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The performance of polymer matrix composite (PMC) materials relies on the history of chemical
and physical environments to which they have been subjected. The understanding of a PMC’s
current state is crucial in order to optimize processing parameters and thereby maximize material
performance. Nanoscale embedded sensors (such as colloidal nanoparticles, quantum dots, and
molecular compounds) provide a non-destructive, in-situ platform to monitor material properties
through the utilization of the nanosensors’ optical response and corresponding modulation thereof
through interactions with the environment. This review summarizes the current state of embed-
ded plasmonic and photoluminescent optical sensing pertaining to local chemical environment,
temperature, viscosity and stress/strain as applicable to PMCs. We highlight important scientific
advances that have enabled new sensing approaches and emphasize promising directions where
advances are still required.

1 Introduction
Nanoscale materials, in the form of nanoparticles or molecular
species, are often added to polymers to form nanocomposites
with new or improved functionality.1–7 Nanosensors are a sub-
class of nanomaterials that are sensitive in some way to their lo-
cal environment, and thereby allow for the detection of key prop-
erties of the material or its surroundings at sub-micron length
scales. Nanocomposites with integrated sensing collectively com-
prise one sub-class of so-called “smart materials” with broad in-
terest and potential applications. Among various nanosensing
mechanisms, optical nanosensors rely on changes in the optical
properties such as absorption, scattering, or photoluminescence
in response to changes in the surrounding materials’ state. These
are of particular usefulness when the host matrix is translucent
because the sensor readout does not require additional electrical
contacts or other modifications to the material.

Given the widespread relevance of optical nanosensors in smart
materials, there have been many excellent reviews focusing on
specific molecular and nanoparticle architectures or on specific
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sensing capabilities.8–11 However, the application of these emerg-
ing technologies to modern structural materials is still underex-
plored. In particular, polymer matrix composites (PMCs) are in-
creasingly used in the aerospace, automotive, and sporting goods
industries where a high strength-to-weight ratio is desired. In
their formulation, processing, and manufacturing, as well as dur-
ing their operational use, PMCs are subjected to a wide range of
temperature, pressure, stress, and strain, during which they un-
dergo large changes in chemical state and mechanical properties.

Over the course of a typical manufacturing process, small vari-
ations in the condition of the starting material can result in large
variations in residual stresses and degree of cure in the final part.
In real manufacturing environments (e.g., inside a pressure mold
or autoclave in the case of aerospace grade composites) it is dif-
ficult or impossible to assess the temperature and cure state of
the PMC in real time. Parts that are rejected because of dimen-
sional tolerances or internal flaws are a major driver of cost for
PMCs, especially in the aerospace industry.12 During service, the
mechanical properties of a PMC can change dramatically due to
moisture uptake, physical aging, and thermo-oxidative degrada-
tion, even when there are no detectable cracks in the part. Be-
cause of this, existing strategies for structural health monitoring
and material state awareness in PMCs are much less robust and
reliable than in other structural materials.13

Ultimately, the mechanical performance of a PMC is related to
its specific thermo-chemo-mechanical history. Thus, direct sens-
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ing of material state parameters can enable better control systems
for manufacturing and more reliable material state awareness. In
particular, the ability to sense properties such as temperature, vis-
cosity, stress, and strain inside a polymer can provide vital infor-
mation during material processing and use. These quantities re-
late the chemical state (eg, crosslink density, degradation), chain
entanglement, and free volume of polymers to the bulk material
properties that determine their performance in structural applica-
tions. The ability to sense these quantities is critical, not only to
effectively control process parameters, but also to optimize per-
formance during use. Table 1 illustrates the importance of these
properties in various process environments.

The potential for optical nanosensors to detect these properties
on the interior of a PMC with high spatial resolution makes them
attractive for further development. However, there are significant
challenges in designing optical nanosensors that can operate over
the entire range of thermomechanical conditions experienced by
these materials. For example, during the manufacture of a typ-
ical aerospace grade, carbon fiber reinforced bismaleimide com-
posite the temperature can range from 20-250 ◦C, the viscosity
can range from 10-109 cPs, and the local residual stresses from
cure shrinkage and thermal expansion can reach several hundred
MPa12. In this review, we summarize the state of the field of opti-
cal nanosensing with regards to structural polymers, with an eye
toward sensing the local properties during their manufacturing,
processing, and/or their lifetime in the field, up to and including
exposure to extreme conditions. We highlight the scientific ad-
vances that have contributed to the current state of the art, and
we identify key remaining challenges in designing, synthesizing,
and characterizing optical nanosensors for use in structural poly-
mer matrix composites.

In designing an optical nanoparticle sensor there are three fac-
tors that impact its effectiveness:

1. The degree of coupling of the sensor to a given material pa-
rameter in the surrounding matrix.

2. Whether the sensor response is due to internal material pa-
rameters (dielectric function) or geometric parameters (par-
ticle shape/clustering).

3. The mechanism used to readout the gathered information
from the sensor.

In this review, we focus on plasmonic and photoluminescent
mechanisms (factor 3) and review strategies to address (factors
1 and 2) with regard to each individual material property of
interest (temperature, viscosity, etc.) and the various types of
sensors employed to this end. We also comment on the lim-
itations/challenges of these strategies associated with sensitiv-
ity and/or specificity wherever applicable. We conclude this re-
view by summarizing the disparities between current sensing ca-
pabilities of nanoparticles and the needs as pertains to modern
structural polymeric materials during their processing and per-
formance.

2 Background
In this section, we will give a brief, applied background into op-
tical sensing via plasmonic resonances and photoluminescence in
order to contextualize the current state-of-the-art approaches to
material property sensing. A simple yet important differentia-
tion between these two sensing mechanisms is that the former
phenomenon can be found primarily in materials with metal-like
electronic band structures (or materials with free electrons) and
the latter is found primarily in those with semiconducting or in-
sulating band structures.

2.1 Plasmonics

In the case of plasmonic optical sensing, it is the coupling of con-
duction electrons with photons at the surface of a metal that gives
rise to the optical response. The geometry of the metal surface
(particle shape), the dielectric constant of the material (matrix)
in contact with the metal, and the proximity of particles to each
other, each play an important role in tuning the energy of the
plasmonic resonance. Designing a plasmonic sensor relies on un-
derstanding how material parameters in the external matrix (tem-
perature, stress/strain, etc.) couple to and affect each of these
phenomena.

The metal: The response of charge carriers in a metal to an ex-
ternal electromagnetic field may be described by the frequency-
dependent complex dielectric constant. The dielectric constant
depends on material parameters such as atomic spacing, elec-
tron scattering, and carrier density, which can each change with
temperature, pressure, and defect density. Typical nanoparticle
systems utilize noble metals such as silver or gold for their rel-
ative inertness to chemical environments (especially in the case
of gold) and high free-electron density. Additionally, silver and
gold have interband transitions that give rise to localized surface
plasmon resonances in the visible spectrum.

The matrix (dielectric medium): In the context of this review,
the matrix is the material whose properties are being sensed.
Thus, for a practical sensor system, the imaginary part of the ma-
trix’s dielectric constant is near zero. Matrices with significant
imaginary dielectric values are not suitable for plasmonic sensors
due to signal loss and complexities in calculating the plasmonic
response. In the context of this review, most structural polymers
are transparent over broad spectral regions in the visible and near
infrared. Thus, they are well suited for plasmonic sensing appli-
cations.

As with metals, the dielectric of the matrix changes with tem-
perature, pressure, and chemical bonds. In the case of a hetero-
geneous matrix, the components that are sensed plasmonically
must be near the metal-dielectric interface. For example, a distri-
bution of plasmonic nanoparticles in a polymer matrix can give
information only on local (near metal-matrix interface) temper-
ature, degree of cure, and other material parameters. Thus, the
matrix properties can be mapped with high spatial resolution due
to the locality of the nanoparticle sensor.

The geometry: The oscillations of free electrons confined to
the metal-matrix interface is called a localized surface plasmon
(LSP). The dispersion of LSP energies with respect to geometry
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Sensing
Intrinsic Material
State Properties

Process Parameters Performance Factors

Chemistry
Cross-link Density
Oxidation
Decomposition

Degree of Cure Degradation

Temperature
Glass Transition
Melting Point
Reaction Rates

Cure Kinetics
Thermal Expansion
Thermal Stresses

Viscosity
Chain Mobility
Reptation

Mold Filling
Void Formation/Migration
3D Printability

Creep
Embrittlement

Stress/Strain Residual Stress
Cure Shrinkage
Spring-In

Crack Initiation/Propagation
Mechanical Failure

Table 1 Quantities of interest for sensing in polymer matrix composites are listed along with relevant intrinsic material properties and macroscopic
composite characteristics that are important during processing and performance.

for two different matrix dielectric constants are shown in Fig 1a.
The role of increasing nanoparticle size is to decrease the energy
of the observed optical resonance and vice versa. The steepness
(as well as other fine structure features not shown) of the disper-
sion depends on the dielectric constants of the metal and matrix.
Resonance energies are highly sensitive to the matrix dielectric
constant, and they are more sensitive to particle size when the
particle is surrounded by a matrix with a low dielectric constant.

The nanoparticle geometry also affects the resonant mode
shapes where the electric field associated with the resonant
modes extends beyond the particle-matrix surface. This can be il-
lustrated by visualizing the electric field associated with three de-
generate LSP modes for a spherical nanoparticle that lie along the
x, y, and z axes as in Fig 1b. In the case of a nanorod, broken sym-
metry results in an additional non-degenerate longitudinal mode
that is largely decoupled from the doubly degenerate transverse
mode. Thus, physical processes that changes the shape of these
nanoparticles also change the observed LSP energies. Further-
more, these different modes typically have different sensitivities
to changes in the metal, matrix, or geometry, which potentially
allows anisotropic particles to act as multimodal sensors.

