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mechanoluminescence phosphor with a
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Abstract
Cracked tooth syndrome (CTS) is an incomplete fracture of a human tooth that commonly arises from chewing hard
foods. Although it is a very common syndrome, CTS is often difficult to diagnose owing to the common small size of
tooth cracks. Conventional techniques for the detection of cracks, such as transillumination and radiographic methods,
are inaccurate and have poor imaging resolution. In this study, we devise a novel method for the in vivo detection of
tooth microcracks by exploiting the mechanoluminescence (ML) phenomenon. ZrO2:Ti

4+ (ZRT) phosphor particles are
pasted onto suspected regions of tooth cracks and emit cyan-colored light as a result of masticatory forces. Then, a
stretchable and self-healable photodetector (PD) array laminated on top of the phosphor particles converts the
emitted photons into a photocurrent, which facilitates the two-dimensional mapping of the tooth cracks. Because of
the high photosensitivity of the PD, intense ML and small size of ZRT phosphor particles, it is possible to image
submicron- to micron-sized cracks with high resolution. Furthermore, the uniqueness of this technique over the
conventional techniques stems from the application of a simple optical phenomenon, i.e., ML, for obtaining precise
information regarding the locations, depth, and length of tooth cracks.

Introduction
The recent change in the eating habits of humans in

modern society has caused a series of syndromes,
including cracked tooth syndrome (CTS). CTS is on the
rise due to the prolongation of life expectancy in humans
and consequently prolonged use of teeth. CTS refers to an
incomplete tooth fracture whereby the enamel and dentin
of teeth are instantly or gradually broken or separated by
an external force1,2. This syndrome causes a sharp pain
sensation in teeth while drinking cold beverages or biting
hard foods, which desists upon the release of masticatory

pressure3,4. Habits that might lead to CTS include aging
dentition, chewing ice or foods with small and sharp
objects (e.g., seeds), or dental injuries5. Diagnosing this
syndrome is often complicated because the cracks are
usually too small to be observed by the naked eye.
Tooth staining with a dye6, transillumination7, and

radiographic techniques such as intraoral X-ray imaging,
cone-beam computed tomography, and microcomputed
tomography (micro-CT) has been employed to diagnose
dental problems8. Gentian violet or methylene blue stains
have been utilized to mark fracture lines. The drawback of
this method is that it requires a minimum of 2–5 days to
be effective and often fails to differentiate craze lines
(scratches that do not require any treatment) from tooth
cracks9. The transillumination technique can be used to
detect all types of tooth cracks, from craze lines to root
fractures, but without differentiation10. The resolution of
radiographic techniques is too low to detect cracks
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smaller than 100 µm11. In addition, radiation exposure
involved in these methods is hazardous to the patient’s
health. Micro-CT has gained much attention in dental
research owing to its high-resolution images obtained by
X-ray attenuation12. Nevertheless, this technique is not
suitable for the in vivo detection of tooth cracks. Recently,
optical coherence tomography (OCT) has shown potential
for detecting very small tooth cracks with high resolution,
with no risk of radiation exposure13. However, OCT
suffers from image contrast problems, especially in areas
with low contrast between the background and signal14.
Moreover, most of these techniques require sophisticated
equipment. Owing to these drawbacks, it has been diffi-
cult to detect tooth cracking at early stages, which can
eventually lead to irreversible and complete fracture of the
tooth. Furthermore, secondary infections, whereby bac-
teria infiltrate into the internal nerve tissue, may occur as
the cracking progresses. Hence, the development of a
simple and less time-consuming method is necessary to
efficiently detect submicron- and micron-sized tooth
cracks. In this study, we introduce a unique way of
detecting microcracks by exploiting the mechan-
oluminescence (ML) property of an inorganic phosphor.
ML is a light emission process whereby a solid material
undergoes elastic deformation and luminesces upon the
application of an external stress15. The recombination of
charge carriers under mechanical stimuli leads to light
emission from these phosphors. To date, ML phosphors
have been mainly limited to stress field sensing and
electric and magnetic field sensing16,17. Nevertheless, in
this report, we apply the ML phenomenon for the first
time for the detection of CTS.
Herein, we demonstrate the early diagnosis of CTS by

