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The Need for Smart Materials and Structures 

Definition 
A Smart Material exhibits a significant response to a specific stimulus. 
SAs may be incorporated into a Smart Structures which sense changes 
to the environment and actively respond 
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much higher (following C to E). Also note that if the
stent is later re-expanded to a larger diameter, the filled
circle (B) in Fig. 14 will be displaced to the left, but the
stiffness will remain the same.

The desire to have a high RRF yet a low COF leads
device designers to use high Af temperatures. Lowering
Af reduces COF and RRF by the same amount. Alter-
ing the stent design to reduce COF by the same amount
(e.g reducing strut width) would cause a proportional
reduction in RRF. This leads designers to choose as
high an Af temperature as possible, while still being
absolutely certain that Af remains below body
temperature.

10. MR compatibility

Nitinol is non-ferromagnetic with a lower magnetic
susceptibility than stainless steel. MRI compatibility is
directly related to the susceptibility of a material rela-
tive to human tissue. Therefore, nitinol provides a clear,
crisp image, with much less artifacts than stainless steel,
similar to pure titanium. Fig. 15 shows an MRI image
of a grasper used in gall bladder surgery, with a match-
ing light photograph of the same instrument end. The
same grasper made from stainless steel would be com-
pletely unrecognizable. Similarly, Fig. 16 shows MR
images of a nitinol stent being deployed from a catheter
— even delicate features of the stents are visible with
only very minor artifacts. With the increased use of
open-MRI procedures, MR compatibility will become
an important requirement for the design of instruments
and implants.

11. Fatigue resistance

Much work has been done to characterize the fatigue
performance of nitinol and these laboratory investiga-
tions are usually in tension–tension or rotary bending
of wire. Fatigue environments can be divided into two
groups: strain-controlled and stress-controlled. The for-

Fig. 16. MR image of a stent being deployed from a catheter.

mer describes environments in which a device is alter-
nately deformed between two set shapes, while the
latter describes the influences of cyclic loading. It is well
known that nitinol offers exceptional fatigue resistance
in high strain, strain-controlled environments, while it
may well fatigue rapidly in stress-controlled environ-
ments. A recent and very quickly growing application
that utilizes nitinol’s excellent strain controlled fatigue
properties is dental drills for root canal procedures
(Fig. 17). In the past, conventional drills would veer off
course to follow the soft nerve of the tooth, leading to
large bending strains and frequent breakage inside the
tooth. The nitinol drills are able to tolerate such severe
fatigue environments.

Practically speaking, most fatigue environments in
the body involve irregular cyclic motion against highly
compliant tissue, and thus are a combination of stress-

Fig. 17. Nitinol drills used for root canal procedures are far more
resistant to failure when the drill veers off course following the soft
nerve of the tooth.

Fig. 15. A nitinol hingless grasper (a) is shown in MRI while inserted
in a grapefruit (b).
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sudden success. Perhaps most importantly, the medical
industry itself has been driven towards less and less
invasive medical procedures. This, in turn has created a
demand for new medical devices, that really can not be
made with conventional materials. Other factors were
the availability of microtubing and the ability to laser
cut tubing with very high precision. Finally, we should
not underestimate the importance of the ‘release’ of
technology from materials science technologists and
companies to product designers and doctors.

Probably the best illustration of all these points is
also the most celebrated superelastic medical device: the
self-expanding stent. The word stent derives from a
dentist, Dr C.T. Stent, who in the late 1800’s developed
a dental device to assist in forming an impression of
teeth. Nowadays, the term stent is reserved for devices
used to scaffold or brace the inside circumference of
tubular passages or lumens, such as the esophagus,
biliary duct, and most importantly, a host of blood
vessels including coronary, carotid, iliac, aorta and
femoral arteries (Fig. 1). Stenting in the cardiovascular
system is most often used as a follow-up to balloon
angioplasty, a procedure in which a balloon as placed
in the diseased vessel and expanded in order reopen a
clogged lumen (called a stenosis). These balloons are
introduced percutaneously (non-surgically), most often
through the femoral artery. Ballooning provides imme-
diate improvement in blood flow, but 30% of the
patients have restenosed within a year and need further
treatment. The placement of a stent immediately after
angioplasty has been shown to significantly decrease the
propensity for restenosis [2].

Stents are also used to support grafts, e.g. in the
treatment of aneurysms (Fig. 2). An aneurysm is caused
by the weakening of an arterial wall, that then balloons
out and presents a risk of rupture. Surgical repairs are
often difficult. With the endovascular approach, a graft
is placed through the aneurysm and anchored in the

Fig. 2. The Hemobahn product incorporates a superelastic Nitinol
wire into a PTFE. Stent-grafts such as these are used to exclude
aneurisms, to provide an artificial replacement for injured vessels, or
to prevent restenosis after angioplasty.

healthy part of the artery at least at the proximal neck
of the aneurysm. Thus, blood is excluded from the
aneurysm sack. The grafts are typically supported and
anchored by self-expanding stent structures.

Most stents today are 316L stainless steel, and are
expanded against the vessel wall by plastic deformation
caused by the inflation of a balloon placed inside the
stent. Nitinol stents, on the other hand, are self-expand-
ing — they are shape-set to the open configuration,
compressed into a catheter, then pushed out of the
catheter and allowed to expand against the vessel wall.
Typically, the manufactured stent OD is about 10%
greater than the vessel in order to assure the stent
anchors firmly in place. Nitinol stents are now available
in both Europe and in the USA. They are made from
knitted or welded wire, laser cut or photoetched sheet,
and laser cut tubing. Clearly the preferred devices are
laser cut from tubing, thus avoiding overlaps and welds
(Fig. 3).

Why use nitinol for making stents and other devices?
The most apparent feature of superelastic (SE) nitinol is

Fig. 1. A stent is portrayed in a cut-away view of the internal carotid
artery, maintaining vessel patency and blood flow to the brain. The
stent is also pinning loose debris against the vessel wall, reducing risk
of embolization and stroke.

Fig. 3. Stents are often made from laser cut tubing. In this case, the
laser beam cuts a kerf of less than 25 !m, through a thickness of over
200 !m.Deurig, et al. 1999 
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strains <100%, 0.59-0.38 at 100% strain for DAD1, and
1.49-1.15 at 100% strain for DAD2.

