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Bielawski: 
 
Overview. Research efforts in the Bielawski laboratory have focused on (1) the implementation 
of computational modeling in the a priori design of mechanically-responsive polymeric materials, 
with an emphasis on developing novel classes of polymeric networks that resist damage under 
the action of exogenous forces; and (2) 
the development of new classes of 
stress-responsive biocomposites that 
contain mechanically labile 
biomolecules.  
 
Mechanical Suppression of Chemical 
Reactivity. We previously reported1 a 
new computational model that may be 
used to predict mechanochemical 
reactivity. Our theory (i.e., Extended 
Bell Theory (EBT)) modifies the classic 
Bell-Zhurkov formula2 to more 
rigorously account for force-induced 
shifts in transition and reactant states 
along a given mechanical reaction 
coordinate in the full multidimensional 
configuration space of the molecule of 
interest. EBT incorporates higher-order 
effects that arise from 1) the elastic 
energy stored in a molecule as a result 
of mechanical deformation and 2) the 
additional work performed by the 
applied force as a result of molecular 
distortion. These effects (which 
ultimately stem from the force constants associated with all of the bonds in the molecule of 
interest) can quickly be extracted from unconstrained geometry optimizations and saddle point 
searches; thus, our theory quickly and efficiently analyses how forces will influence the 
activation barrier for a given transformation. An important consequence of the multidimensional 
energy surface associated with mechanochemical transformations is that mechanical stress can 
either accelerate or suppress chemical reactivity (Figure 1).3 The mechanical suppression of 
reactivity is an overlooked phenomenon in the field of mechanochemistry, despite the myriad 
applications that could arise from the ability to selectively retard a given chemical process (e.g., 
polymeric materials that are designed to resist mechanical damage when stressed). Guided by 
our computational model, we focused on exploring the suppression of the formal [4+2] 
cycloreversion of a Diels-Alder adduct derived from anthracene and maleimide (Figure 1).3 We 
selected this system for two primary reasons: 1) the subtle change in molecular architecture 
was predicted to drastically alter the associated mechanochemical reactivity (as compared to a 
related system we previously reported;4 cf blue molecules in Figure 1), a counterintuitive 
prediction based on the chemical similarity between the two congeners, and 2) no reaction 
acceleration at any force was predicted, which would allow us to observe reaction suppression 
under experimentally relevant conditions. As Figure 1 shows, extended ultrasound irradiation of 
acetonitrile solutions of poly(methyl acrylate) chains containing the mechanically inert 
cycloadduct did not result in the formation of detectable amounts of anthracene-terminated 
polymer fragments (as determined by ultraviolet-visible spectroscopy). Moreover, kinetic 
analyses revealed that the rates of chain scission in high molecular weight materials containing 

Figure 1. EBT predicted that Diels-Alder adducts derived from 2-substituted 
anthracene derivatives (red) would not be susceptible to mechanical 
cycloreversion; adducts derived from 9-substituted anthracene moieties, 
however, were predicted to undergo mechanical cycloreversion (blue). 
Ultraviolet-visible spectroscopy revealed that ultrasound irradiation (5 h; 6-9 °C) 
of acetonitrile solutions (10 mg mL-1) of poly(methyl acrylate) materials  
containing both congeners only induced cycloreversion in the case of the latter 
(inset). Ultraviolet-visible spectra were acquired in tetrahydrofuan with polymer 
concentrations of 10 mg mL-1. Kinetic analyses of high molecular weight 
materials revealed the rate of chain scission was two orders of magnitude higher 
for materials containing adducts derived from 9-substituted anthracene. Adapted 
from Ref. 3    



the mechanically inert congener were two orders of magnitude lower than the analogous rates 
for materials containing the mechanically labile adduct. 
 