imaging the microcracks on a tooth in the closed mouth
condition using an ML phosphor and a stretchable and
self-healable photodetector (PD) array that can con-
formably cover a single tooth. The ML phosphor was first
pasted onto the suspected tooth crack area and was then
covered with the PD array. Upon the application of a
masticatory force, the phosphor material emits photons
(light), which are collected by the PD array and are con-
verted into a photocurrent, providing information on the
depth, width, length, and position of the microcracks.
Because it is possible to synthesize phosphor particles of
various sizes, we can detect submicron-sized tooth cracks
with a highly photosensitive PD array. It must be noted
that light emission occurs only if stress is applied to the
phosphor particles. Thus, unlike traditional methods,
such as transillumination, our technique can clearly dis-
tinguish cracks from the craze lines because, when the
phosphor particles are attached to the craze lines, they do
not experience human masticatory stress and hence do
not emit light. Moreover, this method does not require
sophisticated equipment and hence will be useful in the

early diagnosis of CTS. To the best of our knowledge, this
is the first report on the use of ML for the detection of the
position and size of tooth cracks.

Experimental
Synthesis of the materials
The ZRT powder samples were prepared with a solid-

state method. The starting materials consisting of stoi-
chiometric amounts of ZrO2 (Kojundo, 99.9%) and TiO2

(Aldrich, 99.9%) were ground in an agate mortar, placed
in alumina crucibles, and fired at 1300–1500 °C for 4 h in
a tubular furnace using a 5% H2/95% N2 gas mixture.
After the heat treatment, the samples were naturally
cooled to room temperature and ground with an agate
mortar into a fine powder for further analysis and
application.

Determination of crystal structure
Structural measurements of the powder samples were

conducted via the high-resolution powder diffraction
(HRPD) beamline (9B) at Pohang Accelerator Laboratory
was employed for the experiments. During the measure-
ments, θ/2θ with a fixed time of 1 s and a step size of 0.01°
for 2θ= 0–130° and a beamline with a wavelength of
1.52250 Å were used. Structural information of the as-
synthesized samples was derived by refinement using the
General Structural Analysis System18. The background
coefficient, zero-point, and asymmetry parameter for the
peak shape, scale factor, and unit-cell parameters were
refined until convergence was achieved. The VESTA
program was used to draw the crystal structure19. The
particle size and morphology were analyzed via high-
resolution-transmission electron microscopy (HR-TEM).
HR-TEM images and elemental mapping were obtained
using an FEL Tecani F20 from the Korea Basic Science
Institute, Gwangju. Surface analysis measurements were
performed via X-ray photoelectron spectroscopy (XPS)
using a VG Multilab 2000.

Optical measurements
Thermoluminescence (TL) measurements were recor-

ded using stimulated luminescence with a TL/OSL-DA 20
luminescence reader (Risø DTU, Denmark) equipped with
a 90Sr/90Y β-ray source at a dose rate of 3.6 Gy/min. The
temperature ranged from 0 to 450 °C. The photo-
luminescence (PL) spectra of the samples were measured
using a Hitachi F-4500 fluorescence spectrophotometer
equipped with a 150W xenon lamp over the wavelength
range of 200–650 nm. The ML properties were measured
using a homemade instrument (stress gauge and photo-
multiplier tube [PMT]). To evaluate the ML properties of
ZRT, powders were mixed with polydimethylsiloxane
(PDMS) to form cylindrical discs with a diameter of
2.5 cm and a thickness of 1 cm. PDMS is used as a matrix
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to transmit the stress of the ZRT powder grains. In this
way, the ML samples were prepared in phosphor-to-
PDMS ratios of 1:10, 1:9, and 2:8. After a 20 s optical
excitation, a compressive strain was applied to the sam-
ples while measuring the emitted light. A PMT equipped
with an optical fiber was used to record the intensity of
the ML emitted by the samples, and the corresponding
images were recorded by a digital camera (EOS 80D,
Canon).

Numerical simulation of ZRT in a tooth crack
A numerical simulation was conducted by using the

commercial software COMSOL Multiphysics. The tooth
was represented as a cylinder, and the corresponding
radius (r) and height (h) of the tooth were set to 1 and
2 cm, respectively. The location of the crack was fixed in
the center of the tooth. Young’s moduli of enamel (the
main constituent of teeth) and ZrO2 were set to 80 and
200 GPa, respectively. Poisson’s ratios of enamel and ZrO2

were set to 0.3 and 0.22, respectively. The average human
masticatory force (approximately 500 N) was applied on
the top surface of the tooth in three directions (horizontal,
45° tilted, and vertical).