LSP-LSP coupling: Because the fields associated with these res-
onances extend beyond the particle surface, plasmonic modes can
couple to each other when particles are close together as shown
in Fig 1b. This allows for sensing strategies that rely on changes
in interparticle distances. The sensitivity of coupling approaches
depends largely on the spatial extent of these modes.

In summary, plasmonic nanoparticles have optical resonances
that are sensitive to changes in the local environment through
their dependence on dielectric constant, geometry, and interpar-
ticle coupling. These features enable many promising approaches
in developing optical nanosensors for material properties.

2.2 Photoluminescence

Photoluminescence occurs in a three-step sequence. First, in the
photoexcitation event, a material absorbs photons to promote
ground-state electrons to an excited electronic state. Next, ex-
cited electrons may relax through several phonon excited states
as surplus energy dissipates via non-radiative mechanisms. Fi-
nally, energized electrons spontaneously de-excite to reoccupy the
electronic ground state and lower energy photons are re-emitted.
With respect to optical sensing, the excited-state lifetime, emis-
sion intensity, and energy of luminescent photons are measur-
able features that can change as a result of interactions with the
environment. Photoluminescence quantum efficiency (PLQE) is
the ratio of the number of emitted photons to the number of
absorbed photons. This is related to the excited-state lifetime,
which is a measure of the average time that a system remains in
an excited state before photon emission. Both quantum efficiency
and the excited-state lifetime are impacted by changes in radia-
tive (modifications to the lattice spacing, destruction of transition
pathway) and/or non-radiative (rotational degrees of freedom,
thermal bath, etc.) processes. Thus, in most cases, changes in in
PL emission are phenomenologically related to changes in inter-
band transitions and non-radiative decay.

Inter-band transitions: Changes in radiative photon energy
are generally indicative of some restructuring of the overall lat-
tice, which may be brought about either by environmental factors
or discrete external stimuli. Such is the basis, for example, of
stress/strain sensing in fluorescent tetrapod quantum dots (see
Fig. 2). Under mechanical influence, physical deformation of the
overall tetrapod architecture alters the inter-band transition en-
ergy of the core quantum dot.

Non-radiative decay: Non-radiative decay can occur through
several mechanisms (vibration-driven collisions, intersystem-
crossing, energy transfer) and ultimately serves as the foundation
for several photoluminescent sensing modalities as environmen-
tal factors (temperature, pressure, etc.) can influence the rate
of non-radiative decay. For instance, photoluminescent molecular

Journal Name, [year], [vol.],1–22 | 3

Page 3 of 24 Journal of Materials Chemistry C



Fig. 1 (a) Dispersion diagram showing energy vs reciprocal space of the surface plasmon frequency and its coupling with the light line to produce
surface plasmon polaritons (SSPs) for different metal dielectric interfaces. In the case of localized surface plasmons (LSPs) the particle size and
geometry influences the allowed energy of the resonance by determining the size of the plasmon modes. (b) These LSP energies are degenerate for
a sphere, but can be tuned by breaking the symmetry as in the case of rods. Processes that change the shape of the particle will also change the
observed energy resonances of the plasmonic modes. Bringing particles to close proximity with each other leads to coupling of the plasmonic modes
which will also modify the observed energy resonance of the plasmonic modes.

rotors are powered by the energy of absorbed photons where the
rotation is sensitive to changes in the surrounding viscosity. As
molecular rotation meets mechanical resistance in a highly vis-
cous environment, non-radiative decay channels, originally fun-
neled into molecular motion, become obstructed. Similarly, in-
creased temperatures promote non-radiative recombination of
excited-state electrons with electronic holes in the ground state,
decreasing quantum yield. Variations in non-radiative discharge
brought about by environmental changes will ultimately deter-
mine the energy, timescale, and number of photons available for
the ensuing radiative emission, thereby providing opportunities
to sense a number of external environmental factors.

Each of the phenomena discussed in this section (plasmonic
resonances and photoluminescence) may be used to design an
optical nanosensor based on the interaction of the underlying op-
tical mechanisms with the material parameter of interest. For the
remainder of this review we describe various strategies for using
these specific interactions to measure local chemistry, tempera-
ture, viscosity, and stress/strain in a matrix material of interest.

3 Nanosensors of local chemical environ-
ment

The need for local chemical sensing in structural composites lies
in the desire to monitor the state of chemical reactions at local
regions, both during processing (e.g., curing reactions) and per-
formance (e.g., oxidative degradation). In composite materials,
the dielectric surrounding medium is either a liquid-like polymer
matrix in its pre-cure state, or the solid phase post-cure matrix.
However, to date, the literature have predominantly been focused
at the chemical sensing phenomenon in the liquid state. Hence,
this section of the review at best is applicable for sensing in pre-
cure matrices (in their liquid form) and is otherwise meant to
provide context for future work and opportunities in solid matrix

chemical sensing. The reported literature discussed below there-
fore focuses on chemical sensing in the liquid phase and cover the
state of the art for optical chemical sensing and recent solutions
in using nanoparticles as chemical sensors. Specific attention is
given towards strategies used in creating either a robust or a mul-
timodal sensor.

The plasmonic/photoluminescent optical response of a
nanoparticle to its local environment permits sensitivity to nearby
chemical species in one of two ways: The first, by virtue of the
dielectric provided by the nearby chemical species (plasmonic),
and the second, by providing alternate (or modifying existing)
decay channels that could either quench or enhance photolumi-
nescence14.

A key challenge in using the plasmonic mechanism is the lack
of specificity. The nanoparticle is sensitive to all of the local di-
electric species near the nanoparticle and not just the ones that
are desired for a given application. An additional selection mech-
anism is often required if the nanoparticle is to be robust in an un-
controlled environment. Tang et al.15 approached this problem
in developing a nanosensor for detecting prostate-specific antigen
(PSA). Their solution was to deposit a silver shell on the surface of
the gold nanorod (Au-NR) dimers. The dimer geometry gave rise
to circular dichroism plasmonic resonance which can be subse-
quently monitored in the presence of the PSA. The PSA also has a
circular dichroic optical response, making this sensing scheme ro-
bust against other chemical agents within the matrix which do not
possess circular dichroism. Indeed, this particular nanoparticle is
one of several produced by this group, including gold nanoparti-
cle pyramids which were used for endonuclease analysis16 and a
chiral pyramidal sensor which was used to detect DNA17 (shown
in Fig. 3b). The silver coating on the dimers were found to ex-
perimentally have the added benefit of enhancing the observed
signal. Other examples include coating silver nanoparticles with
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Fig. 2 Schematic representation of photoluminescence sensing mechanisms driven by changes in non-radiative decay (orange) and modifications to
the inter-band transitions (green).

sulfanilic acid to detect melamine,18 polyacrylate functionalized
gold nanoparticles for selective detection of Aluminum (Al) and
Flouride (F) in water,19 and also for Lead (Pb) sensing when func-
tionalizing with maleic acid.20

Another way to solve the specificity problem is to provide a
nanoparticle sensor array whose signal is self-referential, i.e. one
optical signature is sensitive to changes in the presence of the
chemical species to be monitored while the other is not. This was
accomplished by Rivero et al. with dual populations of gold and
silver nanoparticles encapsulated with poly(diallylammonium
chloride) (PDDA) which were used to monitor the presence of
H2O2 in solution.23 It was observed that the localized surface
plasmon resonance (LSPR) band of the silver nanoparticles is
gradually decreased in intensity whereas the LSPR of the gold
nanoparticles is practically unaltered as the hydrogen peroxide
molar concentration is increased, thereby utilizing the better
chemical stability of gold relative to silver. This process is ir-
reversible and therefore could be applied in situations where
the evolution of time is a factor. Another method that moni-
tors the presence of H2O2 in solution was developed by Sodzel
et al. where it was found that the photoluminescence of ZnO
nanoparticles are quenched by up to 90% at a 100 mM level
of H2O2.24 This process is non self-referential, but instead is re-
versible in the sense that the nanosensor’s response does not de-

pend on the history of the material. Rather, it is an instantaneous
monitoring response as long as the nanoparticles have not de-
graded.

In a controlled environment, the mechanisms for sensing chem-
ical changes can be more sophisticated. For example, changes in
the plasmonic/photoluminescent response due to aggregation of
nanoparticles can be used in response to the changing chemical
conditions of a solution, which has been used to discriminate bio-
thiols,25 organophosphates,26 thiocyanate,22 (shown in Fig. 3d)
or the determine the presence of protamine.27 Sun et al. has used
conjugated nonspecific dye-labeled DNA sequences absorbed onto
gold nanoparticles. This had the benefit of not only monitoring
the salt content of the solution which resulted in aggregation of
the nanoparticles, but by simultaneously utilizing the fluorescent
and plasmonic signals of the core-ligand structure, was also able
to distinguish between the presence of different protein species in
solution. 28 It is noted that the sensor platform can be general-
ized by altering the fluorescing DNA sequences.