3.1.3. Diacetylenes

The polymerization of diacetylene monomers by heat or
UV radiation greatly shifts their UV-Visible absorption,

giving rise to a deep blue color as the polymer becomes more
highly conjugated. The absorption characteristics of the
polymerized diacetylenes are sensitive to distortions of the
backbone as well as to their environment. In 1986, Rubner
incorporated diacetylenes into the hard segment of various
polyurethanes.54,55 The phase separation of the hard and soft

Figure 37. (a) Structures of the SP used as mechanophores in both linear PMA (1) and cross-linked PMMA (4) as well as the monofunctional
(2, 5) and difunctional (3) controls. (b) Dog-bone samples of PMA-linked SP samples before (left) and after (right) stretching: active
sample (top), monofunctional control (middle), difunctional control (bottom). (c) Cross-linked PMMA-SP beads before (1), during (2), and
after compression (3). A monofunctional control bead compressed to the same degree as the final active bead is shown for comparison.
Scale bars in (b) and (c) are 2 mm and 50 µm, respectively.30 Reprinted with permission from ref 30. Copyright 2009 Nature Publishing
Group.

Figure 38. Melt processed LLDPE blends containing 1,4-bis(R-cyano-4-methoxystyryl)-2,5-dimethoxybenzene (BCMDB, top) or 1,4-
bis(R-cyano-4-methoxystyryl)benzene (BCMB, bottom) elongated by 500% and illuminated by 365 nm light. Outer edges show excimer
emission while thinner, center sections show the blue-shifted photoluminescence of the monomeric OPV species. Structures of the OPVs
used in the deformed samples are shown on the right.243 Reprinted with permission from ref 243. Copyright 2003 American Chemical
Society.
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effect of the crosslinking density variation on the storage

modulus of the polymer can be perceived in the rubbery region. It

is seen that the sample that experienced the retro-DA reaction

exhibits a higher modulus in the rubbery region than the

as-manufactured one. It again reveals that the crosslinking

density of the epoxy network can be further enhanced by

a heating treatment above Tg.

Mechanical properties and thermal remendability of the cured

DGFA polymer

The tensile and flexural properties of the DGFA/MHHPA/

DPMBMI crosslinked polymer were measured at room

temperature, in comparison with those of conventional bisphe-

nol-A epoxy cured by MHHPA (Table 2). The cured version of

the newly synthesized epoxy has a higher modulus but a moder-

ately lower strength as compared to the cured bisphenol-A

epoxy.27 On the whole, the data of the cured DGFA are still close

to those of commercial epoxy resins. It means that DGFA

possesses the potential ability to replace traditional epoxy resin

in future applications.

Thermally remendable processes of artificial damage on the

cured DGFA are illustrated in Fig. 10. Since the interfaces of the

cracks have a higher refractive index, they are easily visually

monitored. All the samples were thermally treated at different

temperatures (100!125 "C) for 20 min for disconnecting DA

covalent bonds via retro-DA reaction, before being annealed at

80 "C for a while to repair the cracks by DA reaction between the

disconnected furan and maleimide moieties.

As shown in Fig. 10a, no crack repair is observed when the

heat treatment temperature (100 "C) is lower than the starting

temperature of the retro-DA reaction (110 "C). When heat

treatment is carried out at a temperature (119 "C) higher than the

onset temperature of the retro-DA reaction, most of the cracks

can be healed after DA reaction treatment at 80 "C (Fig. 10b).

Some larger cracks finally remain unhealed, probably due to the

relatively low retro-DA treatment temperature, and/or material

loss during damaging, and/or misalignment of the cracked

portions. In the case of the higher retro-DA reaction temperature

(125 "C), which is close to the Tg of the cured DGFA polymer

(128 "C), larger cracks can also be repaired owing to the

enhanced segment mobility (Fig. 10c). These results clearly

demonstrate that the synthesized epoxy has been provided with

thermal remendability as expected.

Conclusions

A novel epoxy resin DGFA was synthesized by a two-step route,

which combined epoxide with furan groups into one molecule.

The resultant was a liquid with low viscosity and good process-

ability, and can be cured by using anhydride and maleimide

without the help of solvent. Cured DGFA contained two types of

intermonomer linkage: thermally reversible DA bonds from the

reaction between furan and maleimide groups, and thermally

stable bonds from the reaction between epoxide and anhydride

groups. It possessed mechanical properties similar to those of

commercial epoxy resin. The thermal reversibility of the DA

bonds in cured DGFA proved to be workable below the glass

transition temperature of the material. Taking advantage of the

above feature, cracks in cured DGFA can be mended in

a controlled manner through chain reconnection resulting from

successive retro-DA and DA reactions.
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Table 2 Mechanical properties of the cured epoxy

Properties

DGFA/MHHPA/
DPMBMI crosslinked
polymer

Bisphenol-A
epoxy cured
by MHHPA27

Young’s modulus (GPa) 2.5 1.8
Tensile strength (MPa) 53 65
Elongation at break (%) 1.5 —
Flexural modulus (GPa) 4.6 2.6
Flexural strength (MPa) 110 128

Fig. 10 Visual inspection of thermal remendability of the cured DGFA

polymer. The damaged samples were firstly treated at (a) 100 "C, (b) 119
"C and (c) 125 "C for 20 min, respectively. Next, they were moved to an

oven preset at 80 "C for (1) 0 h, (2) 12 h and (3) 72 h, respectively.
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The deformation response of most polymers is viscoelastic,

displaying characteristics of both an elastic solid (reversible
mechanical response) and a viscous liquid (irreversible
mechanical response).4 Hence, the reaction to stress depends
not only on the structure of the polymer but also on time
and temperature. A critical property for understanding
viscoelastic behavior is the glass transition temperature (Tg)
of the polymer. At temperatures above Tg, the polymer chains
display increased mobility, enabling the bulk material to flow.
At temperatures below Tg, mobility is restricted and the
polymer behaves like a glassy, elastic solid. The Tg of a
polymer is determined by chemical structure, molecular
weight, and degree of chemical or physical cross-linking.1,5

Lower temperatures and faster loading rates favor a more
glassy, elastic response due to insufficient time or mobility
for viscous or dissipative deformation mechanisms to take
place. Similarly, higher temperatures and slower loading rates
lead to a more viscous or rubber-like elastic response.