Fabrication of stretchable PDs
A sacrificial layer of Cu (thickness: 700 nm) was

deposited on a bare Si wafer by a thermal evaporator,
followed by spin coating of a 1-μm-thick epoxy adhesive
layer (SU-8, Microchem Corp.). The top Si layer of silicon
on insulator wafer (300 nm of Si on 400 nm of buried
oxide, Soitec) was photolithographically patterned with
reactive ion etching (RIE) to a channel dimension of 50 ×
150 μm. The buried oxide layer was etched using an HF
solution; then, the Si channels were picked up using a
PDMS stamp. After transferring the Si channels onto the
epoxy surface, Cr/Au (2/150 nm), which served as the
source and drain, was evaporated and patterned. To
obtain stretchable and self-healable interconnections
(thickness: 2 μm), an Ag nanoparticle ink (NPK, Korea;
average diameter: 40 ± 5 nm) containing 70 wt% LM
microcapsules as a self-healing agent was coated and dried
at 130 °C for 10 min for patterning using photo-
lithography. Then, a 30-nm-thick Al2O3 layer was
deposited using an atomic layer deposition system before
patterning. Subsequently, gate electrodes were formed
using the Ag-LM composite. For the fabrication of the
stress-tunable rigid-soft hybrid substrates, mechanically
reinforced islands (SU-8, 25 μm) of a negative photoresist
were patterned with dimensions of 250 × 250 μm. Then,
an elastomeric layer of PDMS (thickness: 45 μm) was
spin-coated and cured to embed the reinforced islands
successively. After removing the Cu sacrificial layer by wet
etching, the resulting sample was flipped over. Then, the

epoxy adhesion layer was etched using RIE, and a 45-μm-
thick PDMS layer was coated to encapsulate the devices.

Characterization of stretchable PDs
The electrical performances, such as transfer, output

characteristics, and real-time sensing of the PD array,
were measured using a probe station (Keithley 4200-SCS).
To measure the optical responses of the PDs, a halogen
lamp (300–700 nm wavelength) was used as a visible light
source with an optical filter. The stretchability test of the
PD array was conducted using a step motor controller
(ECOPIA) with a frequency of 0.5 Hz.

Cytotoxicity test of ZRT phosphor powder
L-929 fibroblast cells were cultured in the Roswell Park

Memorial Institute (RPMI) 1640 medium supplemented
with 10% FBS, nonessential amino acids, sodium pyruvate,
vitamin A, and glutamine at 37 °C in a humidified incu-
bator under an atmosphere of 5% CO2. Cells in the
exponential growth phase were harvested by a 2-min
treatment with a 0.25% trypsin/0.02% EDTA solution and
maintained by periodic dilutions with a fresh medium.
The effects of ZRT on in vitro cell viability were evaluated
using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] assay. L-929 cells were plated in
100 μL RPMI 1640 at a density of 5000 cells in a 96-well
plate. After an overnight incubation culture period, cells
were exposed for three days with different concentrations
of phosphor particles at 37 °C under standard cell culture
conditions. RPMI 1640-10% FBS was used as vehicle
control. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (2 mg/mL in PBS) was added to the
cultures at 0.02 mL per well during the final 2 h of incu-
bation. The medium was then carefully removed, and dark
blue formazan was dissolved in 100 µL per well of DMSO.
The absorbance of each well was measured with a Var-
ioskan Lux microplate reader (Thermo Scientific, Wal-
tham, MA) at 570 nm. The percentages of cell viability
were calculated according to (Abs 570 nm of treated
group/Abs 570 nm of the control group) × 100.

ML imaging of a microcracked tooth using the stretchable
PD array
The denture for real-time CTS detection was purchased

from Health Edco. To mimic human masticatory move-
ment, a well-defined compressive force was applied using
a motorized z-axis stage (Mark-10 ESM303). The com-
pressive force was measured using a force gauge (Mark-10
M7-100). For the real-time image mapping of the ML
emission, a sourcemeter (Keithley 2400), system switch
(Keithley 3706), relay card (Keithley 3723), and peripheral
devices were used to interconnect the PD array with
custom-made processing modules.
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Results and discussion
ZrO2:Ti

4+ (ZRT) as the ML phosphor
For in vivo dental applications, materials should with-

stand high mechanical pressures and should not com-
promise the health of patients. There are a few well-
known classes of phosphors that exhibit interesting ML
properties20,21. These include phosphors based on alkali
halides and silicates doped with lanthanide ions22; how-
ever, the presence of lanthanide ions makes these ML
phosphors bioincompatible, owing to their toxicity.
Doped II–VI semiconductors, such as CdS and ZnS, also
emit photons upon exposure to external pressure. How-
ever, their low mechanical strength and stability make
them unsuitable for applications involving high mechan-
ical stresses. ZRT also exhibits interesting ML properties,
recovering its ML intensity even upon repetitive applica-
tion of stress with the aid of UV irradiation23. Further-
more, because of its lower chemical reactivity and high
mechanical strength, on par with other biomaterials such
as alumina, and high hardness (8–8.5 on the Mohs scale),
ZrO2 has been used for ex vivo and in vitro dental
restorations, such as crowns, bridges, and implants, and in
total hip replacement applications24,25. Therefore, ZRT

