimens, 0° 
orientation, superoleophobic surface coating, and 2 microvascular channels. 

b) Test conditions conform to the “standard sample” in all respects other than the one specified. 

2.1.6. Impact damage restoration (RCRG) 

The initial study of restoration of large damage volumes in polymers (section 2.1.4) introduces 
the performance metrics for restoration of impact damage. Subsequent experimentation probes 
methods to improve both recovered impact energy absorption when a restored specimen is 
subjected to a repeat impact, as well as sealing of microcracks when a static pressure is applied 
to one side of the specimen and leakage is monitored on the opposite side (Figure 27). Variations 
in the 2-stage restoration chemistry are tested, affecting the mechanical properties of the 
resulting polymer. Multiple configurations of the bulk substrate are fabricated and tested: 
changing the type of polymer, and including microcapsules.  

Figure 27. Pressure testing: a) schematic of pressure cell, b) example pressure profiles [35]. 

a) b) 
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Formulation of healing chemistry to improve energy absorption on re-impact 
After restoration of impact damage using 2-stage restoration chemistry, specimens were re-
impacted using the same testing protocol to determine their recovery of impact energy. With the 
objective of improving the energy absorption, the formulation of the monomer using in the 2-
stage healing chemistry was varied. One promising result was obtained using a mixture of two 
monomers 2-hydroxyethyl methacrylate (HEMA, used in the previous study), and 2-
hydroxyethyl acrylate (HEA), which results in a acrylate copolymer. The chemical formulation 
of these monomers is shown in Figure 28. The mechanical properties of various weight ratios of 
these two monomers were studied using dynamic mechanical analysis, and the resulting storage 
moduli at 1 Hz are shown in Figure 29a. 

 

Figure 28. Monomers used in the formulation of acrylate copolymers for energy absorption 
study. 

Experiments were performed to determine the effect of varying the monomer feed ratio, and 
effectively the mechanical properties of the cured regeneration material on the impact energy 
absorption when restored specimens were re-impacted. Impacted epoxy sheet specimens were 
manually injected with premixed 2-stage restoration chemistry and allowed to cure. The injected 
material was retained in the damage region using a silicone sheet clamped to one side of the 
specimen. After curing, the specimens were re-impacted. The percent recovery of energy 
absorption relative to the initial impact is given for the three formulations tested in Figure 29b. 
The 70:30 ratio of HEMA:HEA, which exhibited a storage modulus of 0.64±0.05 GPa, showed 
over 100% recovery of impact energy absorbed. When specimens were filled using the in-situ 
pumping protocol described previously and the 70:30 ratio of HEMA:HEA, they exhibit 82±33% 
recovery of absorbed impact energy. 

 

Figure 29. Energy absorption, manually injected controls. 
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Thermoplastic matrix system for dual healing pathways: 2-stage chemistry, and solvent-based 
self-healing. 
Previously in Section 2.1.4 the substrate chosen for recovery of impact damage an epoxy 
polymer. Replacement of the substrate with a thermoplastic, specifically an acrylic, enables dual 
healing pathways: (1) via the reaction of the two parts of the 2-stage chemistry, and (2) solvent 
healing via the solvation of the substrate and re-entanglement of polymer chains. While the 2-
stage chemistry is required for the retention of material in the central lost volume, cracks will be 
solvent healed by a single component. Previous investigations have used solvents such as 
methanol or ethanol and the addition of heat for solvent healing of PMMA [46–52]. 

Previously, the gel time was reduced to improve sealing of impacted epoxy substrates using the 
HEMA 2-stage chemistry. However, when implementing the slow gelling HEMA 2-Stage 
chemistry in PMMA substrates, no sealing was observed when specimens were filled the in-situ 
pumping protocol described previously. It was observed that the HEMA monomer induces 
solvent cracking of PMMA. An alternative monomer, 2-phenoxyethyl methacrylate (PEM), that 
does not show solvent cracking was tested. Control experiments were performed in which the 2-
stage solution was manually injected into a simple cylindrical drilled hole and allowed to cure 
(Table 6). As observed in the previous study, 100% of the drilled hole specimens with epoxy 
substrates filled with the slow gelling 2-stage chemistry sealed. In addition, it should also be 
noted that all specimens (epoxy substrates) from the previous study sealed when filled with fast 
gelling formulation and HEMA as a monomer. The specimens in PMMA substrates filled with 2-
stage solutions with HEMA as a monomer show very low fractions of specimens sealing, 
consistent with the failure to seal in the in-situ pumped specimens and the notion that solvent 
cracking reduces likelihood of sealing. The PMMA substrate specimens that were filled with 2-
stage solutions with PEM as a monomer do not show 100% of specimens in sealing. The 
marginal increase in fraction of specimen sealing may indicate that non-solvent cracking effect 
of the PEM monomer improves sealing. The cause of the poor sealing fraction in PMMA 
substrates is certainly due poorer bonding between the healing agent and substrate after the 
healing agent has cured, but the underlying cause has yet to be determined. 

Table 6. Control fills of drilled hole specimens, with various healing agents. Premixed 2-stage 
healing agent components were injected into hole and allowed to cure. 

Specimen Type 
Substrate/Healing Agent 

% of Specimens 
Sealed 

Number of 
Specimens 

Epoxy/2-Stage HEMA Slow 100% 3 

PMMA/2-Stage HEMA Slow 17% 6 

PMMA/2-Stage HEMA Fast 33% 6 

PMMA/2-Stage PEM Fast 50% 6 

Hybrid system incorporating both a vascular network and capsules 
Despite the positive effect of improving sealing performance by slowing the gelation speed using 
the HEMA 2-stage chemistry in section 2.1.4, 
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Figure 30. a) Schematic of hybrid system containing vascular channels and capsules (not to 
scale), showing impact damage. Primary delivery channels for filling of central damage shown in 
red and blue. Capsules shown in green. b) Top view of impacted specimen containing primary 
delivery channels and capsules (scale bar = 5 mm). 