Novel Stress-Sensing Biocomposites. The preparation of mechanically responsive chemical 
functionalities (i.e., mechanophores5,6) often involves tedious chemical syntheses. As a 
consequence, the precise and rapid tuning of mechanochemical reactivity (e.g., through 
chemical modifications of existing mechanophore scaffolds) can be rather challenging. Our 
recent efforts have focused on harnessing the biosynthetic machinery of living organisms to 
quickly access a variety of mechanically sensitive biomolecules (i.e., biomechanophores7) that 
exhibit diverse activity under the action of mechanical forces. As shown in Figure 2, we 
envisaged that the mechanical modulation of the photophysical properties of two fluorescent 
protein variants could afford access to distinct stress reporters: 1) a ratiometric stress sensor 
derived from reversibly shifting the λem of polymeric materials containing an enhanced yellow 
fluorescent protein (eYFP), and 2) an intensiometric stress sensor derived from mechanical 
fluorescence quenching of polymeric materials containing a genetically modified green 
fluorescent protein (GFPuv).8 Importantly, poly(methyl methacrylate) biocomposite materials 
could easily be prepared by adding the fluorescent proteins directly to the bulk polymerization of 
methyl methacrylate. Mechanical compression of composites containing eYFP resulted in a 
gradual, hypsochromic shift in λem under increasing force (Figure 2). Moreover, the λem was 
bathochromically shifted to the pre-compression value via thermal annealing at 40 °C for 2 h. 
The λem of the annealed material could subsequently be shifted via mechanical compression. 
Compression of materials containing the modified GFPuv also resulted in the anticipated 
fluorescence quenching (Figure 2). Additionally, fluorescence intensity was found to decrease 
monotonically with increasing force, a hallmark of mechanical activations in bulk materials.  
 

 
 
Future Efforts. Future directions in the Bielawski group will continue to focus on probing the 
mechanical suppression of chemical reactivity. Specifically, we are seeking experimental 
evidence in support of so-called “molecular catch bonds”,3 or molecules that resist degradation 
via covalent bond scission with increasing force until a threshold force is reached, after which 
the molecule will undergo controlled bond scission. Such systems are extremely rare, and have 
only recently been implicated in non-biochemical contexts.9 Direct experimental measurement of 
molecular catch bonds in polymeric materials has yet to be realized. Apart from their 
fundamental importance, the discovery of molecular catch bonds could provide insight into the 
interplay between macroscopic forces and their effects at the molecular level, as well as 
facilitate the preparation of next-generation stress sensors with highly tuned force sensitivities. 
We also have a continued interest in the development of “catalytic” polymer 
mechanochemistry.10 By employing dynamic covalent chemistry, we envision that polymers can 
be attached to functionalities in situ to facilitate mechanochemical transformations and 

Figure 2. (Left) eYFP-containing biocomposites 
were prepared by adding eYFP directly to the 
homopolymerization of methyl methacrylate. 
Compression of the resulting materials resulted 
in a gradual hypsochromic shift in the maximal 
fluorescence emission. Normalized fluorescence 
spectra are shown. (Right) GFPuv-containing 
biocomposites were prepared by adding a 
GFPuv mutant directly to the 
homopolymerization of methyl methacrylate. 
Compression of the resulting materials resulted 
in a nearly 90% reduction in fluorescence 
intensity. Figure adapted from Ref. 8    
 



subsequently be selectively cleaved to complete the catalytic cycle. In addition to improving the 
atom economy of various mechanochemical processes, “catalytic” mechanochemistry could 
also render large-scale mechanical synthesis more feasible. Finally, we intend to continue 
exploring the design of new biomechanophore scaffolds such as mechanically labile enzyme 
scaffolds that could allow us to precisely modulate the selectivity and/or activity of these 
biochemical catalysts for applications in materials science and chemical synthesis. 
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Braun:  
 
Over the reporting period, we made two significant mechanochemistry advances, and initiated 
research on the promising concept of swelling induced mechanochemistry.  In the first advance, 
spiropyran (SP) mechanophore was synthesized into the soft or hard phase of segmented 
polyurethanes (SPU) and used as a molecular probe of force and orientation. Upon either 
tensile stretching or irradiation with UV light the SP-linked segmented polyurethane (SP-SPU) 
adopt a deep purple coloration and are fluorescent, demonstrating the force and UV-induced 
formation of the open merocyanine (MC) form of the mechanophore. Order parameters 
calculated from the anisotropy of the fluorescence polarization of merocyanine (MC) were used 
to characterize the orientation in each phase. Exploiting the ability of SP to be force activated, 
the SP-SPUs were also mechanically activated to track the force and orientation in each domain 
of segmented polyurethane during uniaxial tensile loading. 
 