and its ML properties can be utilized for ex vivo bio
applications. Figure 1a shows the unit cell of the ZrO2

structure. Figure 1b displays a schematic of Zr-O poly-
hedra. Zr exists in sevenfold coordination, with Zr-O
distances ranging from 2.05 to 2.26 Å. O1 is coordinated
to three Zr atoms in a planar configuration, and O2 is
four-coordinated in a distorted tetrahedral configuration.
The two different Zr-O1 and Zr-O2 bond distances are
shown in Fig. 1a. The outcomes of Rietveld refinement
performed on the synchrotron HRPD pattern of ZRT are
shown in Fig. 1c. ZrO2 was crystallized in the monoclinic
P21/c space group (Supplementary Tables S1 and S2 and
Supplementary Fig. S1), which is in agreement with the
literature reports26,27. The structural parameters obtained
from the refinement of the ZRT monoclinic structure are
a= 5.146659(24) Å, b= 5.211275(25) Å, and c= 5.313711
(23) Å, as displayed in Supplementary Table S1. The
values of the refinement parameters, given in the legend
of the table, indicate that the sample is in a single phase
without impurities. HR-TEM images and the elemental
mapping of the ZRT sample are shown in Fig. 1d. The
particle size analysis performed on the HR-TEM images
shows that the average ZRT phosphor particle size is

Fig. 1 Determination of ZRT crystal structure. a Illustration of two different bond lengths for O site namely O1 and O2 with seven-fold
coordination in ZrO2 structure. The crystal structure of ZrO2 where blue and white sphere represent zirconium and oxygen ion respectively. b Unit
cell representing the ZrO2 structure. c Rietveld refinement on the synchrotron data of ZRT and the corresponding fit. d HR-TEM image of ZRT powder
sample. The selected area electron diffraction of ZRT and its element mapping. e The particle size analysis (PSA) of ZRT phosphor particles. The
average size of 100 ZRT phosphor particles are 1.0–1.5 µm. f XPS spectra showing Ti 2p1/2 and Ti 2p3/2 peaks for ZRT.
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1–3 µm; the size distribution is presented in Fig. 1e. The
elemental mapping results further confirm the presence of
small amounts of Ti in the sample, in addition to Zr and
O. Furthermore, XPS was employed to determine the
oxidation state of Ti, as shown in Fig. 1f. A typical XPS
survey spectrum of the ZRT sample was collected at a
binding energy range of 0–1150 eV. The Ti 2p core-level
spectrum occurs at a binding energy range of 450–470 eV,
as shown in Fig. 1f. The spectrum displays the spin-orbit
splitting characteristics of Ti 2p levels and indicates that Ti
exists in the +4 oxidation state28. The peak present in the
457.5–458.5 eV region can be attributed to Ti 2p3/2

29,30.
The XPS intensity of Ti4+ ions is weak owing to their very
low doping concentration.

Light emission from the ML phosphor
Oxygen and zirconium vacancies might be created in

pure ZrO2 during synthesis. To study the defect levels in
the ZRT phosphor, which affect the luminescence process
when mechanical stress is applied31, TL analysis was
performed, which probes the trap depth and density in the
samples by increasing the temperature32,33. Figure 2a
shows the TL spectra of the pure ZrO2 and ZRT samples.
ZRT exhibits two prominent defect peaks in its TL

spectrum in the temperature ranges of ~150–200 °C and
~240–400 °C, whereas pure ZrO2 displays only one defect
peak in the ~150–200 °C temperature range. The TL
measurements show that trapping centers were created in
both samples when they were fired in a 5% H2/95% N2

reduction atmosphere. However, Ti4+ ion incorporation
modified the trap depth/density of pure ZrO2

34, which
might be responsible for its intense ML and is indicated
by the additional peak in its TL spectrum after doping, as
shown in Fig. 2a. To obtain further insight into the ML
characteristics of ZRT, its photoluminescence excitation
(PLE) and PL spectra were measured, as shown in Fig. 2b.
The ZRT exhibits a broad emission band at approximately
477 nm (cyan color), assisted by Ti4+ ions, and the cor-
responding PLE spectrum shows a broad absorption band
in the 200–360 nm region. It is worth noting that the
optimum Ti4+ concentration for obtaining the maximum
PL efficiency of the ZRT phosphor particles was found to
be 0.1 mol% at room temperature, as shown in Fig. 2c.
The study of the TL glow curves and PL spectrum, as well
as the XPS results, helps in framing a plausible mechan-
ism for the ML of ZRT, as shown in Fig. 2d. The photo-
excitation above the band gap of the ZrO2 host (Eg ≈
4.28 eV) leads to the transfer of electrons from the valence