The solvent-epoxy single capsule system introduced by Caruso demonstrated ~100% recovery of 
fracture toughness [56]. Capsules containing 97 wt% ethylphenylacetate and 3 wt% Epon 862 
(Diglycidyl Ethere of Bisphenol F), and sieved to 75-250 μm (diameter = 190 ± 30 μm) were 
incorporated at 10 wt% into specimens with the same configuration of vascular network as was 
implemented in section 2.1.4 (Figure 30). In addition control specimens using capsules 
containing hexyl acetate (HA, the control used in work by Caruso et. al.) were also fabricated. 
All specimens were impacted, a manually injected with premixed 2-stage solution, and allowed 
to cure. Pressure testing showed 100% sealing in the capsule filled specimens, both the self-
healing and control, while the no-capsule case showed no sealing (Table 7). The source of the 
sealing in control specimens is yet to be determined, but may be caused by either a change in the 
damage geometry that facilitates sealing using only the 2-stage chemistry, or the potential that 
HA may be inducing crack healing. In addition, impact energy absorption was measured both in 
the initial impact (virgin energy absorption) as well as after filling. Importantly, the epoxy matrix 
required for this healing system shows lower virgin energy absorption than the previous system 
(~0.92 J) faciliting a larger % recovery of energy absorption (~200% for 97:3 self-healing 
capsules). In addition, specimens containing 10 wt% 97:3 EPA:Epon 862 were filled using the 
in-situ pumping protocol described previously and the fast gelling HEMA 2-Stage chemistry. 
The results showed 100% sealing and ~50% recovery of energy absorption. 
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Table 7. Manual injection fills of capsule filled specimens, Sealing and Energy absorption. 

Capsules 2-Stage Filing 
Agent (HEMA) 

Number of 
Specimens Sealing% Virgin Energy 

Absorption (J) 
Filled Energy 

Absorption (J) %Recovery 

10 wt% 97:3 
EPA:862 Fast (2 v/v% DCA) 5 100% 0.22 ± 0.03 0.41 ± 0.09 190 ± 50% 

10 wt% 97:3 
EPA:862 

Slow B 
(0.05 v/v% DCA) 5 100% 0.24 ± 0.04 0.54 ± 0.19 210 ± 110% 

No capsules Fast (2 v/v% DCA) 3 0% 0.34 ± 0.03 0.26 ± 0.02 76 ± 4% 

10 wt% Hexyl 
Acetate (HA) Fast (2 v/v% DCA) 8 100% 0.24 ± 0.04 0.28 ± 0.06 125 ± 40% 

 

 

2.2. New Healing Chemistries 

The regeneration and remodeling grant resulted in the development of several new healing 
chemistries. Each chemistry is highlighted in the following sections. 

2.2.1. UV curable healing agents (RCRG) 

We sought a one-part healing agent, to preclude the challenges imposed by two-part chemistries. 
Specifically one-component UV curable healing agents were explored to polymerize under 
ambient conditions, without intervention. In photo-initiated reactions UV light cleaves covalent 
bonds, producing active species that induce polymerization [2,59–61]. Furthermore, 
photocurable chemistries can be selected to harness the UV light available in sunlight, removing 
the need for a non-autonomous post cure [2]. In our experiments we used a UV lamp with 
comparable UV irradiance comparable to sunlight (Figure 31). 

 

Figure 31. a) Irradiance spectrum of sunlight from ASTM G173 [62], direct normal irradiance, b) 
Irradiance spectrum of sunlight, UV regime compared to that of UV lamp (365 nm peak 
irradiance). 
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Two classes of photoinitiator were explored, cationic and radical. Radical photoinitators are 
more commonly used, and posses sensitivity to longer wavelengths, however radical 
polymerizations are inhibited by oxygen. Cationic photopolymerization, however is insensitive 
to oxygen and will cure under ambient sunlight, but at a slower rate [59,61]. The absorption 
spectra of an example cationic and radical photoinitiator are shown in Figure 32. 

 

Figure 32. Absorption spectra of example a) cationic (Irgacure 250, BASF) and b) radical 
(Irgacure 184, BASF) photoinitiators. Collected using a UV-Visible Spectrophotometer (model 
UV-2401PC, Shimadzu) in Acetonitrile. Peaks in the absorption spectra represent wavelengths to 
which the photoinitiator is sensitive. 

A commonly used phenomenological model for UV curing in polymers comes from work in 
sterolithography [63]. This equation describes the depth to which a photocurable polymer will 
cure (cure depth = Cd) with a given exposure to UV light (dose = Emax): 

     (6) 

The values of Dp, the depth of penetration, and Ec, the critical dose necessary for gelation are 
experimentally determined for the system. While depth of penetration and critical dose are 
normally taken as constants for a given formulation, they can also be related to variations in 
formulation such as concentration of photoinitiator. In Figure 33, measurements of the cure 
depth were taken for a given dose, where the dose is the product of the intensity of the light 
source and the time of exposure. Importantly all of the tests were performed with UV irradiances 
similar or less than that found in sunlight (<1 mW cm-2). 
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Figure 33. Cure depth characterization of a UV curable healing agents. Formulations: Acrylate – 
Radical (32 wt% Urethane Acrylate (Ebecryl 1290), 64 wt% trimethyl propane triacrylate 
(TMPTA), 4 wt% photoinitiator (Irgacure 184)); Epoxy – Cationic+Sensitizer (96 wt% Epon 
815C, 3 wt% photoinitiator (Irgacure 250), 1 wt% sensitizer (Darocur 1173)); Epoxy – Cationic 
(97 wt% Epon 815C, 3 wt% photoinitiator (Irgacure 250)). 

Considering this model, one can tune the depth of cure by controlling the exposure to UV light. 
However, the unmet challenge remains: how does one limit the desired curing to the coating and 
prevent it from propagating into the underlying vasculature? The solution sought by using 
surface valves in section 2.1.1 precludes the necessity for any control over depth of cure by 
isolating uncured material released to the damage site from the underlying vasculature. The 
polymer is simply required to cure under the intensity of UV light available in sunlight. The 
epoxy-cationic system was selected due to its insensitivity to atmospheric oxygen [2]. 

2.2.2. Epoxy-thiol healing chemistry 

Two-part healing agents provide an effective, robust, and rapid means to achieve self-healing in 
microvascular self-healing systems [5,34,35,37,38]. Chemistries are chosen to fit specific 
applications using properties such as mechanical properties, reaction kinetics, viscosity, and 
wetting (surface tension) behavior. An epoxy-amine two-part system consisting of EPON 8132 
and EPIKURE 3274 (Momentive, Columbus, OH) has proven versatile in multiple healing 
geometries including surface coatings [5] and fiber-reinforced composite double cantilever 
beams (DCB) [34]. For the DCB geometry, this epoxy-amine system achieved more than 100% 
recovery of fracture toughness (GIC) as compared to mode-I delamination of the virgin 
composite. Although effective, a cure of 2 days at 30°C was required to obtain this performance, 
at which point a 78% degree of cure was reached. 