The macroscopic response of polymers to mechanical force
is characterized by a variety of measures, including tensile
strength, failure strain, fracture toughness (resistance to crack
growth), and elastic modulus (initial slope of the stress-strain
curve). These and other terms associated with mechanical
testing of polymers have been reviewed in detail in a recent
publication.6 However, translating macroscopic response to
micro- and molecular deformation is challenging and highly
dependent on the proximity of Tg and polymer structure.

At the microscopic level, the mobility of polymer chains
in the presence of an external stimulus is dependent on the
degree of cross-linking and entanglements present in the
network.7,8 A competition exists within a polymeric network
between chain deformation as a response to external stress
and chain contraction as an entropic response. Strain energy
is stored in the polymer until the chains deform to become
laterally displaced or bent, or bond rotation occurs to

relieve the tension (energy dissipation).9 Curro and co-
workers have conducted molecular dynamics simulations to
study the mechanical response of strained polymer networks
in terms of shear modulus changes.10 They found that
entanglements become more permanent under cross-linking
conditions (heat, UV irradiation), forming a rigid network.
Upon deformation, the localization of stress on particular
polymer chains is caused by entanglements or cross-links in
the material (Figure 2). The deformed polymer networks
undergo further cross-linking reactions or bond-breaking, also
known as chemical aging. These phenomena were observed
in the resulting network after deformation because they were
either directly or indirectly confined via cross-links or
entanglements by neighboring chains.

1.2. Historical Perspective
In designing stimuli-responsive materials, researchers have

turned to biology for inspiration. Many biological systems
are mechanoresponsive to their environment in which a
mechanical stimulus is transduced into an electrical signal.11

Most eukaryotic cells have the capability to detect mechanical
stress, which allows for touch sensitivity, hearing, and
detecting the flow of blood and urine.12 Proteins catalyze
various cellular processes and reactions, some of which
involve mechanical manipulation. For example, in some
specialized sensory cells, transmembrane ion channels are
forced open when a complex arrangement of proteins is
subjected to mechanical stress.13,14 The coupling of molecules
to the active sites of enzymes results in mechanical deforma-
tion of the bound molecule, causing distortions as it
coordinates to the active site geometry defined by the tertiary
protein structure, and thus leading to a variety of efficient
chemical reactions.15,16 Some enzyme-catalyzed reactions
have reportedly been accelerated by stretching fibers or
compressing gels containing covalently-bound enzymes.17

Early work in understanding the response of polymeric
materials to mechanical stress was published by Staudinger,
who observed a decrease in the molecular weight of polymers
in response to mastication.18-20 It was suggested that the
molecular weight reduction resulted from homolytic carbon–
carbon bond cleavage due to mechanical force.21 This
suggestion was supported by electron spin resonance (ESR)
experiments of polymers cleaved by ball-milling, drilling,
slicing, or sawing, as described in a review by Sohma.22

Some of these polymer chains were cleaved in the presence
of radical acceptors, giving more distinct ESR spectra.23

Solution-based experiments have also been used to cleave

Figure 1. (a) The macroscopic response of polymeric materials
subjected to mechanical load is generally described by a stress-strain
curve. Polymeric materials exhibit a range of mechanical behavior
from elastomeric to brittle. The area under these curves is
proportional to the total mechanical work that is available for
conversion into other forms of energy.1 (b) The network of energy
transduction pathways is the basis for the rational design of stimuli
responsive polymers.2 This review covers the mechanochemical
transduction pathway.

Figure 2. Stress-induced polymer networks (above Tg) as a result
of additional covalent cross-links or a permanent set of physical
chain entanglements.10
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number of folds corresponding to the observed mean inter-
distance, !, and the ideal wavelength, !!, respectively. We
thus get the relation !=!! " 1 ¼ ðNeff " NÞ=N that fits the
evolution of the experimental data (Fig. 3). The interdis-
tance increases linearly and when Neff becomes an integer,
the system intercalates a new fold (a dislocation), going to
the next integer value of the total number of folds, N ¼
N þ 1. The process is iterative and finally yields the
switchback shape of the curve. Since the addition of one
fold occurs when Neff ¼ N þ 1, the envelope curve should
be given by the simple relation !=!! " 1 ¼ 1=N (see
Fig. 3).

In addition to the parallel stripes and radial wrinkled
patterns, more complex geometry could be observed. As
shown in Fig. 4, curved wave fronts are unstable and
spontaneously transform in the herringbone morphology.
These observations obviously confirm that, as expected,
the compressive stresses in the Ti membrane are really
isotropic. The equilibrium morphology should thus corre-
spond to the most stable labyrinthine or herringbone pat-
terns, the systems selecting one or the other from the
‘‘stress release history’’ [19,20]. But, these observations
also demonstrate that the transition from one morphology
to the other requires a nucleation event. A pattern of
parallel wrinkles remains perfectly stable unless some
imperfections, e.g., curvature, nucleate the energetically
more stable herringbone morphology. As for first order
transitions, it seems there is an energy barrier to transform
linear parallel wrinkles to undulated patterns. We suggest
that this energy barrier could be related to the nonzero
Gaussian curvature that appears inevitably when a cylinder
is bent. The influence of Gaussian curvatures on stress
focusing in crumpled membranes was recently discussed
in Ref. [23].

The stability of wrinkled patterns obtained from the
elastic instability of rigid membranes not only depends
on the applied compressive stresses but also on the imper-
fections of the patterns.
The authors thank J. Léopoldès for the suggestion to

induce wrinkling by solvent immersion, and C. Gay,
A. Boudaoud, and B. Audoly for stimulating discussions.
The Belgian National Fund for Scientific Research (FNRS)
and theWalloon region (research project CORRONET) are
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healing ability was demonstrated.355-358 The elegant approach
of flowing a fluorescent dye through the fibers allowed for
visual detection of crack damage in these composites.355,356

In 2001, it was discovered that the ring-opening metathesis
polymerization (ROMP) of the olefin-based monomer dicy-
clopentadiene (DCPD) could be used as an effective chemical
reaction to repair crack damage in an epoxy matrix using
Grubbs’ first generation catalyst (Figure 49a).351 In the
original paper on autonomic self-healing composites,351 the
components of this reactionsGrubbs’ catalyst and polymer
microcapsules containing the liquid DCPD as the core
materialswere both incorporated into an epoxy matrix. The
microcapsules ruptured in response to mechanical damage
in the form of a propagating crack through the epoxy
composite (Figure 49c). Upon rupture, the liquid contents
of the microcapsules wicked out into the crack plane of the
epoxy through capillary action. When the DCPD and the
embedded catalyst came into contact, the ROMP reaction
occurred, resulting in polymer formation in the crack plane
(Figure 49b). The fracture toughness of the epoxy composite
was restored to up to 75-90% of the initial value.351,359-361