In the second advance, a novel mechanophore with acid-releasing capability is designed to 
produce a simple catalyst for chemical change in materials under mechanical stress. The 
mechanophore, based on a gem-dichlorocyclopropanated indene, is synthesized and used as a 



cross-linker in poly(methyl acrylate). Force-dependent rearrangement is demonstrated for cross-
linked mechanophore samples loaded in compression, while the control shows no significant 
response. The availability of the released acid is confirmed by exposing a piece of insoluble 
compressed polymer to a pH indicator solution. The development of this new mechanophore is 
the first step toward force-induced remodeling of stressed polymeric materials utilizing acid-
catalyzed cross-linking reactions. 
 
As a new direction, the SP mechanophore, is used to investigate mechanical forces in 
crosslinked poly(methyl methacrylate) during swelling with common organic solvents. The 
spiropyran is incorporated as a crosslinker. A correlation is observed between polymer swelling 
and fluorescence intensity, suggesting that the forces during swelling are sufficient to drive the 
electrocyclic ring-opening reaction of spiropyran to its colored and fluorescent merocyanine form. 
Control experiments and solvatochromic studies validate that activation is indeed due to 
swelling-induced mechanical forces, and not to solvent effects. Systematic studies varying 
solvents and crosslinking densities provides insight on how these parameters influence 
mechanical forces at the molecular level during polymer swelling. 
 
Craig: 
 
Major advances (published) include the development of bicyclic mechanophores that provide 
record amounts of “covalent stress relief” which overstressed within a polymer subchain.  The 
bicylcoheptane and bicylcooctanes also unveil latent reactivity that can be used for covalent 
cross-linking in materials at the point and time of pending failure.  Among these mechanophores 
is a new combination of responsiveness, in which mechanical force activates a mechanophore 
and light reverses the activation. 
 
The bicyclooctanes are particularly noteworthy in two aspects.  First, they are readily scaled into 
every repeat unit of a high molecular weight polymer – the first example of such high 
mechanophore content beyond the dihalocyclopropanes developed earlier in the MURI.  
Second, their mechanical activation results in a distribution of product stereochemistry that can 
be characterized, and that has been used to enable a level of mechanistic insight into the 
mechanical mechanism that can be directly compared to theory. 
 
We have also demonstrated a new mechanism by which to regulate mechanochemical activity 
in polymers: a so-called “polymer lever arm effect.”  The polymer backbone has typically been 
treated as simply a tether by which mechanical force is applied to a mechanophore, but we 
have shown using single-molecule methods that the role is far more subtle and far more 
influential.  By strategically coupling nuclear motions during a reaction to the geometry of an 
extended polymer backbone, we are able to induce thousand-fold rate accelerations (in this 
case at ~nanoNewton forces) that were previously unanticipated. 
 
Finally, we have demonstrated the proof-of-concept of mechanochemical strengthening in 
response to destructive mechanical forces.  Shear forces that literally break polymer chains are 
partially directed in mechanophore activation, leading to subsequent cross-linking reactions.  
Remarkably, the number of cross-links formed under destructive shear is large enough to lead 
to orders-of-magnitude increases in modulus. 
 
Other advances (unpublished) include the first reversible mechanochemical devices, based on 
PDMS platforms, and coupling mechanical activation to single-molecule conductance 
experiments for a mechanical “turn on” of conductance. 
 



Martinez: 
 
We have extended our simulations of mechanochemical activation to include large sections of 
the polymer chain surrounding the mechanophore. The results are largely in agreement with 
previous simulations focused on the mechanophore itself. We have begun simulations of 
brominated cyclopropane mechanophore chains, which will allow for detailed comparison of the 
forces needed to cause mechanophore rupture. Measurements have been made in the Craig 
lab using AFM pulling, and we will compare our results to these measurements as a detailed 
test of the force-modified potential energy surface concept. We have also simulated the 
mechanochemical depolymerization of PPA, following experiments in the Moore group.  We find 
that the depolymerization mechanism is heterolytic and have been able to carry out these 
simulations with chains containing up to four PPA monomers. These show nearly immediate 
unzipping of the four-unit "polymer" within a picosecond of the initial force-induced bond 
cleavage. We are currently investigating the force modified potential energy surface for this 
depolymerization.  
 