Carioscia et al. have demonstrated thiol-ene/thiol-epoxy hybrid polymers that achieve >70% 
conversion in 1 hour at room temperature in the presence of an amine catalyst [64,65] with the 
epoxy-thiol portion obtaining greater than 90% conversion. We modified this system to develop 
a healing agent based on thiol-epoxy networks. The system contains a common epoxy resin, 
EPON 828 (Bisphenol A diglycidyl ether, Momentive); a reactive diluent, Epodil 750 (1,4-
Butanediol diglycidyl ether, Air Products and Chemicals, Allentown PA); a tetrathiol crosslinker, 
Pentaerythritol tetrakis(3-mercaptopropionate (Sigma, Milwaukee, WI); and a tertiary amine 
catalyst, N,N-Dimethylbenzylamine or (Dimethylaminomethyl)phenol (Sigma) (Figure 34). 
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Figure 34. Components of thiol-epoxy healing agent. 

The healing agent can be split into two solutions (one containing EPON 828, Epodil 750 and the 
other containing Tetrathiol, amine catalyst). Table 8 below shows the measured viscosity and 
surface energy properties of these constituents as well as the measured properties of a blend of 
75% Epon 828/25% Epodil 750 (Epoxy Blend). All properties were measured at room 
temperature. The surface energy was determined via Tate’s Law [29–31] and viscosity was 
determined via a strain sweep on an AR-G2 (TA Instruments, New Castle DE) outfitted with 25 
mm diameter parallel plate geometry. 

Table 8. Maximum fill size attained for each test condition 

Component Surface Energy (dyne*cm-1) Viscosity (cPs) 
Epon 828 45.4 ± 0.2 19,500 
Epodil 750 37.0 ± 0.1 17 

Epoxy Blend 42.3 ± .1 574 
Tetrathiol 47.1 ± 0.2 495 

N,N-Dimthylbenzylamine 26.0 ± 0.1 2 
(Dimethylaminomethyl)phenol 32.9 ± 0.3 36 

A time sweep experiment on an AR-G2 outfitted with 25 mm parallel plates also demonstrated 
the ability to control reaction kinetics by varying the amount of amine catalyst. Stochiometric 
samples containing EPON 828/Epodil 750 (75%/25% by weight), tetrathiol, and catalyst were 
tested under static flow conditions (Figure 35). Experiments were terminated once the mixture 
viscosity reached 100 Pa*s (100,000 cps). N,N-Dimethylbenzylamine resulted in a much more 
rapid cure for the same concentration of catalyst compared to (Dimethylaminomethyl)phenol. 
Pot life fell between 10 minutes and 130 minutes depending on catalyst type and concentration. 
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Figure 35. Viscosity as a function of time for epoxy-thiol healing agent consisting of EPON 
828/Epodil 750 (75%/25% by weight) and tetrathiol in stoichiometric proportions with a tertiatry 
amine catalyst. a) Cure rate as a function of catalyst concentration for N,N-Dimethylbenzylamine. 
b) Cure rate as a function of catalyst concentration for (Dimethylaminomethyl)phenol. 

Patrick et al. reported a theoretical maximum healing efficiency of EPON 8132/EPIKURE 3274 
of 130% based on GIC calculations for the DCB geometry after a 48-hour cure at 30° C [34]. 
Using identical fracture procedures, a healing agent consisting of EPON 828/Epodil 750 
(75%/25% by weight), and tetrathiol mixed at stoichiometric proportions with 3 wt% 
(Dimethlaminomethyl)phenol catalyst resulted ~150% healing efficiency after a 24-hour room 
temperature cure, demonstrating its promise as a high performance healing agent (Figure 36).  

 

Figure 36. DCB theoretical maximum performance of an epoxy-thiol healing agent system in a 
controlled injection experiment. EPON 828/Epodil 750 (75%/25% by weight), and tetrathiol 
mixed at stoichiometric proportions with 3 wt% (Dimethlaminomethyl)phenol catalyst. 
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2.2.3. Reversible chemistries 

In biological systems, regeneration is often aided by scaffolds providing support and structure to 
facilitate infiltration of blood vessels and promote cell growth [66]. These porous scaffolds are 
typically composed of a network of proteins, or synthetic mimics, which are used in the recovery 
of bone or cartilage [67]. Furthermore, marine barnacles utilize elastic polymer networks in a 
secreted adhesive to strongly adhere to hard surfaces [68]. Following these examples, the first 
attempts to create synthetic scaffolds for regeneration focused on dynamic materials that change 
in response to their environment. These smart materials contain a trigged solid-to-fluid transition 
that incorporates a mechanism to restructure like their biological counterparts. 

The first scaffold materials explored utilize dynamic, reversible bonds, i.e. bonds that are formed 
and broken under equilibrium conditions. Scaffolds were constructed through weak covalent 
crosslinking of poly(vinyl alcohol) (PVA) polymers with borate anions (Figure 37a). Low 
concentrations of borate (0.08−0.3 M) instantly crosslink and gel PVA solutions through 
formation of a didiol complex [69]. The gelation is also pH reversible which facilitates a 
potential mechanism for controlled deposition or removal of the scaffold. The viscoelastic 
properties of the PVA-borate gels were investigated using rheology. Higher concentrations of 
borate increase the modulus of the gel by increasing the crosslink density (Figure 37b). While the 
elastic (storage) modulus reaches ~104 Pa, the bonds are highly dynamic such that the viscous 
(loss) modulus, G”, is also large. Consequently, PVA-borate gels do not hold their shape and 
were unsuccessful as scaffolds.  

 

Figure 37. Poly(vinyl alcohol)-borate gels. a) Dynamic crosslinking mechanism of two PVA 
chains with a borate anion. b) Increasing shear modulus of a 12.5 wt% PVA solution with borate 
anions. Average is reported after the gel reaches a plateau modulus.  

Two methods were investigated to increase the rigidity of the gel scaffold (Scheme 1). 
Hyperbranched polyether dendrimers (PGly) were synthesized as additional crosslinking sites for 
the borate ion (Scheme 1A) [70,71]. Dendrimers of various sizes (Mn 1000–1600 g/mol) and 
concentrations were screened in PVA-borate gels. However, there was no increase in gel rigidity 
for any combination; the gel properties actually decrease when the dendrimers were added. 
Another approach employed functionalizing the PVA polymer with pendant groups 
styrylpyridinium, SbQ (Scheme 1B) [72,73]. SbQ-functionalized PVA polymers will gel after 
photoinduced crosslinking, but the new polymers were incompatible with the borate salt and 
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precipitate out of solution. Another drawback to PVA-borate gels is the near instantaneous 
crosslinking when the borate is added. As a result, the microvascular channels used to deliver the 
scaffold would easily clog. Attempts to slow the gelation with pH buffers were unsuccessful. 
Further investigation into PVA-borate scaffolds was stopped in favor of more rigid and 
controllable polymer gels. 