Significant fracture toughness was recovered within an hour
at room temperature, but up to 12 h were required for
complete restoration.361,362 Low temperature healing has been
investigated with exo-DCPD, which remains liquid down to
-78 °C and shows significantly faster polymerization kinetics
compared to endo-DCPD.363

The healing efficiency in this microcapsule-based self-
healing system is dependent on several factors including (1)
monomer stability in the absence of catalyst, (2) polymeri-
zation kinetics, (3) adhesion of the new polymer to the
surrounding matrix, and (4) chemical compatibility of the
catalyst with the matrix. DCPD was selected as an appropri-
ate monomer for the ROMP-based system because, unlike
vinyl monomers, it has good stability in the absence of a
metathesis catalyst. The poly(DCPD) formed in the crack
plane is a hydrocarbon and incompatible with the epoxy
matrix, thus limiting the adhesion through intermolecular
interactions to the polar epoxy matrix system. In order to
improve the adhesion of the newly formed polymer to the
epoxy matrix, more polar healing agents and matrices have
been considered.364 The optimal catalyst is one that remains
fully active when embedded in an epoxy matrix, but it rapidly

dissolves and reacts upon contact with released monomer
from microcapsules. One approach is the protection of the
catalyst in wax microspheres, which has been found to
enhance its stability with the matrix.365 The following
sections summarize the behavior of both required
componentssthe monomer and catalystswhen contained
in a polymeric system.

4.1.1. Microcapsule-Based Systems

Microcapsules are used in self-healing materials to com-
partmentalize the healing agents from the surrounding
polymer matrix. Capsules are commonly prepared by an
emulsification process whereby monomers polymerize to
form a shell wall around suspended liquid droplets.366 Various
techniques have been used to prepare microcapsules and
microspheres; different types are shown in Figure 50.367

These microcapsules are incorporated into a polymer matrix,
as shown in Figure 49c. The crack ruptures the embedded
microcapsules, and the fluid is released through capillary
action, covering the crack interface. The crack’s trajectory
is attracted to the microcapsules due to the difference in
compliance between the matrix and microcapsules.351

In situ encapsulation techniques produce a robust, dense,
and brittle shell wall, which is often ideal for compartmental-
izing a hydrophobic core material in a polymer matrix (Figure
50a).367,368 The reaction of urea and formaldehyde (shown
in Scheme 8) was used to form the polymeric shell wall of
DCPD-filled microcapsules.368 Microcapsules provide ad-
ditional benefits, such as improving the fracture toughness
of a polymeric material.348 The mechanical properties of the
microcapsules ex situ were analyzed in terms of modulus
and failure behavior by capsule compression testing.369 For
capsules to rupture in a reliable fashion, they must have an
effective embedded modulus lower than that of the surround-
ing polymer matrix, which, as previously mentioned, is
important for guiding cracks’ trajectories to microcapsules.351

Conventional microencapsulation procedures have been
modified to design more complex architectures with en-
hanced release capabilities. Microcapsules containing the
monomer DCPD for use in self-healing materials were
synthesized with urea-formaldehyde (UF) shell walls on the
micro-368 and nanoscale370 for use in self-healing materials.

Figure 49. (a) Reaction scheme of the monomer DCPD undergoing ring-opening metathesis polymerization to form poly(DCPD). Reprinted
with permission from ref 351. Copyright 2001 Nature Publishing Group. (b) Optical micrograph of an in situ fatigue specimen showing
poly(DCPD) formed in the crack plane behind the crack tip. Reprinted with permission from ref 362. Copyright 2005 Elsevier. (c) The
autonomic self-healing system showing crack initiation, rupture of microcapsules, and release of healing agent, and the resulting polymer
formed in the crack plane. Reprinted with permission from ref 351. Copyright 2001 Nature Publishing Group.
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penetrates and propagates through the material, it initiates photochemical reactions. These reactions lead to changes in the
polymer network structure and consequently alter the mechanical response of the material upon release of the mechanical
constraints. The field equations for each of these steps and the general computational procedure will be discussed in the
following sections.

Here, we assume the physical processes underlying the photochemistry and chemomechanical coupling are unaffected
by the deformation state. For the PNR material, this assumption has been validated experimentally to moderate strains up
to 7.5% as will be demonstrated and discussed in the results section. Moreover, in a mechanistically analogous system of
thermally induced structure alterations in elastomers, the state of deformation, up to order 100% strain, does not affect the
rate of thermally induced changes to the polymer network (Tobolsky, 1960). We also make this assumption for the PMC
material, but experimental verification is required in future work. At large deformation, optical properties of a polymer
system may be affected by the state of deformation. In particular, inquiries have found that the refractive index of polymer

ARTICLE IN PRESS

Fig. 3. (a) Schematic of the photomechanical testing protocol for photo-induced stress relaxation. First, a sample is stretched and held, then uniformly
irradiated from one side. Upon release, the structure nearly maintains the deformed geometry. (b) Schematic of the test procedure to develop an
oscillatory structure. The sample is stretched, held, and photo-masked. Irradiation from both sides results in patterned stress relief and an oscillatory
structure upon release.
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Tunable Buckling  

thematerial, we need only the initial and reformed volume fractions
at the end of the photo-treatment. Therefore, detailed simulation of
the evolution of photoinitiator concentration, radical concentration,
and network volume fractions can be ignored. The reformed volume
fraction at the end of the photo-irradiation is determined experi-
mentally from the photomechanical characterization experiments
in Fig. 1. Since the reformed network fraction is stress free during
the irradiation and network evolution, the normalized stress
response in the inset of Fig. 1 is also the time evolution of the origi-
nal network volume fraction (f0). At the end of irradiation, f0 = 0.05.
Since the sum of the initial and reformed volume fractions is unity,
the reformed volume fraction (fR) is fR = 0.95. We also assume each
network exhibits neo-Hookean behavior.