Moore: 
 
Summary 
Materials systems with reusable building blocks are attractive for autonomous adaptive 
structures that have the ability to remodel themselves in response to external stimuli, damage, 
and environmental conditions. A familiar example of reusable resources found in nature is the 
recycling of monomeric building blocks for peptide, carbohydrate, and nucleic acid polymers 
through the process of depolymerization and repolymerization. For synthetic materials, 
remodeling has the potential to extend device lifetime by removal and replacement of damaged 
regions or by restructuring parts to meet changing demands of their use. One approach that we 
envisage in autonomically adaptive polymeric materials involves stimuli-triggered 
depolymerization followed by mass 
transfer of the resulting monomer to its 
newly needed location and subsequent 
repolymerization. This concept requires 
the position of a monomer-polymer 
equilibrium to be switchable, or, 
alternatively, metastable polymers in 
which a triggering event activates 
depolymerization. Polymers above their 
ceiling temperature (Tc) yet stabilized by 
end-caps are potential candidates of the 
latter, where mechanical damage might 
activate reversion to monomer. 
The goal of this research is to develop a 
synthetic system that can mimic the 
tissue regeneration processes which 
occurs in biological systems where 
material is constantly remodeled through 
polymerization-depolymerization 
equilibrium. End-capped poly(o-
phthalaldehyde) (PPA) is a metastable 
polymer with a low ceiling temperature, 
which can undergo chemically driven 
depolymerization to produce o- Figure 1. PPA depolymerization to monomer and 

subsequent chemical repolymerization. 
 



phthalaldehyde monomer. This in turn, can be chemically polymerized to re-make the polymer 
(figure 1). 
In the context of this project, we studied the mechanochemistry of PPA in order to understand 
how mechanical force may be harnessed to trigger the depolymerization to monomer. The 
monomer produced by a mechanically triggered depolymerization was reused to regenerate the 
polymer. 
The implications of this work are fundamental toward advancements in autonomic polymer self-
healing, where the material is made of recyclable monomer units and provide the mass for the 
regeneration of a damaged volume.  
 
Progress to Date 
High molecular weight PPA was prepared by cationic polymerization. We recently demonstrated 
that this polymerization produces exclusively cyclic structures; therefore, no removable end 
groups are present. We prepared a cyclic PPA with 90 kDa as a model compound, as a similar 
polymer of 26 kDa molecular weight as control. As previously demonstrated by us, below a 
certain molecular weight threshold, the mechanical force harnessed by a polymer chain is not 
enough to cause bond scission under elongational flow fields, in this case ultrasonication. We 
also compared the experiment to a high Tc polymer, poly(methyl acrylate) (PMA) of similar 
molecular weight, to demonstrate the difference in the polymer scission processes. 
The polymers were dissolved in THF to a concentration where no entanglements are expected 
(1 mg/mL), and pulsed ultrasound (0.5s on, 1.0s off, 8.7 W/cm2) was applied under argon at -
15°C. Figure 2a-c shows the gel-permeation chromatograms of aliquots removed from the 
Suslick cell during the sonication experiment followed by direct injection in the GPC. The 
expected decrease in molecular weights consequent from mechanochemical bond scission is 
clearly observed for PPA90 and PMA103. A visible difference is the remarkable decrease in the 
PPA90 peak area, denoting a decrease in polymer concentration with sonication time. The low 
molecular weight PPA26 shows no significant changes, providing strong evidence that the 
depolymerization observed for PPA90 is mechanically triggered.  



 
 
Figure 2. GPC studies of sonicated polymers a. PPA90; b. PPA26; c. PMA103 and d. change in 
area ratio with sonication time for PPA90, PPA26 and PMA103. 
 
The solution after sonication was added to methanol in order to precipitate out the remaining 
polymer. The depolymerization products were studied by GC-MS and NMR, confirming the 
presence of nearly pure o-phthalaldehyde monomer. 
To test the suitability of this system as a model of a regenerating system, a depolymerization 
followed by repolymerization was tested. A high molecular weight PPA was sonicated in THF at 
-40°C. Under these conditions, sonication for 6 hours resulted in around 60% depolymerization 
of the original polymer, as observed by GPC. Anionic polymerization was then conducted by 
cooling the reaction mixture to -78°C and adding BuLi as initiator. After 10 hours, the polymer 
was end-capped by addition of Ac2O and pyridine. The reaction solution was analyzed by GPC, 
and two peaks were observed. One peak corresponded to the polymer remaining after 
sonication, while a new peak appeared, indicating that the produced monomer underwent 
repolymerization, in this case to a lower molecular weight polymer (figure 3). 