 

Scheme 1. Methods of improving PVA-borate gel rigidity through a) polyglycerol (PGly) 
dendrimers [70,71] and b) UV-initiated crosslinking of SbQ (styrylpyridinium) functionalized 
PVA [72,73].  

Organogel scaffolds were created through the catalyzed gelation of Gelators A, bis-
acylhydrazine terminated poly(ethylene glycol), and B, tris[(4-formylphenoxy) methyl]ethane, in 
organic solvents (e.g. DMF, dichloromethane) (Figure 38) [16]. The resulting network of 
acylhydrazone bonds could be reversibly decomposed and reformed 7 times by changing the 
apparent pH of the organic solvent. More importantly, the acid catalyzed sol-to-gel transition 
gives a mechanism for controlling scaffold formation. The gel is also chemically robust and 
retains its shape (G’ >> G”). 
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Figure 38. Reversible organogel formation using an end-functionalized poly(ethylene glycol) 
oligomer and tri-aldehyde crosslinker. Apparent pH was measured in DMF [16]. 

Although the chemical gel provided a strong scaffold material with control over the sol-gel 
transition, the gel solvent in both PVA-borate and the organogel poses a significant challenge. 
Our initial approach to regeneration deposits a scaffold first and then infiltrates the network with 
healing agents. However, the gel solvents were largely incompatible with the healing 
chemistries. Diluting structural resins with water or organic solvents yielded brittle and weak 
final materials (Figure 39). In addition, solvent evaporation caused the scaffolds to shrink and 
collapse before the resin could be incorporated. 

 

Figure 39. PVA-borate gel scaffolds. b) Vascular specimen containing PVA solution (blue), 
borate solution (red) and carrier fluid (green). b) Gel deposition and growth on top of the vascular 
network. c) Image of a cured healing resin after incorporation of water from the hydrogel 
scaffold. Scale bar 0.5 cm. 

To overcome the challenges with incompatible materials, a new regenerative chemistry was 
required that combines scaffold forming gelation with liquid healing agents. By replacing the 
organogel solvent with a monomeric solvent, both stages could be accomplished using a single 
system. Combining the two stages (gel scaffold and polymer healing agents) eliminates the need 
for infiltration with resin, avoids shrinking of the scaffold between stages, and simplifies the 
overall regeneration design.  
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2.2.4. Two-stage polymer chemistry 

Traditional healing chemistries, such as epoxy, transform from a viscous liquid solution to a final 
structural polymer in a single step. In contrast, a two-stage (scaffold and healing) chemistry 
undergoes two transformations accomplished on different time scales (Figure 40). A rapid, 
catalyzed gelation event forms the scaffold and is followed by a gel-to-polymer transformation to 
fully regenerate the damaged material. The gel scaffold consists of a network of acylhydrazone 
bonds formed by acid-catalyzed condensation of Gelator A, bis-acylhydrazine-terminated 
poly(ethylene glycol), and B, tris[(4-formylphenoxy) methyl]ethane. Subsequent room 
temperature redox free-radical polymerization of the monomeric solvent affords the final 
regenerated material. This chemistry allows for the generation of materials with tunable 
properties and is highly adaptable with independent control over the kinetics of both stages 
without relying on external stimuli (i.e. heat and light). Low concentrations of chemical 
triggering agents determine the onset of each stage. For the gel stage, changes in acid catalyst 
concentration tune the gelation time, t1, from a few seconds up to multiple days [16,35,74]. In 
our previous work, this control enabled the healing chemistry to adapt to multiple damage modes 
including microcracks, where infiltration of cracks was aided by slower gel times, and large 
through-hole voids, where faster gel times were advantageous [35]. Carefully tuning the 
polymerization kinetics prevented premature hardening of the healing agent which obstructs 
further scaffold deposition. 

 

Figure 40. Two-stage rheological properties. Independent, temporally controlled material 
transitions from sol-to-gel and gel-to-polymer achieved by varying gelation catalyst and 
polymerization initiator concentrations. 
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Using this two-stage chemistry with 2-hydroxyethyl methacrylate (HEMA), damage area 
recovery was increased by 51% in non-scaffold forming healing agents [35]. However, solutions 
containing only the gelation chemistry (no polymer stage) are able to fill areas 82% larger. The 
addition of the polymerization components negatively affects the gel stage and limits the fillable 
area in two-stage formulations. Herein, a new polymer stage initiating chemistry was 
investigated to improve the independence of the two stages. Furthermore, we demonstrate the 
versatility of our two-stage polymer chemistry by exploring the gel-forming ability in a variety 
of monomeric solvents. Of these, five vinyl monomers were selected for an in-depth rheological 
study comparing temporal control (gel time, t1, and subsequent polymerization onset, t2) with the 
improved and previously reported autonomic initiating systems. Finally, the two-stage polymers 
were evaluated as potential regenerative healing agents based on their wetting properties, 
stability and mechanical performance.  

The versatility of our two-stage chemistry is demonstrated by its wide range of material 
properties. The gelation chemistry (see Figure 42) is broadly compatible with a variety of 
organic solvents. In particular, the high solubility of the poly(ethylene glycol) backbone of 
Gelator A allows for the formation of free-standing gels in more than 35 vinyl liquids including 
(meth)acrylates, acrylamides, styrenes, and vinyl ethers. Figure 41 shows gels formed in 24 
different monomers using dichloroacetic acid (DCA) as the gelation catalyst. Monomers suitable 
as regenerative healing agents must readily solvate the gelators and exhibit high boiling points, 
low viscosities, and curing kinetics favorable for bulk polymerizations at room temperature. Five 
monomers were explored as potential two-stage polymers—hydroxypropyl methacrylate 
(HPMA, #1); 2-hydroxyethyl acrylate (HEA, #3); 2-phenoxyethyl methacrylate (PEM, #5); N,N-
dimethylacrylamide, (NN-DMA, #18); and methacrylic acid (MAA, #24) (numbers correspond 
to gels in Figure 41). 
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Figure 41. Gelation of monomeric solvents. Gels formed using 12 wt% gelators and 0.1 v/v% 
dichloroacetic acid catalyst. 1) hydroxypropyl methacrylate, HPMA; 2) hydroxypropyl acrylate; 
3) 2-hydroxyethyl acrylate, HEA; 4) glycidyl methacrylate; 5) 2-phenoxyethyl methacrylate, 
PEM; 6) trimethylolpropane triacrylate; 7) methyl acrylate; 8) methyl methacrylate; 9) ethyl 
acrylate; 10) styrene; 11) 4-acetoxystyrene; 12) α-methyl styrene; 13) ethylene glycol 
dimethacrylate; 14) poly(ethylene glycol)-dimethacrylate, Mn ~550; 15) divinyl benzene; 16) 1,4-
butanediol diacrylate; 17) N-(3-methoxypropyl)acrylamide; 18) N,N-dimethylacrylamide, NN-
DMA; 19) ethylene glycol vinyl ether; 20) N-vinyl-2-pyrrolidone; 21) acrylonitrile; 22) 2-
carboxyethyl acrylate; 23) acrylic acid; 24) methacrylic acid, MAA. 