All of the previously mentioned methods for chemical sens-
ing have been implemented in solution based systems, but when
tackling the problems in monitoring polymeric structural materi-
als, such as fiber reinforced polymer matrix composites used in
the aerospace and automotive industries, it is necessary to have
methods that function well in solids. Indeed, there is a need to
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Fig. 3 (a) Illustrations of the effect of a chemical species (grey shape) locally interacting with a plasmonic nanoparticle (orange) or a photomluminescent
nanoparticle (blue cube) (b) detection of DNA based on two types of selfassembled NPs pyramids. CD and UV-vis spectra of Py1 and Py2 17 (c) Diffuse
reflectance of label-free gold nanoparticles on a polyurethane surface without (1) and with (2) the presence of a sensed chemical species (cysteine) 21

(d) Comparison of the nanoparticle plasmonic (left) and fluorescent (right) responses with and without the presence of a sensed chemical species 22

monitor local chemical changes within cured thermosets such as
the level of oxidation or degradation. Quality control of manufac-
tured materials where high tolerances of local stoichiometries are
required, pose a similar need in the material processing, a topic
which is ripe for the application of nanoparticle sensors. In these
scenarios, chemical changes could be reflected in the change in
local dielectric which can be monitored plasmonically. A chang-
ing chemical environment could also modifying the probabilistic
charge transfer path between donor and acceptor ions of a fluo-
rescent nanosensor and quench or enhance the observed optical
signal.

Within the literature there are few cases of nanoparticles being
used in solid-phase systems in order to monitor chemical changes
within the material. However, these recent efforts have mostly
been used to monitor the chemical environment of liquid phases
adjacent to the solid-phase sensor platform under the conditions
where the solid phase remains unchanged. Examples of such
solid-phase colorimetric devices have been developed by Ferhan
et al.29 by using polymer brushes as a scaffold for gold nanopar-
ticles and Apyari et al.21,30–32 who utilized a polyurethane foam
with adsorbed gold nanoparticles. By introducing these sensor
platforms into a solution, the solid-phase matrix excludes un-
wanted chemical species while allowing the desired ones to in-
teract with, and be sensed by, the gold nanoparticles (shown in

Fig. 3c).

Interestingly, Yang et al. developed an epoxy nanocomposite
with embedded ZnO quantum dots as a casing for LED emitters.33

Here, the function of the quantum dots is less as a sensor and
more to absorb the light given off by the LED and to re-emit the
light of a desired wavelength. The quantum dots themselves can
be substituted to tune the re-emitted wavelength. If one were
to take this system and vary different material parameters such
as temperature or pressure, it would be possible to monitor the
sensitivity of the nanoparticle response.

In conclusion of this section we note that there are two main
concerns one must address for any nanoparticle sensor that seeks
to register the chemical environment of a given matrix. The first
concern is a matter of selectivity of the sensor to chemical species
of interest which was extensively discussed above. The second
concern was not explicitly mentioned above, but will become
more apparent throughout the following sections of this review.
That concern lies with the coupling of simultaneous multivariate
material properties of the matrix (i.e. temperature, pressure, vis-
cosity, and for solid matrices stress and strain) with the optical
signature of the nanosensor. Thus far a major assumption (from a
design perspective) inherent in the literature above is that only
the chemistry of the matrix is varied while other factors such
as temperature or viscosity are held constant. Sensing schemes
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which directly address these other material properties are dis-
cussed in further detail in the sections below. Indeed, many of
the schemes developed for temperature sensing in epoxies could
be repurposed for chemical sensing and vice versa. It would be
interesting to see how these nanoparticle architectures presented
in this review respond to a larger material parameter phase space
outside the material parameter they were designed to measure.

4 Nanosensors of local temperature
As previously described, the structural and functional composites
community has a need for local chemical sensors to improve as-
sessment of a material’s cure state, structural health, or overall
quality. In many of these scenarios, local temperature or tem-
perature history are also critical for describing the integrity of
a cured, aged, or damaged part. For instance, laser damage in
structural composites leads to localized heating at the area of
impact, yet traditional microscale thermometry cannot satisfac-
torily resolve the resulting temperature gradient. Such limita-
tions emphasize the need for precise temperature sensing tech-
niques with sub-micrometric spatial resolution. In this context,
while nanoscale thermometry can be approached through a va-
riety of techniques (infrared thermography, thermoreflectance,
scanning thermal microscopy, etc.), this section directs attention
to fluorescent and plasmonic sensing strategies that measure the
temperature-dependent optical response of nanomaterials. Simi-
lar to chemical sensing, the interest from in temperature sensing
from a materials processing perspective is predominantly driven
by applications in solid or highly viscous polymer matrices. How-
ever much of the literature presented in this section stems from
a biological perspective with low temperature systems (<100 ◦C)
in soft or liquid-phase environments. Here we highlight the most
common and successful strategies for high resolution optical tem-
perature sensing, while revealing gaps in the material and tem-
perature parameter space.

Fluorescent nanomaterials and their temperature-dependent
emission spectra provide means for rapid thermal sensing
with temporal resolution on the order of microseconds. In
fluorescence-based thermometry, shifts in temperature alter lu-
minescent properties, such as emission intensity, wavelength, or
excited-state lifetime, of an emissive probe material. In the case
of fluorescent quantum dots (QDs), two main mechanisms (ther-
mal quenching and temperature-induced changes in lattice spac-
ing) impact the energy and number of photons available for re-
emission. First, in thermal quenching, non-radiative decay de-
motes excited-state electrons without photon emission to occupy
electronic holes in the valence band. Increased temperatures pro-
mote such non-radiative processes which results in reduced quan-
tum yield (QY) and overall luminescence intensity. Second, ther-
mal modifications to the band gap energy shift the wavelength of
photon emission.

Fig. 4a presents these mechanisms and exemplary data for
graphene QDs in aqueous solution at biologically relevant tem-
peratures.34 With an increase in temperature from 10 to 80 ◦C,
the authors demonstrated a linear decrease in fluorescence inten-
sity and a red shift in fluorescence wavelength of almost 9 nm.
Comparable thermal quenching and spectral shifts have been ob-

served over similar temperature ranges (27 to 47 ◦C) for QDs in
mitochondria35 and over a broader temperature range (30 to 200
◦C) for CdSe/ZnS QD thin films.36 Considering instead a poly-
meric matrix, Sung et al. investigated the temperature-dependent
fluorescence of CdSe-SiO2 core-shell nanoparticles when embed-
ded in a sol-gel material.37 The authors found an exponential
decrease in fluorescence intensity and a red shift of ∼0.095 nm/
◦C in peak emission wavelength over 30 to 100 ◦C.

When properly calibrated for a given system, fluctuations in
a material’s fluorescence intensity can provide a straightforward
observable for thermal sensing. However, absolute intensity mea-
surements depend heavily on factors such as particle concentra-
tion, matrix material, illumination source, and detector, and ulti-
mately lacks self-calibration when providing quantitative temper-
ature information.40 To overcome these hurdles, photolumines-
cence (PL) lifetime and ratiometric fluorescence measurements
offer more robust alternatives. Regarding the former, PL lifetime
is intrinsic to the material of interest and therefore eliminates sen-
sitivity to features like concentration, matrix absorption, and exci-
tation intensity. The typical decrease in PL lifetime at higher tem-
peratures is another manifestation of thermal quenching as non-
radiative processes increase at higher temperatures. Kalytchuk
et al. examined the temperature-responsive PL lifetime of carbon
dots (CDs) over various physiological temperature ranges (up to
80 ◦C) in water, phosphate-buffered saline, synthetic cell culture
medium, and human cervical cancer cells (see Fig. 4b).38 This
group demonstrated exceptional stability and resiliency of the
CDs as the PL lifetime response was stable for at least 40 h of
continuous photoexcitation over a range of CD concentrations,
solution pH values, and ionic strengths. Moreover, the PL life-
times were fully reversible over cyclic temperature experiments
between 15 and 45 ◦C. Similar intracellular sensing with com-
parable stability has been performed using PL lifetime measure-
ments for Au nanoclusters.41 Contrary to semiconductor QDs, no
change in inter-band transition was observed in the CD or Au sys-
tem and therefore fluorescence wavelengths remained constant.

Ratiometric, or self-referencing, fluorescence also resolves
some of the issues that arise from absolute fluorescence inten-
sity measurements. In this case, dual-emitting sensors, from one
or multiple fluorescent species, exhibit two excited luminescent
states. Temperature variations impact one or both photolumines-
cence intensities, and the fluorescence intensity ratio (FIR) de-
scribes the thermal change. Absolute temperature can then be
ascertained from a single emission spectrum regardless of sample
inhomogeneities, concentration, illumination source, or detector.

Nanocrystals doped with trivalent lanthanide ions (Ln3+) are
common dual-emitting systems leveraged for nanoscale temper-
ature sensing. In fact, this area of research has recently gained
great momentum and many excellent reviews on this topic alone
have been previously published.46–48 Lanthanide ions house
strongly shielded valence-shell f electrons which afford multiple
f-f excited states. Consequently, lanthanides often exhibit lumi-
nescence in multiple excited states that are viable for FIR sens-
ing. Fig. 4c schematicizes lanthanide dual-emitting photolumi-
nescence. Here, two adjacent thermally coupled energy levels
(TCLs) experience temperature-dependent fluctuations in popula-
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Fig. 4 (a)PL spectral changes of CdSe/ZnS QD films from 30 to 200 ◦C. 36 (b) PL lifetime measurements of CDs. The leftmost plot shows time-resolved
PL emission maps at 2, 50, and 80 ◦C (left to right). The rightmost plot presents PL lifetimes as a function of temperature. 38 (c) The top is an energy
level diagram of Er3+ and Yb3+ illustrating upconversion luminescence mechanisms and the 2H11/2→4 I15/2 and 4S3/2→4 I15/2 transitions (green) used
in FIR.The bottom shows the PL spectral changes of Er3+ from 25 to 300 ◦C. 39

tion. The relative populations of these excited energy levels main-
tains a Boltzmann distribution and FIR of the resultant emissions
enable self-referencing temperature sensitivity. For instance, Er3+

is widely used as a temperature probe often via green emissions
from the TCLs 2H11/2 and 4S3/2.39,49–59 These energy levels are
populated via electron excitation to a higher energy level with
subsequent non-radiative relaxation. With the low energy gap
between 2H11/2 and 4S3/2, the 2H11/2 state can also be thermally
populated from the 4S3/2 state. This population and depopulation
process gives rise to relative variation in luminescence intensity
between the TCLs. Analogous behaviors in Tm3+ ions,60,61 Nd3+

ions,52,62 and several others63,64 have also been reported.