2.3. Single spot irradiation experiment

For the single spot irradiation experiment, an in-house, dis-
placement controlled testing platform was used, which was com-
posed of four aluminum, rectangular plates (tongues) that were
arranged along two orthogonal axes in the shape of a plus sign
with a 22 mm gap between each parallel set of tongues. Each ton-
gue was 19.1 mm wide. Film specimens were cut to approximately
35 ! 35 mm squares and were fixed with double-sided tape to the
four tongues such that tests began with a 22 ! 22 mm area be-
tween the tongues. Films were equi-biaxially extended to 10%
engineering strain along each axis (Fig. 2A). This deformation
was held while the film was irradiated through a circular photo-
mask with a prescribed spot radius of 1 mm for 10 min at
20 mW cm"2 and 365 nm light. During this process, stress relaxes
inside the irradiated spot. Fig. 2B shows a depression as a result
of the stress relaxation inside the spot the 1 mm radius exposed re-
gion. Finally, the specimen was removed from the grips, laid upon a
glass slide, and photographed from the side. The thickness of the
glass slide was used to set the length scale, and the film surface
profile was measured. Fig. 2C shows the side-view profile of the
tested films showing the buckled shape.

3. Analysis of a stretched and irradiated circular disk

3.1. A Thin disk subjected to radial expansion and concentric stress
relaxation

The majority of the analysis in the work is presented in non-
dimensional form, so we first define our notation. Dimensional
quantities are represented with a ‘‘#’’ overhead while non-

dimensional quantities lack this modification. From a theoretical
perspective, the simplest finite, thin-film structure to analyze un-
der equi-biaxial deformation and irradiation/stress-relaxation of
a circular sub-region is a disk. Here, we analyze the behavior of a
thin, PNR disk of radius, ~R, and a thickness, ~h, with ~h=~R $ 1 and ap-
ply the following photo-mechanical loading to it:

1. The radius of the disk is expanded by a specified radial displace-
ment !~uð1Þ at ~r ¼ ~R. This deformation is maintained throughout
Step 2.

2. The deformed specimen is irradiated with a concentric spot of
radius ~RI ð0 6 ~RI 6 ~RÞ for a sufficient amount of time such that
the volume fraction of the reformed network, fR, is generated
to a target value (0 6 fR 6 1). During irradiation, the reformed
network is stress free so that only the original network is under
stress during this step.

3. The irradiation ceases, and the specimen is released from the
displacement boundary conditions applied in Step 1.

This protocol is schematically depicted in Fig. 3, and a few addi-
tional comments are needed to describe the problem. The disk is
assumed to have uniform mechanical and chemical properties
and to be in a stress-free state prior to the protocol. In Step 2, in
the limiting case of ~RI ¼ ~R, the stress in the disk is directly propor-
tional to f0, which demonstrates that in this limit, fR represents the
amount of stress relaxation in the disk. However, in cases where
~RI < ~R, the outer-annulus elastically unloads as the stress is relaxed
in the irradiated region, which causes the irradiated region to
creep. Therefore, except for the limiting cases where ~RI ¼ ~R (the en-
tire disk is irradiated) or f0 = 0 (full light-induced stress relaxation),
the stress in irradiated region is not linearly related to f0 as will be
shown latter.

Upon release, the outer non-irradiated annulus of the disk con-
tracts as it elastically unloads, which results in a compressive state
of stress on the inner, irradiated region of the disk. This compres-
sive residual stress state will result in the disk buckling. There
are two specific goals of the analytic modeling related to the pro-
tocol described earlier:

( Develop an analytic, closed-form solution to the problem
wherein only in-plane deformation is considered.

( Develop an approximate analytic solution to the out-of-plane
buckling scenario that determines which photomechanical
conditions result in buckling as well as how the maximum
out-of-plane deflection is affected by photomechanical inputs:
u1, RI, h, f0.

Fig. 2. Equi-biaxial experiments: (A) The 22 ! 22 mm film geometry between the metal tongues was stretched to 10% equi-biaxially. (B) After irradiation for 10 min at
20 mW cm"2 at 365 nm with a photo mask that has a 1 mm radius hole at the center, a depression formed as a result of the stress relaxation inside of the 1 mm radius
exposed region. (C) The side-on photograph shows buckling surface profile after the film was released from the grips and laid down on a glass slide.
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Summary and Future Work 

• The intelligent combination of photo, chemical and 
mechanical treatments results in an enormous design 
space to shape active films 

• The use of high fidelity simulations is essential to the 
development of complex, 3D photo-origami structures 

• Future work involves: 
– The combination of photo-induced origami and elastic 

instabilities 
– The integration of photo-active films to smart composite 

structures for sensing applications 
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Using Elastic Instabilities in Stress Relaxing 
Films to Control Surface Profiles 
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thematerial, we need only the initial and reformed volume fractions
at the end of the photo-treatment. Therefore, detailed simulation of
the evolution of photoinitiator concentration, radical concentration,
and network volume fractions can be ignored. The reformed volume
fraction at the end of the photo-irradiation is determined experi-
mentally from the photomechanical characterization experiments
in Fig. 1. Since the reformed network fraction is stress free during
the irradiation and network evolution, the normalized stress
response in the inset of Fig. 1 is also the time evolution of the origi-
nal network volume fraction (f0). At the end of irradiation, f0 = 0.05.
Since the sum of the initial and reformed volume fractions is unity,
the reformed volume fraction (fR) is fR = 0.95. We also assume each
network exhibits neo-Hookean behavior.

2.3. Single spot irradiation experiment

For the single spot irradiation experiment, an in-house, dis-
placement controlled testing platform was used, which was com-
posed of four aluminum, rectangular plates (tongues) that were
arranged along two orthogonal axes in the shape of a plus sign
with a 22 mm gap between each parallel set of tongues. Each ton-
gue was 19.1 mm wide. Film specimens were cut to approximately
35 ! 35 mm squares and were fixed with double-sided tape to the
four tongues such that tests began with a 22 ! 22 mm area be-
tween the tongues. Films were equi-biaxially extended to 10%
engineering strain along each axis (Fig. 2A). This deformation
was held while the film was irradiated through a circular photo-
mask with a prescribed spot radius of 1 mm for 10 min at
20 mW cm"2 and 365 nm light. During this process, stress relaxes
inside the irradiated spot. Fig. 2B shows a depression as a result
of the stress relaxation inside the spot the 1 mm radius exposed re-
gion. Finally, the specimen was removed from the grips, laid upon a
glass slide, and photographed from the side. The thickness of the
glass slide was used to set the length scale, and the film surface
profile was measured. Fig. 2C shows the side-view profile of the
tested films showing the buckled shape.