The ability of our system to regenerate various damage modes (i.e. millimeter-sized gaps and 
crack planes) originates from the unique temporal control of the sol-to-gel and gel-to-polymer 
transformations. However, achieving complete distinction between stages has been limited due 
to the instability of the peroxide initiator. The original initiating system (initiator system I) for 
the polymerization stage uses methyl ethyl ketone peroxide (MEKP), which is promoted to 
decompose at room temperature with a metal-salt promoter, cobalt naphthenate (Figure 41). 
However, MEKP is very sensitive to strong acids which induces decomposition through 
heterolysis of the oxygen-oxygen bond (−O-OH) [75–77]. Increasing the concentration of 
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gelation catalyst increases the polymerization time t2; consequently, the two stages become 
interdependent. The acid sensitivity of MEKP also affects the gel time, t1, since gelation occurs 
faster in a gel-only versus two-stage formulation [35].  

 

Figure 42. Gelation chemistry and free-radical redox initiator systems. Acid-catalyzed gelation 
through condensation of Gelator A (Mn = 2000) and Gelator B. Promoted room temperature 
polymerization using initiator system (I) methyl ethyl ketone peroxide and cobalt naphthenate or 
(II) cumene hydroperoxide, iron gluconate and either hydrazine or tetrahydroquinoline. 

Development of an improved initiating system focused on a more stable initiator, cumene 
hydroperoxide (CHP). CHP has a higher thermal stability than MEKP and does not decompose 
under mildly acidic conditions [78]. Like MEKP, CHP rapidly decomposes in the presence of a 
metal-salt via one-electron redox reaction at room temperature:  

 ROOH  +  Mn+  →  RO˙  +  OH¯  +  M(n+1)+ 

 ROOH  +  M(n+1)+  →  ROO˙  +  H+  +  Mn+ 

CHP is commonly decomposed by the addition iron (II) or copper (I) cations, both with low 
energy barriers between oxidation states [79]. We utilized iron (II) gluconate as the promoter in 
initiator system II (Figure 42). Typical redox initiation of CHP employs various co-accelerators 
to reduce iron (III) to the more active iron (II) to achieve rapid decomposition, which is mainly 
attributed to the low oxidation state of the metal ions.[80] Simple screening tests were conducted 
on common co-accelerators in combination with initiator system II (1:10 and 1:100 mol Fe2+:co-
accelerator) in neat monomer (Table 9). The addition of any co-accelerator significantly 
increased the mechanical properties of the final, cured polymer. In contrast, control reactions 
with only Fe2+ (0.32 wt%) and CHP (1.5 wt%) either did not or only partially polymerized after 
curing for 16 hours. N,N-dimethyl-p-toluidine (DMPT) was an effective co-accelerator for most 
monomers but the basic amine slows the acid-catalyzed gel time in two-stage formulations. 
Sodium hydroxymethanesulfinate (rongalite) was the strongest reducing agent and aided the bulk 
polymerization of all monomers tested. However, polymerizations were extremely rapid and 
proceeded instantaneously in NN-DMA and hydroxypropyl acrylate. Neither 1,2,3,4-
tetrahydroquinoline (THQ) or hydrazine influenced the gelation chemistry when used in catalytic 
concentrations and were employed as co-accelerators in initiator system II.  
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Table 9. Co-accelerator screening in select monomers. 

Monomera 
  

Co-acceleratorb 
DMPT THQ Hydrazine APH Rongalite ─ 

NN-DMA p p p p p wp 

HPMA p p p p p n 

PEM n p p wp p n 

HEMA p p p p p wp 

HPA p p p p p n 

NVP n n n n wp n 

4-AS n n n n wp n 
aSolutions contain 1.5 wt% CHP, 0.32 wt% Fe2+ and 1 v/v% catalyst, cured for 16 hours in a 
purging nitrogen atmosphere. HEMA = 2-hydroxyethyl methacrylate, HPA = hydroxypropyl 
acrylate, NVP = N-vinyl-2-pyrrolidone, 4-AS = 4-acetoxystyrene. bComprehensive results 
from concentrations 1:10 and 1:100 Fe2+:co-accelerator. p = hard polymer, wp = 
weakly/partially polymerized, n = no polymer formed. 

Five vinyl monomers were selected as two-stage healing agents for in-depth rheological study of 
reaction kinetics ─ gel time, t1, and polymerization onset, t2. We further compared the temporal 
control afforded using both initiator systems: MAA and HEA were polymerized using initiator 
system I, and HPMA, PEM and NN-DMA were polymerized using initiator system II. (Figure 
42) The results were compared to the regenerative system containing HEMA (2-hydroxyethyl 
methacrylate), which was established as a regenerative healing agent previously [35]. 
Concentrations of promoter and co-accelerator were optimized for optimal control of 
polymerization and stiffness of the final polymer. 

Gel-stage kinetics were varied using DCA catalyst concentrations from 0.05−2 v/v% in gel-only 
and two-stage formulations (Figure 43a-f). The gel time (t1), measured by tabletop rheology, 
steadily decreases in all monomers as more catalyst is added. However, the acid sensitivity of 
MEKP (initiator system I) is apparent. At low catalyst concentrations, gel times differ by 1−10 
minutes between gel-only and two-stage systems in HEA and MAA, and have been shown to 
vary more than 20 minutes in our previous work using HEMA [35]. Conversely, initiator system 
II offers a significant improvement in t1 distinction. For all catalyst concentrations tested in 
PEM, NN-DMA and HPMA, t1 was unaffected by the introduction of the initiation chemistry 
(Figure 42c-e). 
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Figure 42. Control of gel stage kinetics via dichloroacetic acid (DCA) catalyst concentration. Gel 
times, t1, per catalyst volume percent for formulations containing gel only (no initiators) and two-
stage chemistries. Two-stage contains initiator system I for HEMA a), HEA b) and MAA c); 
initiator system II for NN-DMA d), HPMA e) and PEM f). 12 wt% gel solutions of acidic MAA 
will gel in 7 min without catalyst. The average is reported with error bars at high and low values. 
For some data points, error bars are smaller than the symbols. (Direct comparison of HEMA gel 
times to the new two-stage polymers is not applicable because HEMA used Gelator A with a Mn 
= 1000 g/mol). 