 
Figure 3. GPC analysis of polymer solution after sonication (blue) and after repolymerization 
(red). 
 
Future Directions 
We demonstrated the first case of mechanically triggered depolymerization, opening the 
possibilities to develop materials which can be mechanically depolymerized back to its 
monomers and after mass transfer repolymerized in a different needed location. We are 
currently studying the mechanism of this reaction, which seems to be initiated by heterolytic 
bond scission. These studies are being conducted by DFT calculations as well as experimental 
trapping of products. Furthermore, we are exploring electronic changes in the monomer, in 
order to develop a system which can work at higher temperatures, making it more practical to 
develop regenerative materials. 
 
Sottos: 
 
Effect of polymer chain alignment, deformation rate and relaxation on force-induced 
chemical reactions in an elastomer 
 
Measurements for load, displacement, birefringence and fluorescence intensity were captured 
simultaneously during monotonic tensile testing using a novel optical and mechanical setup.  
Active PMA samples were tested at deformation rates of 0.004 s-1, 0.02 s-1 and 0.10 s-1.  The 
resulting polymer behavior – stress, birefringence, and fluorescence intensity – are plotted in Fig 
1 for representative samples at each deformation rate.  The stress (Fig 1a) in the polymer 
samples increased with increasing deformation rate as expected for an elastomeric material.  In 
virtually all samples, hardening was observed with increasing stretch ratio.  Birefringence (Fig 
1b) also increased with increasing deformation rate.  Birefringence values began to plateau at 
all deformation rates as the chains became maximally aligned in the direction of force.  The 
fluorescence signal, Ifl,raw, was adjusted for the number of mechanophores in the field of view 
and normalized by the fluorescence value at ambient equilibrium (λ = 1) fluorescence intensity.  
Representative normalized fluorescence, Ifl,norm, can be found in Fig 1c.  For all deformation 
rates, rapid activation of SP (increase in dIfl,norm/dλ) at large stretch ratios coincided with a 
plateau in the birefringence, during which polymer chains approached maximum alignment and 
hardening occurred.  Increased birefringence and activation were considerably more apparent in 
the fastest testing rate (0.10 s-1) when compared with middle and slowest deformation rates 
(0.004 s-1 and 0.02 s-1).  This finding implies that larger macroscopic stress at higher deformation 



rate leads to greater chain alignment and force across the mechanophore, causing more 
extensive activation of SP.  

Figs 2a-c reveal the trend in stretch ratio, stress, and birefringence, at the activation 
point, averaged over three samples at each deformation rate.  The stretch value at activation, λ* 
shows a marked decrease at the fastest deformation rate.  The true stress, σ* shows an 
increasing trend, indicating that although macroscopic stress is positively correlated to SP 
activation, the same macroscopic stress does not necessarily translate to the same force and 
activation of SP at the molecular scale.  Activation birefringence, Δn* values were similar 
between deformation rates, indicating that a similar degree of chain alignment was present at 
the onset of SP activation, regardless of the deformation rate.  Finally, the rate of change of 
fluorescence intensity with respect to stretch ratio (dIfl,norm/dλ) was averaged between stretch 
ratios of 8 and 9, where all samples showed an increasing fluorescence signal, but none had 
failed.  The results plotted in Fig 2d show a clear trend of higher rate of fluorescence change 
(i.e. SP activation) with increasing deformation rates. 

Active SP-linked PMA samples were also drawn at a deformation rate of 0.10 s-1 to a 
stretch ratio of 9 and held at constant deformation.  The relaxation response of stress, 
birefringence and activation were measured as a function of time, as shown in Fig 3.  The stress 
and birefringence during the constant stretch ratio stage were fitted to exponential decay curves 
with effective time constants (τeff) of 54 s and 83 s, respectively.  During stress relaxation, the 
fluorescence intensity in the polymer continued to increase, indicating a time dependence of 
force-induced chemical reactions. Although macroscopic deformation had stopped, stress in the 
system was sufficient to drive the reaction forward without further deformation.  The 
fluorescence reached a maximum as the stress decayed and eventually decreased slightly over 
time due to the incident light source (Λ = 532 nm) driving MC to SP.  SP to MC activation 
continued to proceed forward until the stress in the sample was below ca. 10 MPa.  The stress 
relaxation region in which normalized fluorescence intensity increased was fit to an exponential 
curve.  The effective time constant of the fluorescence increase was 53 s – virtually the same as 
the stress relaxation time constant.  The sample was unloaded at the same deformation rate as 
the loading segment by moving the load frame crossheads together until the load was reduced 
to zero.  During unloading the fluorescence intensity decreased, indicating some reversion of 
the MC to SP.  After returning to zero load, some fluorescence increase remained in the 
sample.   