In upconversion of Ln3+-doped nanostructures, low QY limits
temperature sensitivity. As a remedy, many groups have sought
to enhance Ln3+ luminescent efficiency by co-doping with sen-
sitizers or altering the particle architecture. For instance, Tian
et al. maximized luminescent intensity of Yb3+/Er3+ co-doped
YNbO4 nanoparticles by systematically studying the effect of Yb3+

ion concentration on thermal sensitivity.49 Here, Yb3+ served as a
sensitizer, transferring energy to Er3+ to ultimately enhance FIR-
relevant emissions. The authors successfully reported optimized
temperature-dependent emission spectra over 25 to 400 ◦C. Other
groups have altered nanocrystal size or structure to improve Er3+

luminescent efficiency.52,65 Chen et al. introduced Yb3+/Er3+

ions into a NaGdF4-NaYF4 core-shell host.50 The group demon-

strated an enhancement in Er3+ upconversion luminescence with
increased NaYF4 shell thickness. Here, the core-shell architecture
shelters the luminescent Er3+ ions from non-radiative deactiva-
tion brought about by defects at the core surface. Tian et al. ad-
justed particle diameter of Yb3+/Er3+ co-doped spherical Gd2O3

phosphors and found that temperature sensitivity increased with
decreasing particle size, attributed to the more disordered local
asymmetry environment in smaller particles.54 While some of the
investigated temperature ranges for Ln3+-doped nanostructures
are attractive for sensing in high-temperature polymer matrices
(up to 1300 ◦C), in most of these studies, the nanocrystal host
was dried to a powder form to ultimately serve as the matrix ma-
terial. In a few instances, the nanocrystals were embedded in a
glass ceramic medium.39,58,59 It would be interesting to see these
systems incorporated into a structural polymeric nanocomposite.

In addition to Ln3+-doped materials, many organic fluorescent
molecules are also employed for ratiometric sensing. Most com-
mon are fluorescent dyes that can impart temperature-sensing
capabilities to polymer nanoparticles. For instance, Arai et
al. designed nanoparticle thermosensors by embedding fluores-
cent dyes in poly(styrene-co-methacrylic acid) nanoparticles en-
capsulated by polyvinyl alcohol.66 Temperature monitoring was
achieved over 26-46 ◦C through the fluorescence ratio between a
highly temperature-sensitive europium dye and an iridium dye
with general temperature stability. Energy transfer within the
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Fig. 5 (a) Schematic illustration of temperature-induced shrinking and swelling of poly(NIPAM-AAm) with embedded CDs (left). PL spectra of the hybrid
nanogel over 16 to 50 ◦C at 280 nm (right). 42 (b) UV-vis absorption spectra of gelatin-templated AuNPs after exposure to 30 ◦C for durations ranging
from 6 hr to 18 hr. Image depicts material color change with exposure time. 43 (c) Schematic illustration of AuNR thermal shape transformation when
embedded in a structural composite (left). 44 AuNR aspect ratio as a function of time during isothermal holds from 120 to 220 ◦C (right). 45

europium complex becomes increasingly non-radiative with in-
creased temperatures, greatly reducing the fluorescence intensity
at 615 nm. Driven by biological motives, the authors used this
polymer-dye nanoparticle system to successfully map the internal
temperature distribution within orally dosed endothermic fruit fly
larva. Instead of employing two independent fluorophores, Ye et
al. designed a moderately coupled ratiometric system with Rho-
damine B (RhB) dye and semiconducting polymer dots.67 Pho-
toexcitation of the polymer was accompanied by fluorescence res-
onance energy transfer to the coupled RhB dye. Emission from
the polymer dot served as an internal reference and temperatures
from 10 to 70 ◦C were determined from thermal quenching of
RhB luminescence.

Rather than relying on temperature sensitivity of molecules
or isolated nanoparticles, extended nanostructures can also be
used to measure the environmental temperature. One instance
is exemplified in Fig. 5a. Wang et al. enhanced the temperature-
dependent photoluminescence intensities of carbon dots by in-
corporating them into a thermoresponsive polymer matrix to pro-
duce a hybrid nanogel.42 The matrix polymer experienced fully
reversible, temperature-induced shrinking and swelling that ma-
nipulated fluorescence intensity through change in the surround-
ing refractive index (n1 → n2). Fluctuations in the embedded CD
fluorescence intensity were fully reversible and monitored envi-
ronmental temperature changes over 16 to 50 ◦C.

Another highly investigated strategy for nanoscale optical
sensing capitalizes on the plasmonic response of heavy-metal
nanoparticles, namely colloidal gold. Gold nanoparticles (AuNPs)
absorb and scatter light with incredible efficiency in a manner de-
pendent on size, shape, and surrounding refractive index.44,45

Surface plasmon (SP) resonances at visible and near-infrared
wavelengths impart temperature sensing capabilities to AuNPs.
As shown in Fig. 5b, both time and temperature during synthesis
greatly impact AuNP growth and resultant particle size is reflected
in the optical response. With this knowledge, Lim et al. sought to
develop a AuNP system to monitor frozen food storage.43 The
authors designed a nano time-temperature indicator by correlat-
ing color signals from gelatin-templated AuNPs with temperature
and duration of exposure. Here, gelatin served as both a reduc-
tant in the AuNP synthesis and as a stabilizing matrix. When
the system was frozen at typical food storage temperatures (i.e.
-20 ◦C), nucleation and growth of AuNPs halted. With stabil-
ity in particle size, the system’s optical response remained con-
stant. Increased temperatures advanced nanoparticle growth in
a time-dependent manner and consequently increased the opti-
cal density and shifted the plasmon wavelength. Similar thermal
spectroscopic trends have been noted for ultrathin AuNP assem-
blies dried on quartz substrates.68 Rather than relying on mor-
phological changes of individual particles, thermal dewetting of
AuNP films drastically modifies the shape of large-scale nanopar-
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ticle assemblies and therefore affects the SP absorption band.
With thermal treatment from 100 to 700 ◦C, a steady blue shift
in SP absorption was observed and the band narrowed. Such
spectroscopic shifts are consonant with morphological changes
from large island assemblies to isotropic nanoparticles, suggest-
ing that the average separation between AuNP islands increases
and nanoparticle coupling decreases at higher temperatures.

Groups have surveyed the temperature sensitivity of colloidal
gold by exploiting the anisotropic structure and thermodynamic
instability of gold nanorods (AuNRs). Electronic charge os-
cillations in both the transverse and longitudinal directions of
AuNRs give rise to two distinct, geometry-dependent localized
surface plasmon modes. When thermally activated, AuNRs un-
dergo shape transformation from elongated rods to more ener-
getically favorable spheres as seen in Fig. 5c. The geometry-
dependent optical response monitors the thermally driven par-
ticle shape change and serves as a platform for temperature sens-
ing. Kennedy et al. applied this mechanism to map the thermal
exposure of AuNRs embedded in a rigid epoxy matrix.44 As a
calibrant, nanocomposites were subjected to isothermal holds at
various temperatures and the final, stabilized AuNR aspect ratio
was computed from an analytical approximation for the Mie-Gans
scattering theory. The authors found a linear dependence of the
final aspect ratio on maximum exposure temperature over 100
to 200 ◦C. In a subsequent publication, this group explored the
dynamics of AuNR shape transformation as influenced by parti-
cle size, geometry, and surrounding environment.45 Their results
illustrated the potential of tailoring AuNR systems for sensing in
structural, high-temperature environments. For instance, the rate
of AuNR shape transformation can be slowed by changing the
polymer matrix rigidity around the nanorod, hindering atomic
surface diffusion.45,69 More dramatically, thermal reshaping can
be suspended until temperatures as high as 700 ◦C by coating
the particles in a thick (80nm) silica shell70 or as high as 800 ◦C
through yttria stabilized zirconia coating.71

Maity et al. also exploited AuNR anisotropy for local temper-
ature sensing of aligned particles embedded in a polyethylene
oxide matrix.72 When exposed to ultrafast laser pulses of the
same frequency of AuNRs’ localized SP resonance, particles gener-
ated and dissipated heat into the surrounding matrix and locally
melted the polymer. Matrix temperature in the immediate prox-
imity of the nanorods was gleaned from measurement of particle
rotation as demonstrated in the system’s linearly-polarized extinc-
tion spectrum. Localized temperatures were sensed up to 95 ◦C.

