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Abstract
Light emission from zinc sulfide phosphors during elastic loading (elastico-mechanoluminescence, or EML) is character-
ized for application in structural health monitoring. Micron-sized EML particles are dispersed in an elastomeric matrix
for characterization experiments. Numerical models and experimental investigations are combined to arrive at a correla-
tion between EML emission intensity and average stress acting on phosphor particles. A maximum luminance of 25 cd/
m2 is observed from composites with a 6.25:3 phosphor–matrix weight ratio. This intensely bright EML emission is visi-
ble under indoor lighting and is attributed to efficient interfacial stress transfer between the matrix and particles facili-
tated by a moisture-resistant coating. EML emission is captured over 2.5 million actuation cycles and a correlation
between the structural health of the elastomer and the measured EML intensity is made. A significant drop in EML emis-
sion is observed right before the onset of structural failure which enables real-time prediction and prevention.

Keywords
Elastico-mechanoluminescence, mechanoluminescence, triboluminescence, structural health monitoring, stress visualiza-
tion, stress sensing, ZnS:Cu

Introduction

Phosphors are multi-functional optical materials that
emit light in the visible spectrum from photo, electrical,
mechanical, and thermal excitation. The intensity and
wavelength of light emitted depends on the phosphor
composition, dopant concentration, and excitation
energy. Particulate polymer composites embedded with
phosphors inherit this optical multi-functional behavior
and become self-sensing structures. Among the various
modalities, mechanically induced luminescence corre-
lates to structural health and is applicable for continu-
ous health monitoring. Mechanically induced light
emission from phosphorescent materials has been gain-
ing widespread attention recently for stress-sensing,
stress visualization and crack detection (see, for exam-
ple, Sage et al., 1999; Sohn et al., 2014; Terasaki and
Xu, 2009; Wang et al., 2015; Xu et al., 1999a, and Yun
et al., 2013). In particular, recent reports such as Jeong
et al. (2013, 2014) on bright light emission from copper
doped zinc sulfide micro-particles have been promising
owing to durability and repeatability. The phenomenon
of mechanoluminescence (ML) has long been known,
and in particular, elastico-mechanoluminescence (EML)
from doped zinc sulfide materials has been well reported

(see, for example, Dickens et al., 2012; Fontenot et al.,
2016; Rao et al., 2008; Xu et al., 1999b; Zhang et al.,
2012)

Xu et al. (1999a) have studied the EML of thin solid
films of ZnS:Mn nanocrystals fabricated by physical
vapor deposition techniques on various substrates.
Based on their observations of luminance from 4T1–
6A1 transition in the emitting center (Mn) during
impact and friction tests, they have explained ML as
an interaction of piezoelectricity and electrolumines-
cence. Chandra et al. (2010) have extended this con-
cept with the piezoelectrically induced electron
detrapping model for EML of ZnS:Mn. According
to this model, straining the non-centrosymmetric
crystal of ZnS may produce a local piezoelectric field
strong enough to detrap filled electron traps. Energy
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from recombination of the detrapped electrons may
non-radiatively be transferred to the luminescent
ion, inducing excitation and its subsequent de-
excitation emits energy in the visible frequency.

ZnS:Cu particles with a moisture-resistant aluminum
coating emit intensely bright EML as shown in Figure
1(a). Shin et al. (2015) have suggested that the Al coat-
ing acts as an electron source aiding EML emission.
However, from the original references cited by the
authors, zinc sulfide’s work function (7 eV from Fang
et al., 2007, and Van Ruyven and Williams, 1966), elec-
tron affinity (3.9 eV from Yang et al., 1996), band gap
(3.7 eV from Madelung, 2012) and aluminum’s work
function (4.28 eV from Michaelson, 1977) would yield a
heterojunction with a p-type depletion region and not a
n-type accumulation region (Figure 2(a)(ii)). The energy
gap between the conduction band and the Fermi levels

is about 3.1 eV. Therefore, without external excitation,
electron flow from the Fermi level of Al to the conduc-
tion band of ZnS, which was hypothesized to make Al
an electron source, may not be feasible. Further, the
electronic influence of Al coating will be insignificant
within the core of the particles and since the particles
are 20 mm to 30 mm in size, the majority of the EML
emission is expected to be from the crystal bulk. We do
believe that the Al coating plays an important role, not
electronically, but mechanically, by increasing stress
transfer to the EML particles. Experimental evidence
and numerical results presented in this work corrobo-
rate this belief.