Effective time constants measured from stress and birefringence relaxation conditions 
(fitted to exponential decay for 400 s after the onset of relaxation) were between 50-100 s at all 
loading rates.  These relaxation time scales were similar to the test time for the fastest 
deformation rate (dλ/dt = 0.10 s-1).  Slower deformation rates (dλ/dt = 0.004 s-1 and dλ/dt = 0.02 
s-1) corresponded to test times substantially longer than the relaxation times (ttest ~ 5-25 x τeff), 
giving more time for polymer relaxation. The pronounced increase in stress, birefringence, and 
ultimately activation at the highest deformation rate  is attributed to a less prominent relaxation 
effect over short test durations.   
 
Fracture-Induced Mechanophore Activation 
 
Over the past year we were able to demonstrate fracture induced mechanophore activation in 
spiropyran-linked poly(methyl methacrylate), SP-PMMA. Rubber nanoparticles 
wereincorporated during the polymer synthesis of this material. These nanoparticles were used 
to increase the amount of plastic deformation ahead of the crack tip and, as a result, improve 
SP activation during fracture. As described in Section 1, SP activation can also be enhanced by 
aligning the SP molecules in the direction of applied force. Thus, prior to fracture testing, 
rectangular specimens, measuring 28 x 5 x 0.9 mm, were pre-stretched to approximately 35% 
axial strain. They were subsequently tested to failure using the Single Edge Notch Tension 



(SENT) test. Tests were performed on a custom-built setup that facilitated both mechanical 
testing and in situ full field fluorescence imaging. Figure 4 below shows a sequence of 
fluorescence images acquired during crack propagation for one specimen.  
      Research is now focused on investigating the use of fracture induced SP activation as a 
valid measure for the strain and stress fields ahead of a propagating crack. To obtain an 
accurate measure of the strains during testing, the Digital Image Correlation (DIC) technique is 
utilized. Specimens are pre-stretched as before but a speckle pattern is now applied to one side 
of the specimens prior to fracture testing,. The custom-built setup described earlier is modified 
slightly to allow for sequential DIC and fluorescence imaging. Using the data collected from the 
DIC images, full field strain fields are generated using the Vic-2D analysis software. An in-house 
Matlab script is used to produce full field stress fields based on the HRR singularity relations, 
the material properties and SENT test conditions. In Figure 5, contour plots of the strain field are 
shown alongside the fluorescence image for a specimen tested to a normalized crack length, 
a/W, of 0.32. Quantitative measures of the relationship between the strain and stress fields and 
the fluorescence intensity are currently being determined. Plots of strain, stress and 
fluorescence intensity as functions of distance from the crack tip will be generated and 
compared to ascertain how well the fluorescence intensity tracks the magnitudes and changes 
in strain and stress.  
 
  



 
Figure 1.  Representative properties of active SP-linked PMA at deformation rates (dλ/dt) of 
0.004 s-1, 0.02 s-1 and 0.10 s-1.  a) True stress vs. stretch ratio, b) birefringence vs. stretch ratio, 
and c) thickness-corrected, normalized fluorescence intensity vs. stretch ratio.    
 



 
Figure 2.  Activation points for SP-linked PMA as a function of deformation rate.  a)  Activation 
stretch, λ*, (b) activation stress, σ*, c) activation birefringence, Δn* and d) average activation 
rate (dIfl,norm/dλ) between λ= 8 and λ = 9. 
 



 
Figure 3.  Stress relaxation, birefringence relaxation and activation of active SP-linked PMA 
loaded and unloaded at a deformation rate of 0.10 s-1.   
 
 

 
Figure 4.  Fracture induced mechanophore activation.  Sequence of fluorescence images of 
rubber toughened SP-PMMA specimen during SENT testing. Scale bar: 2 mm 
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Figure 5.   (a) Fluorescence image for specimen at a/W=0.32 (b)  Corresponding strain contour 
plot (0 to 10%) revealing activation occurs in high strain regions (red). 
 
 