3. Analysis of a stretched and irradiated circular disk

3.1. A Thin disk subjected to radial expansion and concentric stress
relaxation

The majority of the analysis in the work is presented in non-
dimensional form, so we first define our notation. Dimensional
quantities are represented with a ‘‘#’’ overhead while non-

dimensional quantities lack this modification. From a theoretical
perspective, the simplest finite, thin-film structure to analyze un-
der equi-biaxial deformation and irradiation/stress-relaxation of
a circular sub-region is a disk. Here, we analyze the behavior of a
thin, PNR disk of radius, ~R, and a thickness, ~h, with ~h=~R $ 1 and ap-
ply the following photo-mechanical loading to it:

1. The radius of the disk is expanded by a specified radial displace-
ment !~uð1Þ at ~r ¼ ~R. This deformation is maintained throughout
Step 2.

2. The deformed specimen is irradiated with a concentric spot of
radius ~RI ð0 6 ~RI 6 ~RÞ for a sufficient amount of time such that
the volume fraction of the reformed network, fR, is generated
to a target value (0 6 fR 6 1). During irradiation, the reformed
network is stress free so that only the original network is under
stress during this step.

3. The irradiation ceases, and the specimen is released from the
displacement boundary conditions applied in Step 1.

This protocol is schematically depicted in Fig. 3, and a few addi-
tional comments are needed to describe the problem. The disk is
assumed to have uniform mechanical and chemical properties
and to be in a stress-free state prior to the protocol. In Step 2, in
the limiting case of ~RI ¼ ~R, the stress in the disk is directly propor-
tional to f0, which demonstrates that in this limit, fR represents the
amount of stress relaxation in the disk. However, in cases where
~RI < ~R, the outer-annulus elastically unloads as the stress is relaxed
in the irradiated region, which causes the irradiated region to
creep. Therefore, except for the limiting cases where ~RI ¼ ~R (the en-
tire disk is irradiated) or f0 = 0 (full light-induced stress relaxation),
the stress in irradiated region is not linearly related to f0 as will be
shown latter.

Upon release, the outer non-irradiated annulus of the disk con-
tracts as it elastically unloads, which results in a compressive state
of stress on the inner, irradiated region of the disk. This compres-
sive residual stress state will result in the disk buckling. There
are two specific goals of the analytic modeling related to the pro-
tocol described earlier:

( Develop an analytic, closed-form solution to the problem
wherein only in-plane deformation is considered.

( Develop an approximate analytic solution to the out-of-plane
buckling scenario that determines which photomechanical
conditions result in buckling as well as how the maximum
out-of-plane deflection is affected by photomechanical inputs:
u1, RI, h, f0.

Fig. 2. Equi-biaxial experiments: (A) The 22 ! 22 mm film geometry between the metal tongues was stretched to 10% equi-biaxially. (B) After irradiation for 10 min at
20 mW cm"2 at 365 nm with a photo mask that has a 1 mm radius hole at the center, a depression formed as a result of the stress relaxation inside of the 1 mm radius
exposed region. (C) The side-on photograph shows buckling surface profile after the film was released from the grips and laid down on a glass slide.
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As described in Section 2, the equi-biaxial tensile strain is 10%.
For the sake of simplicity, only linear-elastic small deformation
scenarios in-plane and geometrically non-linear effects in
modeling the out-of-plane response are considered analytically.
At 10% equi-biaxial strains, linear elasticity over predicts the planar
principal stress by 4.3%; thus linear elasticity remains a reasonable
approximation for the purpose of this work to a finite deformation,
incompressible neo-Hookean constitutive model under equi-biax-
ial conditions.. The superposition principal is used to develop
photomechanical solutions for each step that are added together
to determine the behavior of the disk throughout the process.

3.2. Planar analysis: deformation, irradiation, and release

In general, quantities with length dimensions are non-dimen-
sionalized with respect to the disk radius. Relevant quantities in
this article are the radial displacement ur ¼ ~ur=~R, the radius of
the irradiated spot RI ¼ ~RI=~R, the thickness h ¼ ~h=~R, and the radial
coordinate r ¼ ~r=~R. The stresses are non-dimensionalized with re-
spect to Young’s modulus, such as the radial stress rrr ¼ ~rrr=~E.
Mechanical boundary conditions appear with an over-bar and a
superscript step number during which they are applied. For exam-
ple, the (non-dimensional) radial displacement in Step 1 is repre-
sented as !uð1Þ. For completeness, the volume fraction of the
polymer network that is reformed, fR, within the irradiated region,
which is related to the amount of light-induced stress relaxation as
shown in Fig. 1, is inherently non-dimensional.

Steps 1 and 2 are standard planar solid mechanics boundary va-
lue problems provided that the applied displacement, u1, is posi-
tive so that the disk is expanded in a tensile fashion. In this
analysis, we examine axially symmetric, photomechanical behav-
ior in the small strain limit ð!~uð1Þ $ ~RÞ . Moreover, because we re-
quire that ~h=~R $ 1, we assume that Steps 1 and 2 occur under
plane stress conditions. Given these assumptions, we may seek
an Airy’s stress function solution to the in-plane problems from
the 2D theory of linear elasticity.