The polymerization rates were measured using oscillatory rheology. Gelation of monomer sol 
solutions were achieved with 1.0 v/v% catalyst for t1 values between 1−2.5 min with the gel 
stage reaching a plateau modulus of 104-105 Pa. Subsequent onset of polymerization (t2) was 
defined as the sharp modulus increase from the gel stage and precisely controlled by varying 
concentration of initiating components. The gel plateau (t1─t2) varied from as little as 16 min to 
~2 h for NN-DMA and HPMA, respectively. Controlled onset times are given in Figure 43 and, 
in general, coincide with the bulk propagation rates of the neat monomer (with the exception of 
PEM, kp = 900 L/mol·s at 60 °C) [81]. HEMA, HEA and NN-DMA exhibit the highest kp values 
of 1.3 x104, 1.0x104 and 1.6x104 L/mol·s at 25°C, respectively, and the fastest t2 times [82,83]. 
Likewise, MAA and HPMA display slow t2 times and low kp values of 600 and 790 L/mol·s at 
25 °C, respectively [84]. Both initiator systems enable direct control of t2 through variation of 
either promoter or co-accelerator concentrations. Precise control of the polymer stage allows for 
readily adaptable chemistries without external energy input (i.e. light or heat), synthesis of 
monomers or strict stoichiometric control of monomer components. 
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Figure 43. Control of polymer-stage kinetics. Polymerization onset, t2, varied by promoter or co-
accelerator weight percent; all formulations contain 12 wt% gelators, 1 v/v% gel catalyst and 1.5 
wt% initiator. Two-stage initiator system I for a) HEMA, HEA and MAA; initiator system II for 
b) NN-DMA (0.035 v/v% hydrazine), c) PEM (0.08 wt% Fe2+) and HPMA (0.32 wt% Fe2+). 
*HEMA data from previous work for reference. The average is reported with error bars as high 
and low values. For some data points, error bars are smaller than the symbols. 

Although orthogonal gel and polymer stages are desired, changing acid concentration does 
influence the time of polymerization onset, t2, showing interdependence of the two stages. 
Figure 44 outlines this effect in the two-stage polymerization of MAA (initiator system I) and 
HPMA (initiator system II) with 0.1 and 1.0 v/v% DCA catalyst. As designed, lowering 
concentrations of acid increases t1; however, t2 also varies. In all monomers polymerized using 
MEKP-containing initiator system I, high acid concentrations slow t2. For example, in 
Figure 44a, the Δt2 of MAA is 74 min, ~14 times slower with 1.0 v/v% of catalyst loading. In 
Figure 44b, the CHP-containing initiator system II with 1.0 v/v% catalyst polymerizes ~2 times 
faster than 0.1 v/v% in HPMA. Thus, addition of high concentrations of DCA was anticipated to 
behave similarly to adding less initiator [75,76,78,85–88]. Instead, the catalyst contributes to the 
polymerization of monomer in initiator system II by increasing the polymerization rates.  

 

 

 

 

DISTRIBUTION A: Distribution approved for public release.



 

Figure 44. Interdependence of gelation and polymerization kinetics. Gel time shift, Δt1, and 
polymerization onset shift, Δt2, after changing catalyst concentration from 1 v/v% to 0.1 v/v%. a) 
Effect in MAA using initiator system I. b) Effect in HPMA using initiator system II. MAA 
contains 1.5 wt% MEKP and 0.15 wt% CoNp. HPMA contains 1.5 wt% CHP, 0.32% Fe2+, and 
0.043 THQ%. 

Factors contributing to the observed reactivity differences between initiator systems I and II 
include the decomposition of the hydroperoxide initiator and pH-dependent oxidation state of the 
metal promoter. Acids lower the activation energy of oxygen-oxygen bond homolysis through 
protonation of the hydroxyl oxygen of the hydroperoxide. Thus, onset temperatures (T0) for 
thermal decomposition decrease upon addition of acid. Table 10 illustrates this effect for MEKP 
and CHP with 0.1 and 1 v/v% DCA catalyst additives. The thermal stability of both initiators 
decreases by 17 and 54 degrees with the addition of 1 v/v% DCA for MEKP and CHP, 
respectively. It is also well known that redox-initiated systems are pH-dependent, which 
influences the oxidation state of the metal promoter. Iron gluconate (initiator system II) activity 
may be enhanced in acidic conditions (Fe2+ favored over Fe3+) [89,90] while cobalt naphthenate 
activity (initiator system I) decreases in acidic solutions. Nevertheless, orthogonality of the two-
stage system was improved in the gel stage with the introduction of initiator system II. While the 
polymer stage is affected by the acid catalyst, the polymerization is promoted, not inhibited, in 
the improved initiator system II. 

Table 10. Thermal decomposition of peroxide initiators with 0.1 and 1 v/v% DCA catalyst. 
Heating rate 5 °C/min from 25-275 °C. 

Sample T0 (°C)b 
MEKP CHP 

Neat initiatora 128 208 

Initiator + 0.1 v/v% DCA 118 177 

Initiator + 1.0 v/v% DCA 111 154 
a10 wt% initiator in dimethylphthalate 
bTemperatures ± 2 °C 

 

Five new two-stage chemistries were developed and demonstrate time-controlled and triggerable 
rheological transitions. Further development into a regenerative chemistry requires compatibility 
with microvascular delivery and effective damage recovery. We have previously described our 
regeneration concept using two-stage polymer chemistries [35]. Regenerative healing agents are 
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delivered through vascular channels embedded in an epoxy substrate. A computer-controlled, 
pressurized system delivers the fluids as low viscosity sol solutions to the damage region. Rapid 
gelation forms a scaffold that supports the deposition of additional healing agent at volumes an 
order of magnitude greater than nonreactive fluids [35]. Restoration of mechanical function is 
accomplished by final transformation to polymer (Figure 45). The regenerative potential of new 
two-stage polymers must also consider the monomer wetting performance, solution stability and 
final mechanical properties.  

 

Figure 45. Regeneration concept of the two-stage polymer chemistry. Impact damage creates a 
through-hole void, initiating release of the healing agents (gelators, red and blue symbols; 
monomer, gray circles) from embedded vascular channels, time t0. Time t1, the gel stage forms a 
covalent gel scaffold supporting additional deposition of fluids. Subsequent polymer stage at time 
t2, recovers mechanical function by polymerization of the healing agent. 