As previously noted, the bulk of research in fluorescent and
plasmonic nanothermometry is conceptualized and implemented
with biological applications in mind. As a result, the analyzed
temperature ranges and matrix materials are not suitable for
the high-temperature (>300 ◦C) structural composites utilized
in most material processing applications. However, the ground-
work for developing optical nanosensors for structural polymers
has been established, and many of the existing systems, particu-
larly La3+-doped nanocrystals and coated metallic nanoparticles,
may already be stable under the necessary (high temperature,
mechanically rigid) conditions. In the pursuit of next-generation
temperature sensors, one must consider that both fluorescent

and plasmonic strategies are sensitive to structural and dielectric
changes in the nanoparticle environment. Great care must there-
fore be taken when working with temperature-responsive matri-
ces or when comparing the same nanoparticle probe in different
media.

5 Nanosensors of local viscosity
The ability to directly measure the viscosity of a liquid or gel can
provide important insights into the mechanical response of the
material, as well as for any chemical reaction mechanisms and
kinetics that may be present. For example, the transport of bio-
chemical reagents in both intra- and inter-cellular regions is in-
fluenced by spatial variations in viscosity of up to thousands of
centiPoise per micron73,74 and this has driven widespread inter-
est in reliable, local measurements of viscosity in biological envi-
ronments. The development of optical tools for measuring local
viscosity has greatly benefited and influenced the cellular biology
community in recent years.

The ability to directly measure viscosity with micron spatial res-
olution can also greatly enhance our understanding of mechanical
and chemical processes in polymers and polymer matrix compos-
ites. The viscosity of a polymer melt can change several orders
of magnitude as a result of the thermal history imposed by the
manufacturing process. At the nanometer scale, viscosity affects
the rate of crosslinking reactions during the cure of thermoset-
ting materials. At the millimeter/centimeter scale, viscosity de-
termines the flow of material inside a mold or autoclave. Bulk
viscosity of polymers as a function of temperature is typically de-
termined using viscometers or rheometers, but these methods are
slow and are not always capable of reproducing the temperatures
and pressures in the manufacturing environment. Furthermore,
they require a minimum volume of material (commonly on the
order of milliliters), and are therefore incapable of being applied
with high spatial resolution. Our goal in this section is to highlight
the recent key advances in the field of optical viscosity sensing,
many of which apply directly to biological materials, and to iden-
tify the key advancements that are still needed in order for these
techniques to have broader applicability in structural polymers.

The most widespread approach to optical viscosity sensing is,
generally speaking, to take advantage of the influence of in-
tramolecular motion on the fluorescence efficiencies and lifetimes
in specifically designed fluorophores. Fig. 6 shows the general ar-
chitecture along with several example molecular systems as dis-
cussed below. Each of the example molecules shown in Fig. 6
consists of at least two relatively rigid segments connected by one
or more flexible bonds that allow the segments to bend, rotate, or
otherwise move with respect to each other. The relative motions
of the rigid segments changes the resonant electron or energy
transfer between them, which can change the fluorescent proper-
ties of the molecule. This basic design principle has been shown
to be effective for designing sensors suitable for sensing viscosity
between 1-10000 cPs, with various advantages and disadvantages
as discussed below.

For well over a decade, a common optical technique for mea-
suring viscosity has been based on fluorescent molecular rotors
(FMR). These molecules share a general structural feature that
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Fig. 6 Optical nanosensors for viscosity sensing comprise molecular species with rigid segments connected by a flexible linker. The linker can
be rotationally free as in the case of (a)-(d) or may involve other degrees of freedom as in (e) and (f). Example molecules are from (a) 9-
dicyanovinyljulolidine, Allen (2005) 75, (b) BODIPY homodimer, Raut (2014) 76, (c) RY3 and RY5 in Peng (2011) 77, (d) Donor-π-Acceptor compound
comprising of benzo[b]thiophen-3(2H)-one 1,1-dioxide (BTD) as acceptor with carbazole moiety donor, Bhagwat (2018) 78, (e) FLAP molecule scheme
from Kotani (2017) 79, and (f) tetraphenylethene (TPE), Chen (2018) 80.

allows for the rotation of one part of the molecule with respect to
the rest, and an associated electronic structure known as a twisted
intramolecular charge-transfer complex (TICT). In FMRs, the ro-
tation is a non-radiative energy dissipation mechanism. When
rotation is dampened, due to mechanical interactions in a vis-
cous environment, the non-radiative pathway is suppressed and
the associated fluorescent lifetime and intensity are increased.
The basic mechanism was described in reviews by Haidekker and
Theodorakis,81,82 two of the pioneers and pre-eminent leaders in
this family of materials. The approach has been exploited in a
number of ways, and we highlight here some of the recent devel-
opments that have extended this basic molecular architecture.

The use of molecular rotors as local viscosity probes has found
widespread use in the biomedical sciences, specifically in map-
ping the viscosity in intercellular and intracellular environments.
Kuimova, et al. demonstrated viscosity sensing in live cells using
the fluorescence lifetime of meso-substituted 4,4’-difluoro-4-bora-
3a,4a-diaza-s-indacene. The response of this rotor to changes in
local viscosity was demonstrated up to 960 cPs (see Fig. 7b).83

The fluorescence lifetimes of their molecules are greater than 100
ps for all viscosities in that range, which makes viscosity determi-
nation by lifetime measurements accessible to common time cor-
related single photon counting detection schemes. Levitt et al. ex-
tended this approach by using two different meso-substituted
boron-dipyrrin (BODIPY) molecules.84 These were specifically
designed to incorporate hydrophobic groups to make them sol-
uble in cellular membranes, increasing the variety of biological

environments whose viscosity can be imaged in this way. Raut et
al. improved the ease with which BODIPY-based sensors could be
synthesized and used by demonstrating the viscosity sensing of a
homodimeric BODIPY up to ∼1500 cPs.76

A marked improvement in accuracy and reliability of molec-
ular rotor viscosity sensing was achieved by combining molec-
ular components to acheive ratiometric sensing. Haidekker,
et al. showed ratiometric sensing using viscosity insensitive
flourophores coupled to FMRs.85 Further advances were made by
Peng, et al. who synthesized a pentamethine cyanine dye meso-
substituted with an aldehyde group (see Fig. 7c).77 Their key
achievement was to engineer simultaneous (dual-mode) ratio-
metric and fluorescence lifetime viscosity sensing into a single
system. This approach was extended by Yang, et al. who demon-
strated a fully self-calibrating dual-mode viscosity sensor in the
form of a coumarin and boron-dipyrromethane (BODIPY) struc-
ture with a fixed spacing between the rotational elements (see
Fig. 7a).86 They attached their molecular sensors directly to mi-
tochondria in order to map specific intracellular regions.

Recently, Chambers et al. also focused on organelle selectiv-
ity using the BODIPY based sensors.87 Their approach achieves
a large dynamic range (1-7000 cPs), temperature independence,
fast response, and exquisite organelle specificity via targeted ge-
netic probes. These characteristics, along with recent develop-
ments in microscopy, enable high resolution organelle viscosity
imaging (ROVI). They showed that the ability to image viscos-
ity at the microscale greatly enhances scientific understanding of
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microscopic chemical processes in cells.
Important fundamental insights into the molecular mechanics

associated with FMRs were recently provided by Ghosh, et al.88

They used molecules with dimethylaniline and benzimidazolium
groups (DABI) to systematically investigate the dependence of
TICT sensitivity to the molecular ground state. Using synthetic,
analytic, and computational techniques, they showed that viscos-
ity sensing correlates strongly with the twisting relaxation rates,
which depend on the ground state conformations. Similarly, Zhou
et al. demonstrated the dependence of charge transfer efficiency
on the conjugation of the flexible linker for a large number of
molecular rotors.89 They showed that there is no direct connec-
tion between the sensitivity to viscosity and the dipole moment of
the rotors themselves, but rather that the charge transfer dipole
dominates the sensing mechanism as well as the sensitivity to the
polarity of the solvent.

More recently, the photoinduced electron transfer (PET) mech-
anism central to dual-mode molecular rotor sensors was extended
to other types of conformational transitions in order to further
expand the ability of these sensors to map viscosity across differ-
ent intracellular organelles. Liu, et al. used molecules with both
anthracene and 1,8-naphthalimide moieties to simultaneously ex-
ploit the dependence of PET and Forster resonance energy trans-
fer (FRET) in order to improve the sensitivity to viscosity.90 How-
ever, they focused only on environments with viscosities in the
range of 60-945 cPs.

A variation on the intramolecular motion theme was recently
introduced by Kotani et al. Instead of using FMRs they designed
a “flapping” molecule having rigid aromatic wings and a flexible
cyclooctatetraene joint(see Fig. 7e).79 The flexible and aromatic
photofunctional system (FLAP) changes between an angled (V-
like) and flat (coplanar) configuration. This design minimizes the
sensitivity of the fluorescence to the polarity of the surrounding
solvent. As such, an important advantage of this solvent indepen-
dence is the ability to measure viscosity in materials where the
polarity changes along with the viscosity. The authors demon-
strated this by monitoring changes in viscosity of an epoxy resin
during cure. This is an important demonstration of the applicabil-
ity of these molecular viscosity sensors to non-biological material
systems.