3.2.1. Step1. Initial mechanical loading
In Step 1, the radial expansion of the disk by the edge

displacement, !uð1Þ at r = 1, generates an in-plane uniform pressure
throughout the disk. The non-zero displacements, strains, and
stresses are:

ur ¼ !uð1Þr; ð1aÞ
err ¼ !uð1Þ; ehh ¼ !uð1Þ; ð1bÞ

rrr ¼
!uð1Þ

ð1% mÞ ; rhh ¼
!uð1Þ

ð1% mÞ : ð1cÞ

3.2.2. Step 2. Irradiation under mechanical constraint
In Step 2, the applied boundary conditions in Step 1 are main-

tained while irradiation locally relieves stress in the disk for
r 6 RI 6 1 (region I). In the case of finite deformation, irradiation
causes the reformed network fraction to be stress-free in the irra-
diated configuration of the body (Long et al., 2009). Therefore, we
assume that only the original network carries the stress and in Step
2, the stress state in Eq. (1c) is rescaled inside the irradiated spot of
r 6 RI 6 1 by the original network volume fraction, f0. Because the
outer annulus (region II) is not irradiated, the irradiated region
undergoes photo-induced creep as the outer annulus elastically
unloads. In a linear elastic setting, this process occurs via an expan-
sion of the outer edge of the irradiated region, r = RI, by a (non-
dimensional) radial displacement, !uð2Þ, which also elastically
unloads the non-irradiated outer annulus. For the outer annulus,
its outer radius is fixed by the applied boundary condition at
r = 1 from Step 1. Thus, Step 2 is modeled by solving simulta-
neously two boundary value problems in the regions r 6 RI and
RI 6 r 6 1 for a common displacement !uð2Þ at r = RI such that the ra-
dial stress, rrr jr¼RI

is continuous across the irradiated boundary.
The total displacement, strain, and stress are found by superimpos-
ing these solutions in Step 2 with the corresponding solutions from
Step 1. In the irradiated region, the displacement, strain, and stress
fields are found by superimposing a second hydrostatic pressure
that produces !uð2Þ at r = RI. For r 6 RI, these fields are,

ur ¼ r !uð1Þ þ
!uð2Þ

RI

! "
; ð2aÞ

err ¼ !uð1Þ þ
!uð2Þ

RI

! "
; ehh ¼ err; ð2bÞ

rrr ¼
ð1% fRÞ
ð1% mÞ err; rhh ¼ rrr : ð2cÞ

Note in Eq. (2c), only the original network volume fraction
(f0 = 1 % fR) carries the stress because the reformed network volume
fraction (fR) is stress free after the irradiation. Therefore, photo-
induced stress relief produces inelastic deformation in region I asso-
ciated with fR. While Eqs. (2a) and (2b) represent the total displace-
ment and strain components, they are not equal to the
corresponding elastic displacements and strains, which must be
derived from the stress in Eq. (2c) and Hooke’s Law in plane stress.
The elastic displacements and strains are,

uel
r ¼ ð1% fRÞur ; ð2dÞ
eelrr ¼ ð1% fRÞerr; eelhh ¼ ð1% fRÞehh; ð2eÞ

Without irradiation, fR = 0, the quantities in Eqs. (2a)–(2e)) are
identical. If the stress is fully relaxed, fR ? 1, then the elastic strains
and displacements are zero after irradiation process. The elastic

Fig. 3. Schematic of the photo-mechanical protocol. In Step 1, the disk of radius, ~R, is extended at its perimeter by a uniform, radial displacement, !~uð1Þ . This deformation is
maintained in Step 2 while a concentric region ~r 6 ~RI 6 ~R is irradiated to relieve fR fraction of the stress in a corresponding uniformly irradiated disk. Then, the lamp is turned
off and the mechanical constraints are released in Step 3, which allows the disk to contract to its final shape that may or may not buckle out of plane.
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the center; from the simulation, these two points are !0.4 mm and
!2.2 m from the center. The reason for the discrepancy between
the experiment and the simulation is not clear. We conjecture
two uncertainties in the experiment that contribute to the overall
disagreement: First, the actual region of stress relaxation could be
larger than the irradiated region due the in-plane diffusion of rad-
icals. In PNR material, photo initiator breaks into radicals when
irradiated by light, whose region is defined by the photo mask.
However, radicals, which trigger chemical reactions that lead to
stress relaxation, can extend beyond the region defined by the
photo mask. Second, UV light could also be reflected from the sur-
face the testing platform to the back of the sample, which could
cause a larger stress relaxation region. The effects of these error
sources are currently under investigation. Nonetheless, our simula-
tion confirms the major deformation phenomena observed in the
photomechanical experiments: development of an impression, an
increase in the depression diameter beyond the mask size, and
then buckling of the inner spot during release.

5.2. In-plane behavior

The experiments and the simulation demonstrate that photo-
induced buckling occurs under biaxial photo-mechanical condi-
tions. Now, we investigate the behavior of our idealized photo-
mechanically activated disk from Section 3. The in-plane analysis
of the photo-mechanical protocol is analyzed first, which alone
may be useful to determine how to produce planar depressions
as shown in Fig. 2B. From Eqs. 1a, 2a, 3a, 6a, and 7a, the radial dis-
placement field normalized to the applied deformation !uð1Þ, is pre-
sented in Fig. 5A and B for fR = 0.5 (a) and fR = 1 (b) within the
irradiated region. Here three sets of curves are shown for the
non-dimensional irradiated spot radii of RI = {0.25, 0.5, 0.75}, and
corresponding the simulation results are shown for the first case
only of RI = 0.25 in an effort to prevent excessive clutter of the fig-
ure. For all in-plane results tested, the simulations agree very well
with the linear elasticity solution. Additionally, it should be noted
from the in-plane displacement equations that the thickness, ~h,
and Young’s modulus, ~E, do not enter. However, Poisson’s ratio is
important and is set to m = 0.5 to idealize the PNR system as incom-
pressible for all subsequent results.

For the case of fR = 0.5 (Fig. 5A), all curves initially exhibit iden-
tical linear radial deformations (dotted curve) as expected from Eq.
(1a). Upon irradiation and stress relaxation (dashed curves), the in-
ner irradiated region creeps outward as the outer-annulus elasti-
cally unloads. The irradiated region, r 6 RI, maintains a linear
radial displacement field that is greater than the pre-irradiated dis-
placement field in all cases. The radial strain (slope of the radial
displacement field) in the irradiated region grows as RI ? 0 as
demonstrated with RI = 1/4, 1/2, and 3/4 for fR = 0.5. This trend is
simple to prove by maximizing the radial strain, Eq. (2b), against
RI, using !uð2Þ from Eq. (4). This result occurs because maintaining
radial stress continuity at r = RI requires more strain in the irradi-
ated region as it become smaller and consequently less stiff com-
pared with the outer annulus. It is also worth noting that upon
an in-plane release, all three solid curves show positive residual ra-
dial displacement, which is characteristic of the irreversible effects
of photo-induced stress relaxation.