In microvascular systems, the surface energy of the healing agents influences wetting of the 
damage region [5]. For small damage volumes (e.g. crack planes), capillary forces alone are 
effective to retain healing agents. As the damage region increases to millimeter-sized voids, the 
healing agents will preferentially wet the material surface rather than remaining in the damage 
volume. To overcome this challenge, we have previously applied superoleophobic 
/superhydrophobic coatings to the surface [35]. Using the same non-wetting coating Ultra-Ever 
Dry®, we measured the monomer contact angles (CA) on both bare and coated epoxy substrates 
(Figure 45 and Table 11). All monomers readily wet the bare epoxy surface with contact angles 
<23°. However, the non-wetting performance of the coated surface varied significantly per 
monomer. HEA (CA 163.8 ± 3.3°) and PEM (CA 145.6 ± 7.5°) were non-wetting on coated 
surfaces. NN-DMA was exhibited some non-wetting behavior with CA 66.5 ± 21.8°. 
Conversely, the coating did not effectively prevent wetting of both HPMA and MAA where the 
latter fully wets the surface.  
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Figure 45. Monomer wetting performance. Static contact angle of monomers on Ultra-Ever 
Dry® non-wetting coating and bare epoxy. Inset: optical images of monomer droplets on coated 
surfaces. MAA fully wets both coated and uncoated epoxy samples such that the contact angle 
could not be measured. *HEMA data is added for reference from Section 2.1.4.. 

Ease of delivery through microvascular networks and into damage regions requires stable, low 
viscosity healing agents [5,91]. Many healing systems are delivered as two-part solutions, 
generally a viscous epoxy resin (~11,000−13,000 mPa·s) which must be modified with a diluent 
and a lower viscosity curing agent for final solution viscosities of 50−1,400 mPa·s [5]. High 
viscosity solutions often limit migration into cracked planes and/or poorly heal because of 
difficulty in mixing, subsequently leading to stoichiometric mismatch [1,5,37]. Viscosity also 
plays a role in network design and ease of delivery, requiring larger channels or higher pressures 
for delivery [1]. In contrast, viscosities of the two-stage solutions range from as little as 8 to 37 
mPa·s (Table 11). Stability of the healing solutions is achieved by segregating the reaction-
triggering compounds; as long as the gel catalyst is separated from Gelators A & B and the 
initiator is separated from the promoter, the solutions are non-reactive until mixed. Working 
stability was tested by measuring the Part A and Part B solution viscosities over 8 hours with a 
shear rate of 1 s-1 (Figure 46). Monomers with both high polarity and the lowest viscosity, NN-
DMA and MAA, were the most stable and act as the best gelator solvents. Part A solutions 
maintained a constant viscosity in all monomers, except in HPMA where at this concentration 
Gelator A self-assembled after 30 min. The gelators are split to yield equal solids by weight in 
the two-part solutions; thus both gelators are in Part B. Lack of catalyst and off-stoichiometry 
prevent the gelators from crosslinking (in acidic MAA, off stoichiometry alone hinders gelation). 
However, viscosity of Part B solutions increases to ~10 mPa·s in poorer solvents (HEA, PEM 
and HPMA), likely caused by bond formation. The viscosity levels after 8 h, however, and 
remain well below the viscosity range of healing agents used in previous microvascular systems.  
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Figure 46. Stability of two-stage healing agents as Part A-Part B solutions. Composition of each 
solution given in upper right, only initiator system II contains co-accelerator (NN-DMA, PEM, 
HPMA). Viscosity measured at a shear rate of 1 s-1. 

Material regeneration requires the combination of gel and polymer stages. Without 
transformation to the polymer stage, the gel chemistry fills large damage volumes but does not 
recover the mechanical properties of the substrate [35]. Final moduli of the two-stage polymers 
were investigated using dynamic mechanical analysis. Two-part solutions of each monomer 
system were mixed by mechanical stirring and quickly poured into a mold. Samples were cured 
in a purging nitrogen environment for 24 h (PEM, HPMA, MAA) or 48 h (HEA, NN-DMA). 
The tensile storage modulus (E’) was recorded as a function of frequency from 0.1−100 Hz on 
samples cut into thin bars (20 x 5 x 0.5 mm). Moduli at 1 and 10 Hz are given in Table 4.3. Both 
PEM and HPMA have storage moduli above 1 GPa, similar to commercial PMMA [33] and 
many structural adhesives [92]. The stiffness of NN-DMA and MAA are an order of magnitude 
lower followed by HEA which reached a storage modulus of 3.31 ± 0.33 MPa at 10 Hz. 
Although the mechanical performance of some monomers was poor due to incomplete curing, 
the modulus of each two-stage system increased by at least two orders of magnitude from the gel 
stage.  
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Table 11. Wetting, stability, and mechanical performance of two-stage systems. *HEMA data is 
added for comparison. Viscosity and storage modulus data for HEMA contained Gelator A (Mn 
1000 Da) and 2 v/v% DCA catalyst. 

Two-stage 
system 

Monomer Contact Angle Solution Viscosity at 8 h Two-stage Polymers E' 

(°) (mPa·s)a (GPa) 

Coated Bare Surface Part A Part B 1 Hz 10 Hz 

HEMA* 163.0 ± 11.2 18.4 ± 7.6 22 54 0.91 ± 0.12 1.16 ± 0.11 

PEM 145.6 ± 7.5 17.5 ± 4.5 40 37 1.09 ± 0.10 1.34 ± 0.12 

HPMA 17.2 ± 7.7 15.0 ± 4.4 gel 31 1.06 ± 0.12 1.32 ± 0.14 

NN-DMA 66.5 ± 21.8 11.1 ± 3.0 8 8 0.24 ± 0.10 0.32 ± 0.10 

MAA ― ― 10 22 0.13 ± 0.04 0.17 ± 0.04 

HEA 163.8 ± 3.3 22.1 ± 6.0 22 36 2.77 ± 0.27 MPa 3.31 ± 0.33 MPa 
aViscosity data ± 2 mPa·s 

In summary, five two-stage chemistries were developed, each employing a combination of 
versatile gelation chemistry and polymerization of monomeric solvents. Both stages were 
designed with specific reaction triggers (i.e. acid-catalyzed gelation and promoted radical 
initiation) to provide temporal control of the rheological transitions. Orthogonality of the stages 
was improved by introducing a stable initiator system based on cumene hydroperoxide. Each 
two-stage chemistry exhibits tunable rheological transitions displaying induced gelation within 
18 min, followed by subsequent gel-to-polymer hardening via polymerization over 2 hours. 
Some of the monomer systems discussed may serve as regenerative healing agents, as they 
exhibit favorable wetting performance, remain stable liquid states over 8 h, and afford final 
polymers with high moduli. 