Another phenomenon that has been used for viscosity sensing
is aggregation-induced emission (AIE). In AIE the common phe-
nomenon of concentration quenching of fluorescence is reversed;
fluorophores that fluoresce weakly in good solvents are observed
to increase their quantum yield significantly in poor solvents. As
with FMRs, the increase in fluorescence upon aggregation is pri-
marily due to the inhibition of molecular motions that provide
non-radiative relaxation pathways. An excellent general descrip-
tion of this phenomenon, and a review of its broad applicability,
has been published by Mei, et al.92

An early demonstration of the sensitivity of AIE dyes to high
resolution viscosity sensing was made by S. Chen et al. using TPE-
Cy, a hemicyanine dye93. They showed spatial mapping of the
fluorescence lifetime in both intra- and intercellular regions, and
they proved that the viscosity sensitivity could be decoupled from
the aggregation resulting from mutual hydrophobicity in certain

regions of the cell.
Recently, another AIE system was used by W. Chen, et al. to

measure local viscosity during in vitro processes in which the
intracellular viscosity changed dramatically.80 Their work em-
ployed modified tetraphenylethene (TPE), adapted with hydroxyl
groups to enhance solubility in water and with various cationic
or proton receptor moieties for organelle specific targeting (see
Fig. 7f).

A great deal of activity in the last few years has resulted in new
molecules specifically engineered for compatibility in different en-
vironments or optical transitions at different frequencies. This
has been enabled by excellent fundamental work in elucidating
the underlying mechanisms of TICT and PET based viscosity sens-
ing. For example, Avhad et al. developed coumarin morpholine-
thiazole hybrid styryl dyes with greatly enhanced brightness and
sensitivity to viscosity owing to their very large charge transfer
dipole moments.100 Similarly, Bhagwat et al. showed enhanced
charge transfer dipoles, and associated nonlinear optical proper-
ties, of a family of thiophene/dioxide molecules (see Fig. 7d).78

In summary, the vast majority of work devoted to synthesiz-
ing and characterizing optically active molecular architectures for
viscosity sensing have found inspiration and application in the bi-
ological sciences. For more specific insights, we refer the inter-
ested reader to an excellent review of fluorescence based sensing
in biological materials by Zhu et al.101 Fortunately, the activity
in this field has provided the insights necessary to expand high
resolution, optical viscosity sensing to a host of other material
systems. In order to effectively apply these tools to structural ma-
terials such as polymers and polymer matrix composites two key
advances are needed. First, molecules must be designed with a
viscosity dependence that is inherently robust to changes in the
polarity and temperature of the environment. It is unlikely that
TICT based FMRs will ever meet this challenge, but the moder-
ate success of the FLAP approach indicates that a rational design
approach may yet succeed. Second, the range of viscosities to
which these molecules are sensitive must be extended. The range
of viscosities to which molecular sensors have been applied over
the past decade is typically between .1-10000 cPs. In order to be
useful in monitoring the process conditions of high-performance
polymeric materials this must be increased by at least an order of
magnitude.

6 Nanosensors of local stress/strain
In addition to chemical, temperature, and viscosity sensing, mod-
ulation in plasmonic, fluorescence, and phosphorescence signa-
tures that arise from a variety of nano-constituents (quantum
dots, nanoparticles, nanorods, molecular chromophores, etc.) in
composite materials have been successfully used to measure and
map local as well as global strain and stress.

The traditional method for optical stress and strain mapping
involves DIC, or digital image correlation. In this technique, op-
tical images of a material are taken before and after mechanical
deformation, and the displacement of reference points in the ma-
terial are tracked. While this method can provide information
related to the deformation mechanism, residual stress, and other
mechanical properties of the material of interest, the accuracy of
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Fig. 7 Key advances in nanoscale molecular fluorophore viscometry include (a) quantification of the fundamental fluorescence lifetime changes
in FMRs 86, (b) establishment of the relationship between molecular conformation and viscosity sensing 83, (c) demonstration of dynamic viscosity
sensing 91, and (d) development of ratiometric (self-calibrating) viscosity sensors 85 .

Fig. 8 Schematic representation of different approaches which are undertaken to map stress/strain in composite materials using plasmonic and
photoluminescence routes. The text-colors can be read as follows: orange: type of optical mechanism; green: nanoparticle type; light blue: physical
changes in the structure that causes modulation of optical response; dark-blue: optical characteristic whose modulation is read out. The schematic
images are taken from Refs 94(Top-left), 95(Top-center), 96(Top-right), 97(Bottom-left), and 98,99(Bottom-right)
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the data is strongly reliant on the imaging system and only the
surface of a material can be probed.102,103

Molecular stress/strain sensors offer an alternative approach
to DIC that can be implemented with relative ease. Furthermore
changes in optical signatures to sense mechanical response pro-
vides a non-invasive approach, and thus, have a huge potential
not only in biological applications where non-invasiveness is a
key requirement, but also in a number of aerospace applications
where estimating in-situ mechanical response (such as residual
strain/stress and crack initiation or growth) under applied load
or physical aging is critically important. In Fig. 8, we schemat-
ically highlight a few key nano-constituent design frameworks
(such as nano-constituent types as well as their arrangement)
which have been explored to date towards sensing either stress or
strain in composite materials. Below, we have outlined and cat-
egorized the research progress to date in terms of different types
of nanoparticle and molecular entities for stress/strain sensing,
specifically in organic matrices, via different types of optical re-
sponses.

Due to their intrinsic inert nature, Au nanoparticles (AuNPs)
have been widely explored in both research as well as commer-
cial applications in a number of applications, and as a conse-
quence also found their applicability as stress/strain sensors in
composite materials. For example, Ryu and co-workers employed
the Poisson’s ratio framework to calibrate strain-sensing capabil-
ity in PDMS-AuNP films.104 Under strain, decrease in thickness
reduced the overall absorbance of light around 530 nm, which
was mapped back to degree of applied strain. Similarly, using
Au@SiO2 nanoparticles deposited on the PDMS films, Correa et
al. demonstrated that changes in the absorbance of surface plas-
mon peaks of gold nanorods can be used as a measure of overall
strain within the film (Fig 9a) as well as to detect early stages of
structural damage.94 The authors also reported that when AuNPs
were deposited as an ordered array of holes over a PDMS film can,
changes in the light diffraction upon stretching could provide an
alternative means to measure applied strain.

Optical coupling between closely-packed nanoparticles has also
been identified as one of the key plasmonic features towards
identifying mechanical deformation in composite systems, where
inter-particle distance change under deformation is reflected as
shifts in coupling peak (blue-shift with increasing distance and
vice versa). For example, Cataldi and co-workers demonstrated
a method to trigger the coupling between Au nanoparticles em-
bedded on the PDMS surface by mechanical strain as well as
growing nanoparticles (once the growing sites were immobilized
within the PDMS matrix).105,106 The inter-particle distance was
observed to decrease with growth time as well as along the
perpendicular direction to stretch, which was manifested in in-
creased inter-particle coupling as evident from red-shifts in the
coupling peak. Similarly, Millyard et al. embedded 20 nm AuNPs
in PDMS and reported strong blue-shifts (around ∼700 nm peak)
under both uniaxial and bi-axial strain.107 As depicted in Fig. 9b,
the authors reported larger sensitivity for uniaxial strain when
the light-polarization was parallel to strain direction. A similar
blue-shift was also observed by Minati and co-workers for 10 and
60 nm AuNPs embedded in PDMS substrate.108 Recently, Burel et

al. infused AuNPs in spherical silica capsules (30-60 nm) in PVA
matrix for strain detection.97 Under stretching, the capsules elon-
gated in shape, increasing the distance between the gold nanopar-
ticles, which was reflected in observation of blue shifts in coupling
plasmon peak. Interestingly, Bohm et al. also observed a similar
effect in Au nanorods (AuNRs), where the authors embedded 2D
gold nanorod arrays in epoxy films for strain detection and ob-
served shifts of LSPR peaks (∼20 nm for 15% tensile strain).109

The shift was attributed to the decrease in optical coupling due to
increase in inter-rod distance.

Sannomiya et al. embedded 50 nm gold nanoparticles in PDMS
and calibrated changes in the optical coupling between the
nanoparticles as a strain-mapping feature.110 They reported that
due to inter-particle distance change under deformation, the cou-
pling mode showed larger differences in extinction for perpendic-
ularly polarized light (with respect to stretch direction), which
was used as a measure of strain with the sample. Minnai and
co-workers used supersonic cluster beam implantation to implant
neutral Au clusters in PDMS up to 45 vol% and reported plas-
monic shifts of 180 nm under stretching.111 Under cyclic defor-
mation, the authors observed different degree of reduction and
even disappearance in peak shifts based on initial vol% and at-
tributed it to rearrangement and reorganization of the embedded
clusters during cycling. Recently, Marin and co-workers used the
inter-particle distance modulation feature under strain towards
developing a peizoplasmonic sensor with detection sensitivity of
0.002% strain via depositing nano-islands of gold and silver on
graphene, functionalizing the gap between nano-islands via ben-
zenethiolate and characterizing the SERS signal.112 Under me-
chanical strain, the increased gap between nano-islands attenu-
ated the electric field, which in turn drastically reduced the SERS
signal.