Though the works cited above demonstrate the fea-
sibility of EML for sensing technologies and provide
insights into possible origins and mechanisms, a
mechanistic understanding of EML is lacking. The

Figure 1. (a) EML from front and back of composite coupon showing stress concentration regions visible under indoor lighting
conditions. (b) Scanning electron microscopy (SEM) image of ZnS:Cu–PDMS composite. (c) SEM image of a cut particle. (d) Zinc, (e)
sulfur, (g) aluminum, and (h) oxygen elemental maps. (f) Energy Dispersive X-ray spectra and elemental composition.

Figure 2. (a) Energy diagram (i) before and (ii) after formation of Al–ZnS:Cu heterojunction; EF : Fermi level, EC : conduction band,
EV : valence band, Etrap: electron trap level, Eg : band gap, eF: work function, ex: electron affinity. (b) Initial loading conditions of the
composite coupons.
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motivation of this work is to link the theoretical models
developed for EML with the mechanical input para-
meters such as stress/strain and stress/strain rate
towards utilization of EML for structural health moni-
toring applications in particular. An EML-based struc-
tural health monitoring system can address the
limitations of current technologies by offering real-
time, in situ, distributed sensing and damage detection
capabilities.

Experimental methods

Composite coupons of polydimethylsiloxane (PDMS)
matrix and EML filler particles were fabricated as out-
lined in the supporting information. Copper and man-
ganese doped zinc sulfide phosphors (Osram-Sylvania
GG-series 45) were used as the EML material due to
their intense emission visible in broad daylight.

Composite coupons were observed to emit relatively
brighter EML during sudden tugging by hand.
Discontinuities in the input load while tugging were rea-
soned to be the cause of brighter emission. To test this,
two initial loading configurations were studied. Figure
2(b) shows the two initial configurations—one with a
positive pre-strain and one without. The configuration
with positive pre-strain (case I) is actuated with ampli-
tude lower than the pre-strain value ensuring continu-
ous strain/stress curves. The configuration with zero
pre-strain (case II) imparts strain/stress only during the
positive half of the actuation cycle. The coupon buckles
during the negative half-cycle resulting in zero strain/
stress and a discontinuous strain input. Luminance
measurements were made using a spectroradiometer
and temporal studies were carried out with a photore-
sistor (PR) as shown in Figure 1(b) and 1(c) in the sup-
porting information respectively.

Finite element methods (FEM) were used to predict
the stresses experienced by the EML filler particles dur-
ing longitudinal straining of the composite coupons.
Figure 2 in the supporting information shows the FEM
model with a particle of elastic ZnS enclosed within a
cylindrical volume of hyperelastic PDMS. Supporting
information provides more detail on both the experi-
mental setup and FEM model.

Results and discussions

A Scanning electron microscopy (SEM) image of the
cross-section of a composite coupon and Energy
Dispersive X-ray (EDS) element maps of a fractured
EML particle are shown in Figure 1. Element maps reflect
the presence of a moisture-resistant aluminum oxyhydrox-
ide coating on the surface of the particles (Fan et al.,
2012). The moisture-resistant coating is hydrophobic and
binds strongly with the hydrophobic PDMS matrix result-
ing in better stress transfer and brighter EML emissions.
Results from our numerical simulations and lack of EML
emission from uncoated phosphors support this belief.
Coupons fabricated with GL25 phosphors, which have no
coating, did not show EML during elastic actuation, but
showed EML when scribed with a glass rod (see Table 1).
Scribing the coupon transfers stress directly to the parti-
cles, whereas elastic actuation requires efficient stress
transfer by the matrix. This strongly emphasizes the
importance of aluminum oxyhydroxide coating for stress
transfer and EML emission in the GG-series phosphors.

Functional characterization

EML luminance per cycle of actuation, measured from
composite coupons with a 7:3 phosphor–PDMS weight
ratio, is plotted in Figure 3(a) to (d). Information on
the measurement of maximum strains and strain rates
is provided in the supporting information.