 

2.3. Advanced Vascular Delivery 

Despite recent advancements in self-healing vascular materials, the delivery methods applied are 
relatively simple compared to natural analogs. The following sections highlight the development 
of advanced systems for improving the vascular delivery of reactive chemistries for healing and 
damage restoration. 

2.3.1. Fluid-mediated delivery 

Rapidly reacting chemistries such as PVA-Borate (see previous Figure 37) present a challenge 
for microvascular delivery. Upon contact, the PVA and Borate solutions instantly gel, which 
impedes further mixing of the two solutions and may result in channel clogs. One method to 
mitigate this challenge is through the use of microfluidic emulsions. A carrier fluid of mineral oil 
was implemented as a continuous phase in a microvascular network while dilute PVA and borate 
solutions were injected in order to create an emulsion (Figure 47). The emulsive droplets are 
prevented from merging while in the microchannel due to the immiscible carrier fluid. Once the 
fluids have reached an open surface, the reactive droplets can recombine and react. In addition to 
promoting mixing of the two components, this technique prevents the channels from clogging. 
Carrier fluids can furthermore purge the channels and allow delivery of additional components. 
Acid was delivered to the PVA-borate mass post-gelation, which converted the system to a sol 
and allowed for removal of the sol via the microvascular network. 

DISTRIBUTION A: Distribution approved for public release.



 

Figure 47. Fluid-mediated delivery. a) Schematic of delivery system showing an immiscible 
carrier fluid separating disparate reactive components. b) Image of microvascular device showing 
delivery and gelation of PVA and borate solutions. 

Some epoxy resins (EPON 828) and amine hardeners (diethylenetriamene, m-xylylenediamine) 
are both immiscible with alkanes (hexane, penate) and compatible with this delivery technique. 
Volatile alkanes evaporate upon exit of the microvascular network, leaving the epoxy and amines 
to react. 

2.3.2. Air assisted reagent delivery 

Air can be used to separate reactive components to achieve a single-channel healing agent 
delivery of reactive species (Figure 48). Air pressure transports fluids down the length of the 
microchannel and keep reactive species out of contact until they have exited the channel. 
Performance is improved by creating a super-phobic surface on the interior of the channels to 
reduce contact area of the fluid with the channel walls. Ultra Ever-Dry (Ultratech International, 
Jacksonville FL) provides a super-phobic surface of fluids with surface energy ~37 dyne*cm-1 
and above and is easily applied to the interior surfaces of microchannels.  

 

Figure 48. Schematic depicting air-assisted reagent delivery. 

2.3.3. Accumulators for healing agent sequestration 

While significant work has been devoted to the development of vascularized self-healing 
materials, most do not offer autonomous control of the volume released after a damage event. 
Instead, repair requires a scheme to manually regulate the flow with a prescribed pumping 
schedule. In the abrasive damage of coatings introduced in section 2.1.1, the damage is isolated 
from the vascular network, enabling easier testing of repeat healing cycles. However, like many 
other vascular self-healing schemes, control of volume release is manual. In the case of coatings, 
without intervention the resulting coating thickness is poorly controlled, limiting its autonomy. 
In this work, an accumulator is developed to release a controlled volume of material in response 
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to damage. The accumulator is integrated into the coating/pressure sensitive valve concept 
presented in section 2.1.1. The ability to autonomically release a controlled volume of material is 
investigated. 

 

Figure 49. Schematic segregated system containing a valve and pressurized accumulator.  

In section 2.1.1, the valve was responsible for both protection of the underlying vasculature, as 
well as control of volume deposition. Here a system is proposed in which the functions of 
protection and volume control are decoupled (Figure 49). The protection of the vascular channels 
and the healing agent contained within them is accomplished by a surface valve similar to that 
described in section 2.1.1. The function of volume control is regulated by an accumulator. The 
geometry and material properties of the accumulator and the system pressure regulate the volume 
deposited. Upon static pressurization, deformation of the accumulator results in a defined stored 
volume. When the abrasive damage results in opening of the integrated surface valve, the volume 
of healed material is released and pressure within the accumulator decays. Relative to Figure 49, 
the volume deposition is: 

       (7) 

Integrated valve + accumulator prototype 
A specimen consisting of a deflecting membrane accumulator and a valve embedded in epoxy 
was fabricated (Figure 50). The specimen is similar to the previous single valve type shown in 
Figure 2d in section 2.1.1. Two valve geometries, and two accumulator geometries were 
subsequently fabricated and tested.  

 

Figure 50. Integrated valve + accumulator prototype 
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System design: valve and accumulator geometry 
The previous valve design has a conical interior, as shown in Figure 51b. This shape results in a 
slowly decaying release profile. The revised flat top valve (Figure 51c) is a more compliant 
design and produces a more a more rapid release of healing agent. Such a rapid action will result 
in the entire volume of healing material being released prior to the curing reaction, which may 
improve the control of volume released. The effect on system pressure decay (indicating release 
profile) when the valve geometry is changed is measured (Figure 51a). 

 

Figure 51. Cross-sectional diagrams of valve interior and a) associated release profile. b) Cone 
top valve as used in study described in section 2.1.1. c) Proposed flat top valve. 

The geometric design parameters for the accumulator influence the total volume released. The 
deposition volume (ΔV) of a circular deflecting membrane accumulator can be estimated by 
assuming the deflected membrane takes the form of a spherical cap with volume given by: 

ΔV = π
6

w0 3r2 + w0
2( )

     (8)
 

where r is the radius of the membrane and w0 is the deflection of the center point of the 
membrane given by [93]: 

w0 = 0.662r
rP

Eh
3

      (9)
 

where P is the pressure, E is the Young’s modulus of the membrane material and h is the 
membrane thickness. Two different accumulator geometries (specifically changing accumulator 
diameter) were fabricated and tested for volume release and compared to the analytical model 
Figure 52. Currently the analytical model and experimental data do not show good agreement. 
The source of this discrepancy lies in the assumptions of the model, stemming from the fact that 
the model is limited to much smaller strains. A hyperplasic model would likely more accurately 
represent the data. 
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Figure 52. Volume release for given pressure and 2 different accumulator geometries: Geometry 
1: 9 mm diameter, Geometry 2: 7 mm diameter. Open circles are experimentally measured data; 
solid lines are analytical model. 
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