In addition to inter-particle optical coupling, the physical and
optical anisotropy of AuNRs (such as relative orientation of long
axis with respect to applied strain) have also been exploited for
sensing stress/strain in composites. Fu et al. exploited orienta-
tional dependence of LSPR peak in Au nanorods and developed
a pressure-responsive film by incorporating AuNRs in PVA/PEG
polymeric matrix.95 It was reported that transverse:longitudinal
peak intensity ratio depends upon the degree of orientational or-
der of nanorods within the film. Upon stretching, the polymer de-
formation modified the nanorod orientation, which was reflected
as modification in peak intensity ratio. The authors also suggested
that a variety of knobs, i.e. intensity and duration of applied
pressure, nanorod’s aspect ratio, and fluidity of the matrix (rel-
ative ratio of PVA/PEG), can be employed to modulate the pres-
sure sensitivity of the films (via relative ratio of TSPR and LSPR
peak intensity as shown in Fig. 9c). In a later study, the authors
demonstrated the similar effect by incorporating Ag@Au trian-
gular nanoplates (NPL) along with Au nanoparticles in polyvin-
ulpyrrolidone (PVP) composite films.116 In a different approach,
Orendroff et al. estimated local deformation under uniaxial load-
ing with a large aspect ratio (∼16) AuNR-PVA system via apply-
ing digital image correction techniques on resonant Rayleigh scat-
tering data, where authors reported that the light pattern main-
tained its integrity over relatively large deformation.117
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Fig. 9 (a) UV-vis spectra of an Au@SiO2 nanoparticle deposited onto PDMS film. 94 Spectra correspond to as-prepared (black), 2% stretch (red), 3%
stretch (green), 2% compression (blue). Inset shows the linear dependence as a function of tensile and compressive stretch; (b) Reflection spectra
of Au-nanoparticle mats under uniaxial increasing strain parallel to optical polarization; 107 (c) Plot of ∆(H1/H2), i.e., relative change in intensity ratio,
for the film experiencing a fixed pressure for different times (top-right), different pressures (bottom-right), different fluidity of matrix in terms of changes
in PEG concentration (top-left), and aspect ratio (bottom-left); 95 (d) Changes in QD fluorescence intensity (right peak) with increasing pressure in 9
nm QD nano-composite cube as compared to the epoxy fluorescence (left peak) which is stable with pressure; 113 (e) Tensile (top) and compression
(bottom) test spectra of QDs-epoxy resin nano-composite system, showing decrease (increase) in photoluminescence intensity as a function of tensile
(compressive) strain; 114 (f) (Right) Fluorescence spectra of tQDs embedded in a single polyester fiber under extension where a fluorescence red shift
is clearly observed with increasing strain. 115 A spectral shoulder is also shown to match the tQDs in solution (blue arrow). (Left) Emission maxima of
tetrapods in Nomex R© (cyan) and nylon (blue) single fibers as a function of fiber extension (dotted lines) and the corresponding average (solid lines)
demonstrating an accurate measure of the Young’s modulus of these fibers (black data points on the scale-bar are taken from literature. The error bars
represent the error in calculated modulus due to linear fit); (g) (Top) Monotonic scaling of the tQD pressure coefficient (measure of sensitivity) over
three orders of magnitude with the polymer inverse Young’s modulus. 99 (Bottom) Plot of the pressure coefficient as a function of tQD cluster size for
three concentrations of tQDs in poly(styrene-ethylene-butylene-styrene). Error bars represent standard error of the mean (SEM), where each mean is
the average of 10-15 measurements.
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While gold based nanoparticles have been the ‘popular’ choice
among nanoparticles due to their distinctive chemical and phys-
ical properties, ease of synthesis, functionalization, inertness to
biologically environments, and high absorption cross-section at
visible and near-infrared wavelengths, several other nanoparti-
cle chemistries as well as geometries have also been explored to
measure and map local/global strain and/or stress response in
composite materials. For example, as shown in Fig. 9d, Ford et
al. demonstrated pressure-sensitive epoxy nanocomposites with
spherical CdSe/ZnS core-shell quantum dots (QDs) which could
detect pressure changes in MPa range via monitoring the nor-
malized fluorescence intensity.113 The authors reported a 20%
change in the intensity under applied load of 60 MPa for ∼9
nm QDs. Interestingly, the response was only observed for 9 nm
nanoparticles (largest studied in the study) and was speculated
to be caused by “constraint of specific sites on the QD exterior
caused by stress translated through the ligands, affecting cou-
pling between surface states.” Later, Yin and co-workers inves-
tigated photoluminescence response in smaller QDs (2-5 nm) in
epoxy matrices and observed the 30% decrease in intensity under
18% tensile strain along with 6% increase in 3.7% compressive
strain (see Fig. 9e).114 Unlike Ford and co-workers, Jia et al. ob-
served a non-monotonic response in fluorescence intensity under
strain for CdSe@CdS QDs capped with amphiphilic block polyary-
lene ether nitrile (amPEN) in PDMS matrix.118 Here, the initial
enhancement (until 50% strain) was attributed to the stretch-
induced dilution of doped QD/amPEN fluorophores, which ef-
fectively relieved the fluorescence quenching of highly concen-
trated QD/amPEN superparticles. The subsequent reduction in
fluorescence intensity was possibly attributed to the dilution of
fluorophores concentration in detected area due to stretching. In
an different approach, Fischer et al. investigated the optoelec-
tronic behavior of individual core/shell CdSe/CdS nanocrystals
via applying compressive force (on individual nano-crystals) via
atomic force microscopy and compressive stresses up to 3.8 GPa
can be sensed via either red or blue-shifts (originated from nano-
crystal orientation with respect to compressive force direction) in
emission spectra.119

Tetrapod quantum dots (tQDs), a more exquisite nanoparticle
geometry than spherical core-shell QDs (see Fig. 9), have also
been continually explored for stress/strain sensing in composite
materials via optical response. tQDs are nanocrystals consisting
of a semiconducting core and four protruding arms. When em-
bedded in the matrix, these arms are susceptible to nano-newton
forces due to deformation of surrounding matrix and alter the
optical response of the core under tensile or compressive pertur-
bation120. Choi and coworkers observed red-shifts in the photo-
luminescence emission of CdSe-CdS (core-arm) tQDs embedded
in polyester fiber under uniaxial strain as shown in Fig. 9f.115

The authors suggested the tQDs possess better sensitivity than
nanorods, where arm length of 25 nm were found to be optimal
for highest stress-mapping sensitivity. In addition, the authors cal-
ibrated the stress-strain response via modulus comparison (with
and without tQDs polyester) and subsequently estimated the
Young’s modulus of tetrapod-containing Nomex and Nylon fibers
within 5% (Fig. 9f). Later, the author incorporated the tQDs

within poly L-lactic acid (PLLA) fiber via electro-spinning process
and confirmed that the inclusion of tQDs up to 20 wt% have min-
imal impact on intrinsic mechanical properties (such as modulus)
of the fiber, also providing repeatable stress-sensing ability over
multiple cycles with minimal hysteresis in peak shifts.121 It was
suggested that poor stress transfer to tetrapods during applied
strain (possibly due to weak interface affects) prevented perma-
nent deformation of the tetrapod and was reflected in the lack
of hysteresis in emission spectra. In 2016, Raja et al. observed
both red-shifts as well as blue-shifts (unlike previous studies) in
the emission spectra and attributed it to the observation (based
on simulation) that not only concentration, but the packing (mor-
phological arrangement) of tQDs aggregates have significant im-
pact on the direction of the shift (denser close-packing led to
blue-shifts in compression-sensing films and vice versa).98 The
authors suggested that blue-shifts (red-shifts) are due to com-
pression (tension) of the tQDs’ core during the overall tensile
deformation of the nanocomposite. Building upon their previ-
ous work, the authors recently functionalized tQDs with multiple
functionalities and investigated 17 different tQDs-polymer sys-
tems (8 different polymers with Young’s modulus varying over 4
orders of magnitude) along with different concentration and dis-
persion profiles.99 Here, as demonstrated in Fig. 9g, the authors
observed that changing the modulus of the host matrix has a no-
table effect on degree of tQD stress response (varying over 3 or-
ders of magnitude) with higher sensitivity observed for compliant
matrices. Moreover, the stress sensitivity was found to be higher
with small tQDs clusters. The observed behavior (degree of sen-
sitivity) was attributed to a number of possible factor including
a) changes in the tQD dispersion; b) changes in the tQD interfa-
cial chemistry with matrix; c) amplification of stress around the
tQD-polymer interface chemistry; and d) varying degree of strain
transfer from polymer to tQDs.

Zullfrank and co-workers employed a different materials chem-
istry and investigated ZnO tetrapods as stress sensors in PDMS
matrix. Unlike the tQDs mentioned previously,98,99,115,121 ZnO
tetrapods didn’t exhibit any difference in composition between
arms and core. Under tensile strain at 15 wt% loading of ZnO
tQD filler, the authors observed the decrease in ratio of the green
emission and exciton emission (Agreen/Aexciton) increasing tensile
strain. The decrease in emission was hypothesized to occur from
stress and the generation of defects sites on the ZnO tetrapods.
While they did not directly measure the modulus, the authors
concluded that the ZnO tetrapods’ network could be used to cal-
culate the tensile elasticity of other materials, simply from the
Agreen/Aexciton ratio and an applied strain on a material.122

It is noted that while different types of discussed nanoparticles
have been successfully used to measure, map and calibrate both
global and local mechanical state of composites (stress/strain),
there are only a handful of tQDs based studies for estimat-
ing intrinsic properties, such as tensile or compressive modu-
lus.98,99,115,121 These studies measure a ‘bulk’ value of modulus
and have essentially relied on the observation that inclusion of
tQDs do not noticeably alter the intrinsic modulus of the ma-
trix, although it was suggested that the detection limit of the
tetrapod was limited to the modulus of the tetrapod itself, i.e., a
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tetrapod with a smaller modulus than the matrix will move with
the matrix, preventing accurate elastic measurements.115 The
lack of sensors focusing specifically on the modulus of a system
may stem from the realization of the target application (damage
sensing, tissue material deformation, etc.) from stress or strain
measurements alone and thus, provide an opportunity for sens-
ing/measuring modulus at nano and micron scale. Furthermore,
the modulus sensors would provide real-time damage feedback
during the lifetime of a material or enable quality control anal-
ysis during manufacturing processes, not only for soft materials
such as organic matrices, but also for stiffer, structural materials,
all of which are essential in the aerospace industry.