In case I, a non-linear dependence of EML intensity
on the maximum strain rate is observed (Figure 3(a)).
At lower strains, practically no EML emission is
observed even at moderately high strain rates. The
EML emission for 26% strain was detected only by the
spectroradiometer and was not visible to the human
eye. This establishes the presence of a threshold strain/
stress value, below which no visible EML emission
occurs. Contrary to case I, EML intensity depends
almost linearly on maximum strain rate in case II
(Figure 3(b)). Though only half of the actuation cycle
induces strain in the coupon, the observed EML inten-
sities are much higher than in case I. Such high intensi-
ties, even at low strain rates, are mainly due to the
occurrence of two bright bursts of light emission during

Table 1. EML from various ZnS phosphors under different mechanical loading conditions.

Phosphor Color Coating Crushing Scribing Actuation

GL25 a Amber None Fracto-ML EML No EML
GG13 b Amber Al-oxide Fracto-ML EML EML
GG25 b Green Al-oxide Fracto-ML EML EML
GG45 b Blue-green Al-oxide Fracto-ML EML EML

EML: elastico-mechanoluminescence.
aPhosphor Technology Ltd., UK
bGTP Corp., USA
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each cycle that were visibly observed only with case II.
Bursts of light emission seem to occur when an abrupt
change in strain occurs as shown in Figure 2(b). To
establish this, the temporal response of the EML was
recorded for both the cases using a photoresistor.

Interfacial stress transfer

Finite element simulations of a ZnS particle in the
PDMS matrix were performed to understand the stress
transfer from the matrix to the particles. The contact
between the particle and matrix was either designed
with complete adhesion or zero adhesion to model the
maximum and minimum cases of stress transfer respec-
tively. Figure 3(e) and (f) shows the average absolute
stresses on the particle in complete and zero adhesion
contacts respectively. With complete adhesion, longitu-
dinal tensile stress is transferred efficiently to the parti-
cle. This causes the particle to experience average
stresses five times higher in magnitude than in the zero
adhesion case. This directly indicates the importance of
interfacial binding and the selection of a compatible
hydrophobic matrix. As mentioned in the previous sec-
tions, aluminum coating on the particles forms a strong
adhesive bond with the PDMS resembling the complete
adhesion case modeled here. Absence of a hydrophobic
coating can therefore cripple stress transfer and EML
emission significantly, as experimentally observed with
GL25 phosphors as well.

Also, from these results, wear and tear of the contact
can be expected to reduce interfacial binding, the stress
transfer efficiency, and the EML intensity significantly.

This is also experimentally observed in the long dura-
tion temporal study. Further, combining the characteri-
zation data with the numerical solution for complete
adhesion, we obtain Figure 3(g) and (h) describing the
dependence of EML luminance on the average stress
experienced by the EML particles. This is the first effort
to characterize EML intensity by average stress on the
micron-sized ZnS:Cu particles.

Dependence on weight fraction

Estimating the optimum weight composition of the
composites is essential for fabrication of stress-
visualizing paints and structural health monitoring
sensors. The luminance from coupons with varying
phosphor-PDMS weight ratios were longitudinally
actuated at 17.5 Hz under a zero pre-strain condition
and characterized as mentioned above. The luminance
variation with strain is shown in Figure 4. The exis-
tence of an optimum weight ratio of 6.25:3 can be
explained by identifying two competing factors. With
increase in phosphor content, the number of light-
emitting sources increases, but particle density within
the matrix becomes very high. We believe this results in
partial wetting of the particle surface and decreased
stress transfer. The proportion of particles emitting
light will also be lower at higher compositions.

Short-range temporal response

Figure 5(a) and (b) shows the growth and decay of
EML from coupons actuated in cases I and II

Figure 3. EML dependence on the maximum strain rate for (a) case I and (b) case II. EML dependence on maximum strain (S) for
(c) case I and (d) case II. Average absolute stresses (s) on a particle in (e) complete and (f) zero adhesion with PDMS. EML
dependence on average stress for (g) case I and (h) case II.
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respectively. The black and blue trend lines represent
the time-synchronized and scale-adjusted strain and
strain-rate curves. Two EML intensity peaks occur in
each cycle of actuation, one corresponding to increase
and one to decrease in strain/stress. This suggests that
EML emission is a dynamic process that requires time-
varying strain/stress in crystals. Further, comparing
cases I and II, it is evident that the discontinuities in
strain and strain-rate curves inherent in case II cause
shorter peak rise times as well as higher peak intensities.
The sharper and higher intensity peaks are visually
observed as bursts of light emission from the coupons
as mentioned earlier. Hence, we conclude that higher
rate of change of strain causes more de-trapping of elec-
tron traps and subsequently brighter EML emission.