If the irradiated region is fully relaxed, (Fig. 5B), the radial dis-
placement field is more complicated. The same trend is observed
that as RI diminishes, the radial strain increases in the irradiated
region, but more interestingly, the three solutions in Fig. 5B indi-
cate that there is a critical spot radius, RI, above which the
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Fig. 4. Post-release, buckled film profiles: measured (red) and simulated (black).
Conditions for both experiment and simulation are: 10% equi-biaxial strain, 95%
stress relaxation (fR = 0.95) within a spot radius of 1 mm, film thick-
ness = 0.254 mm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. In-plane analysis of the radial displacement field after the deformation, irradiation, and in-plane release steps for (A) fR = 0.5 and (B) fR = 1. Three irradiated spot radii,
RI = 0.25, 0.5, 0.75, are shown in each case. Simulation results (symbols) are plotted against the RI = 0.25 analytical calculations. Simulations are performed for m = 0.5 and
h = 0.02.
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across the irradiated spot boundary and is always positive in the
outer annulus. The size of this jump increases as RI decreases
and/or fR increases. At this jump, the elasticity solution and the
simulation results show the largest disagreement for each case in
Fig. 7A and B, but aside from within the immediate vicinity of RI,
the solutions agree very well.

In the case of full relaxation, fR = 1, of the irradiated region (Figs.
Fig. 6A and Fig. 7B), the irradiated region cannot carry any stress at
the endof the irradiationStep2. Consequently, for all three spot radii
shown, both the radial and tangential stresses are zero here. Again,
larger RI allow the outer-annulus to elastically unload further, and
so that upon in-plane release, the residual (compressive) radial
stress state is smaller and more uniform for larger RI. Similar argu-
ments explain that the magnitude of the jump in tangential stress
must increase as RI diminishes as observed very clearly in Fig. 7B.

5.3. Buckling and post-buckling behavior

Fig. 8A and B shows the simulation results of (axially symmet-
ric) deflected shapes and curvatures of several disks with different
irradiated spot sizes (RI). These simulations involve the following
common parameters: !uð1Þ ¼ 0:01; h ¼ 0:02; f R ¼ 1; m ¼ 0:5, and
E = 1 MPa. Results are plotted against the non-dimensional, unde-
formed radial coordinate so that the values of RI can be easily
identified.

In Fig. 8A, disks irradiated with RI = 0.0 and 0.9 remain planar
while the remaining structures buckle. It appears that there are
two regimes of the buckled shape of the disk determined by the
non-dimensional spot radius. For smaller spot radii, the buckled
film profile is localized around the spot, but at larger spot radii,
the buckled shape extends over the whole film. It is interesting
to note that in all cases where buckling is observed, the disk is con-
cave down for r well below RI and transitions to positive concavity
just before and above RI. On inspection of the numerically derived
curvature in Fig. 8B, it clear that the (buckled) deflection profiles
belong to a common family of curves with two inflection points
with the exception of RI = 0.1. In Fig. 8B, the curvature is calculated
using the standard definition of the curvature of a plane curve
j½r% ¼ w;rr 1þw2

;r

! "'3=2
. For cases where RI is small compared to

unity, the disk curvature is severely negative for r < RI, but the cur-
vature rapidly transitions to a positive value just before r = RI and
approximately achieves a maximum there. In all cases for r > RI,

the curvature gradually trends towards zero. As RI is increased,
the magnitude of the curvatures above and below RI diminish,
but a positive maximum in the curvature is observed in all cases
above r = RI.

The post-buckled disk shapes shown in Fig. 8Amotivate our elas-
tic instability analysis thatuses pinnedboundary conditions at r = RI.
Indeed, for a given deflection profile, the greatest magnitude slope
occurs at the (inflection) point where the curvature is zero in
Fig. 8B, which is just ahead of the irradiated spot radius, RI. Except
at the origin, the slope is never zero, so the clamped boundary con-
dition should produce artificially stiff buckling criteria.

In addition, the simulation post-buckled deflections in Fig. 8A
and B suggest that the single parameter parabolic deflection func-
tion, Eq. (14b), will not describe details of the deflected shape since
its maximum curvature occurs at the origin and decreases mono-
tonically without changing sign between 0 6 r 6 1. Hence, we ex-
pect the Ritz approach with this simple approximate deflection
profile to perform best for large RI where the simulation predicts
that the curvature is negative over the majority of the domain.

The critical buckling conditions are now presented. The design
space for single spot buckling involves four non-dimensional quan-
tities: !uð1Þ; f R; RI , and h. We first present the results over two de-
sign parameters: RI, and fR. We use !uð1Þ ¼ 0:01 and h = 0.02 and
show the regions wherein simulation (symbols), the linear plate
theory elastic instability analysis (dashed and dash-dotted lines),
and the single parameter RR method (black line) predict buckling
in Fig. 9.

In Fig. 9, the disk buckles for combinations of (RI, fR) above each
curve and for ‘‘o’’ symbols that demark the simulation results.
Overall, the linear theory with a pinned boundary condition as well
as the RR approximation agreewith the simulation resultswhile the
linear theory clamped boundary condition prediction is everywhere
too stiff as expected. As RI approaches unity, the linear theorywith a
pinned boundary condition predicts buckling in a narrow region of
the domain that the simulation indicates should not buckle.
Therefore, comparedwith the simulation results, the RR approxima-
tion provides the best conservative buckling analysis.

One can make several useful observations from Fig. 9 and sub-
sequent figures to guide experimental and design efforts. First, the
buckled disk requires the least amount of stress relaxation for irra-
diation radii in the range of 0.5 < RI < 0.7. However, as the
irradiation radius approaches either extreme (RI ? 0, 1), the disk

Fig. 8. (A) Normalized out-of-plane deflections, w as a function of the normalized (undeformed) radial coordinate, r, for different irradiated spot radii, RI. The legend labels
different irradiation spot radii RI. (B) The numerically developed curvature of the curves in (A). Simulations are performed with the following parameters: h = 0.02,
!uð1Þ ¼ 0:01; f R ¼ 0:5, and m = 0.5.
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Photomechanical Protocols 
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•  Mean and Standard of Deviation of 12 specimens is shown 

•  Strain-to-Failure Increased by ~70%   (p~10-8 ,     n = 12) 

•  Nominal Stress-at-Failure Increased by ~30%  (p=0.0013,  n = 12) 

Strain % to Failure Stress at Failure 
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