As a material alternative to complex inorganic nanoparticles, a
number of organic as well as hybrid (organic/inorganic) ‘molec-
ular’ entities have also been successfully employed to optically
sense stress/strain. Cellini et al. reported strain-sensing via corre-
lating mechanical and optical (fluorescence emission) response of
TPU-BBS (thermoplastic polyurethane, bis(benzoxazolyl)stilbene
dye) blend.123 While emission ratio, I436/I493 (monomer (436
nm) of excimer emission (493 nm) ratio), did not directly corre-
late with the stress within the material, the authors observed a lin-
ear relationship between the degree of stretch within the polymer
and I436/I493 ratio as also can be seen in Fig. 10a. The variation
in the ratio were attributed to reorganization of dye aggregates
within the elastomeric network with respect to applied deforma-
tion. Under loading, a relative increase of the emission in the
monomer band was observed while an increase of emission in the
excimer band was observed during unloading. The authors also
suggested that as TPU-BBS dyes have a low modulus, they could
be useful for sensing small forces at high strains. In a follow-up
study, the authors further confirmed the observed behavior for a
number of dye concentrations as well as under bi-axial stretch-
ing.123 Among studied dye concentrations (up to 1.5 wt%), TPU-
BBS blends with 0.5 wt% resulted in highest variation in emission
ratio (see Fig. 10a inset), suggesting that identifying an optimal
value is crucial to enhance the sensitivity of the mechanochromic
sensor device. Yeroslavsky and co-workers incorporated a pair of
acceptor and donor dye (fluorescein and rhodamine B) into elas-
tomeric PDMS films to evaluate strain sensitivity as well as local
strain visualization.126 Under tensile deformation, increased dis-
tance between donor and acceptor molecules lead to decrease in
energy transfer efficiency, which in turn was manifested as rela-
tive increase (decrease) in emission from fluorescein (rhodamine
B) dye.

Shou et al. synthesized a block-copolymer of Poly (ethy-
lene terephthalateco-1, 4-cylclohexylenedimethylene terephtha-
late (PETG) - polyethelyne glycol (PEG) with varying PEG % up
to 30% and suggested that the flexible PEG segment contributes
to the fluorescence emission of the copolyester due to the for-
mation of ultrasmall (∼5 nm) luminescent carbon nanodots.124

As seen from Fig. 10b (and inset), a monotonic repeatable de-
crease of fluorescence intensity was observed under stretching
up to 130% which was attributed to the dilution of carbon nan-
odots (per unit surface area) upon stretching. Filonenko and
co-workers incorporated phosphorescent copper complexes into
main-chain polyurethane and developed a fully reversible me-

chanical stress phosphorescent sensor which didn’t require any
changes in molecular structure or rearrangement but only re-
lied on the suppression of non-radiative relaxation under elevated
stress.127 The studied copper complexes were observed to be ex-
tremely sensitive to the changes of nearby surrounding environ-
ment and were reflected in increase in the relative intensity with
increasing stress (as well as excitation power). The authors also
demonstrated that such an approach can be used to easily moni-
tor local stresses via direct optical imaging.

Mechanophores, or compounds that change chemical struc-
ture under external applied stimuli, represent another area of
stress/strain sensors. Davis and coworkers showed that spiropy-
ran, when covalently bound to a polymer, converts to merocya-
nine under applied stress to the polymer, leading to change in
the green intensity as shown in Fig. 10c.96 This mechanical in-
duced activation was observed to happen along the C-O bond of
the spiropyran. Furthermore, as merocyanine is also fluorescent,
it can be used as a damage sensor and molecular probe. In a
different study, Woodcock et al. used rhodamine spirolactam as
a mechano-fluorescent probe to detect the strain on the interface
of silk fibers.125 Here, the activation of fluorescence was associ-
ated with the ring opening of the lactam under applied strain in
presence of small amount of water (please refer to Fig. 10d for
observed color change due to fluorescence). It is however un-
known how both of these mechanisms work. It was posited that
ring-opening mechanism either occurs through stress transfer to
the covalent bonds of the lactam or frictional shear is responsi-
ble, similar to the findings of Davis and coworkers.96 The authors
used fluorescent lifetime imaging to observe the silk fibers after
critical failure, and were able to map regions of lower and higher
local stresses. Finally, they found that covalent immobilization
rather than physisorption to the fiber was crucial, as it provided
longer average and more narrow fluorescent lifetimes for fluores-
cent imaging.

Similar to plasmon based sensing via nanoparticles, a ‘molec-
ular’ approach has only been demonstrated for soft-materials to-
wards sensing mechanical response as evident from the discus-
sion above. We believe that developing strategies to incorpo-
rate these molecules in stiffer matrices will be useful in a num-
ber of aerospace and other industrial applications from the per-
spective of non-invasive monitoring of structural damage over
time. Moreover, as in plasmonics, while these approaches also
provide a visual guide to locally identify regions with high stress
or strain, currently there are no framework to estimate to micro-
scopic/nanoscopic moduli of the materials of interest and hence,
it is timely that such approaches be developed as well.

7 Discussion and Conclusion
Optical nanosensors for measuring local chemical species, tem-
perature, viscosity, stress, and strain have been developed using
both molecular and nanoparticle architectures, but their appli-
cation in structural polymer matrix materials is limited by chal-
lenges in sensitivity and specificity of their response.These chal-
lenges can be overcome by combining sensing modalities into a
unified nanosensor architecture that is either robust to extraneous
environmental changes or inherently self-calibrating via a multi-
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Fig. 10 (a) Normalized emission spectra of a TPU-BBS blend at 436nm as a function of the progressive stretch of the sample during the loading
phase. 123 Blue (top) to purple (bottom) are spectra obtained for increasing stretch levels from blue, l=1.00 to l= 2.04. The inset shows the photolu-
minescence for 3 different dye concentrations (0.1%. 0.5% and 1.5%); (b) Fluorescence emission spectra of PETG-PEG co-polyester containing 10
wt% PEG at different stretching states. 124 The inset shows the linear fitted line of dots of relative change in fluorescence intensity; (c) Accumulation
of plastic (unrecovered) strain and relative change in green intensity for active PMA-1-PMA and a PMA-2 control samples after each loading cycle in
a fatigue test; 96 (d) (top) Proposed activation mechanism for the ring opening of the spirolactam through applied energy and in the presence of water;
(bottom) Fluorescence images showing Significant activation of the mechanophore (Rhodamine 110) in response to uniaxial mechanical strain. 125

modal response.
From the perspective of structural composite materials, the

most technologically mature, robust, optical nanosensors are
those that are responsive to temperature. Temperature sensors
based on fluorescent or plasmonic nanoparticles are readily avail-
able that are compatible with structural polymers and that func-
tion over relevant temperature ranges. The primary challenge to
the robustness of these sensors remains their specificity. In other
words, the shifts in scattering or emission spectra of nanosensors
embedded in a structural polymer are influenced by changes in
local chemistry and pressure. In order for these nanosensors to
achieve the necessary precision the community must develop new
architectures that can account for these convoluted stimuli.

By contrast, the use of optical nanosensors for detecting
changes in chemistry within a structural polymer (e.g., as a result
of crosslinking reactions or degradation) is almost nonexistent.
Given the degree to which nanoscale chemical sensors have been
developed for detecting specific analytes in gas or liquid phases,
there is an enormous opportunity to design nanomaterials to be
responsive to changes in polymer chemistry in the solid phase.
Because the spatial extent of their response is relatively large,
plasmonic based sensors are particularly attractive for this pur-

pose. However, existing techniques for making the plasmonic re-
sponse chemically specific are unlikely to work in the solid phase.
Thus, new strategies must be developed.

The sensing of mechanical properties, such as viscosity, stress,
and strain, is uniquely challenging in structural polymers. Ide-
ally, sensors are desired that can respond to changes in complex
modulus over many orders of magnitude, and this is not likely
to be acheived by a single nanosensor. Advances in nanoparti-
cle based viscosity and strain sensing in recent years suggest that
these challenges might be met by combining viscosity-dependent
fluorophores with functional groups that couple directly to the
polymer resin. To reiterate, the advantage of these sensors is
that they provide local temperature, chemical, pressure, and/or
viscosity information at relatively high resolutions using optical
sensing. Rather than a bulk measurement of a given material pa-
rameter, these sensors are able to detect variations of the material
parameters across the manufactured part which is incredibly rel-
evant in assessing failure risk in a part as it is along these regions
of high variation where failure is most likely to occur. A disad-
vantage of these sensors are the cross-correlations between the
optical readout and variations of multiple material parameters,
which we have heavily emphasized in this review as a problem
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to be solved. Another disadvantage is the fact that these sensors
must be implanted into the material during the manufacturing
process and are not, as it were, reusable from part to part.

The potential impact of optical nanosensors for chemistry, tem-
perature, viscosity, stress, and strain in structural polymer com-
posite materials is high. The ability to quickly and precisely as-
sess material properties that govern resin flow and cure can lead
to significant cost reduction and improved performance of these
increasingly important materials. While optical nanosensors have
found widespread use in a variety of material systems, their use
in structural polymers has been limited. In the coming years we
expect that challenges in sensor robustness and specificity will be
addressed by applying the foundational principles that have been
developed in other fields to this challenge.
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material state properties in structural polymer-based materials with nanoscale spatial resolution.
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