Additionally, in both cases, the emission peak due to
increase in strain is brighter than the emission peak due
to decrease in strain. This is explained by the following
hypothesis: the number of filled electron traps available
for de-trapping is inversely proportional to the strain
state of the crystal at that time instant. The strain at
the start of the second peak is higher than that at the
start of the first peak. Following this observation, we
hypothesize that fewer filled traps are available at the
start of the second peak. This directly implies fewer
emitted photons and lower EML intensity. Returning
to the unstrained state may refill all or most of the elec-
tron traps which then become available for the next

cycle. This also explains consistent intensities over
thousands of actuation cycles for ZnS-based phos-
phors. Strontium-aluminate-based phosphors do not
show this self-recovery behavior which explains the
eventual intensity decay with prolonged actuation and
intensity increase after short exposure to ultraviolet
light (see Chandra et al., 2013). Ultraviolet light excites
electrons from the valence band and refills the empty
traps which may then become available for EML
emission.

Long-range temporal response and failure
prediction

Utilizing EML for structural health monitoring appli-
cations requires an understanding of the EML response
over prolonged cyclic loading. A freshly prepared cou-
pon was actuated at constant amplitude and frequency
(25% strain at 20 Hz) and EML emission was tracked
by a photoresistor at a 2 Hz sampling rate. Figure 6
shows the EML response over 2.7 million cycles of
actuation. The EML intensity increases rapidly at the
start, reaches a maximum at around one million cycles,
and then decreases linearly until the coupon fails after
2.7 million cycles. This trend can be explained as fol-
lows. The polymer chains in a freshly cured coupon are
rigid and the coupon is relatively stiff. Stresses within
the fresh coupon are therefore concentrated near the
ends. As the coupon is cyclically actuated, the rigidity
of the polymer chains decreases and stresses are propa-
gated throughout the coupon thereby causing emission
from more EML particles. This can be corroborated by
images captured at different instances over the loading
period.

Also, repetitive actuation may induce wear and tear
within the polymer, causing a reduction in interfacial
binding between the EML particles and the polymer.
Our FEM results suggest that a decrease in interfacial
binding causes a significant decrease in stress transfer
and EML intensity over time. These two competing fac-
tors characterize the EML intensity response observed.
Hence, we conclude that EML intensity can be directly

Figure 5. EML temporal response, in terms of photoresistor (PR) response in arbitrary units, for (a) case I and (b) case II.

Figure 4. EML luminance variation with coupon composition.
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correlated to the structural health of the polymer cou-
pon. Further, the inset of Figure 6 shows the EML
intensity decrease significantly right before failure of
the coupon, facilitating real-time prediction of impend-
ing failure. Though the cycle life varied from coupon to
coupon, we consistently observed significant decrease in
EML intensity whenever failure occurred. Additional
work on benchmarking the first- and second-order time
derivatives of EML intensity as failure criteria for real-
time prediction is ongoing.

Summary

In this article, we have characterized bright EML emis-
sion from composite coupons as a function of input
mechanical parameters such as strain/stress and strain
rate using experimental and numerical techniques. We
have established the highly dynamic behavior of the
EML phenomenon, the existence of a threshold strain/
stress value and the non-linear dependence on strain
and strain rate. The temporal response of EML from
composite coupons has also been studied for the first
time. Correlation of the EML temporal response with
mechanical parameters suggests that discontinuities in
the input load cause sharp intense bursts of EML emis-
sion. A hypothesis linking the number of filled electron
traps in the crystals inversely to the strain in the crystal
has also been put forth. This hypothesis explains the
lower intensity of EML emissions during decrease in
stress than during increase in stress. Over millions of
actuation cycles, the EML response has been demon-
strated to reflect on the structural health of the polymer
coupon. The relaxation of polymer chains leading to
more uniform stress distribution and the degradation of
interfacial binding due to wear and tear have been cap-
tured through the EML response. A methodology for
real-time prediction of failure using the EML response
has also been outlined in this work, further strengthen-
ing the case for an EML-based structural health moni-
toring technology for composite materials.
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