Fig. 2 Optical properties and ML process mechanism. a TL curves of ZrO2 and ZRT in the temperature range of 25 to 450 °C. b PL excitation (λem
= 477 nm) and emission and emission (λex = 290 nm) spectra of ZRT and c Relative PL intensity variation of ZRT under 290 nm excitation as a
function of Ti4+ ion concentration. d Schematic illustration of the mechanism for ML process in the ZRT.
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band (VB) to the conduction band (CB), which are sub-
sequently captured by the defect levels present in the
system35. Upon application of mechanical stress, these
electrons are detrapped and captured by Ti4+ defect levels
through the CB, which lies closely beneath the CB. Then,
the captured electrons recombine with the holes present
at the energy level above the VB36 and generate a bright
cyan color emission at ~477 nm. The absence of ML in
the undoped (pure) ZrO2 might support the Ti4+-assisted
ML hypothesis.
A setup to deform materials was employed to induce the

ML phenomenon in the ZRT, and additional devices were
employed to collect emitted light. Figure 3a shows the
PMT intensity of the ML composite disc under a constant
compressive stress rate applied by a compressive system
operating at 300 N for 30 s37. The composite disc was
prepared by adding ZRT phosphor particles to PDMS,
which exhibits a cyan-colored ML upon application of
stress38. The luminescence behavior of the stress-
activated ZRT sample was investigated. The lumines-
cence intensity increased as the pressure applied to the
sample increased, as shown in Fig. 3a. A schematic three-
dimensional model of a tooth crack is shown in Fig. 3d.

The micron-sized ZRT phosphor particles were applied
inside the portion of the microsized tooth cracks. These
particles emit light through the masticatory force (the
maximum masticatory force is 500 N).
A tooth with a ZRT-filled crack under human masti-

catory pressure is simplified in the numerical simulation,
as shown in Fig. 3b. The tooth is represented by a cylin-
der, and a masticatory force of 500 N is applied in the
vertical direction. In this simulation, only the von Mises
stress, which is often used in the scalar form of the
effective stress under complex loading conditions, was
considered, as shown in Fig. 3b. Owing to differences in
Young’s modulus and Poisson’s ratio between enamel, the
main constituent of tooth, and the ZRT present in the
tooth crack, an amplified von Mises stress was distributed
on the ZRT. To generalize the simulation, three types of
cracks were considered: horizontal, 45°-tilted, and vertical;
the corresponding stress distributions were calculated
numerically, as shown in Fig. 3c. For quantitative analysis,
we define the concept of the stress amplification ratio as
the ratio of the stress with a crack to that without a crack,
which is newly defined and calculated by following the
specified line (A to B in Fig. 3c). Figure 3c indicates that

Fig. 3 Simulation of ZRT powder in tooth cracks. a Variation of ML intensity of ZRT powder/PDMS composite as a function of compressed load
and time dependence of PMT intensity. b Verification of stress amplification on the ZRT in various types of crack on tooth by numerical simulation.
Schematics representing numerical simulation domain and visualized Von Mises stress contour on tooth including crack filled with ZRT under
masticatory force. c Three simplified crack types with (i) horizontal, (ii) 45 ̊ tilted, and (iii) vertical direction and corresponding stress amplification
ratios. d 3D model of tooth crack filled with ZRT phosphor powder.
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although the amplification ratio depends on the direction
of the crack, the presence of the ZRT-filled crack induces
amplified stress in all crack types. For a more quantitative
investigation of the stress amplification due to the pre-
sence of the ZRT-filled crack, further analyses under
various masticatory conditions are needed.

Stretchable PDs for measuring ML by masticatory force
After pasting the ZRT phosphor particles onto a tooth, a

stretchable and self-healable PD array, which can con-
formably cover its outer surface, was applied to perform
high-resolution imaging of the microcracked tooth in a
closed mouth condition by monitoring the ML light
produced as a result of masticatory forces. Although
highly stretchable PDs can be fabricated using free-
standing serpentine geometries of metallic interconnec-
tions, the large deformation caused by masticatory motion
can lead to damage or cracks in these freestanding
metals39,40. Moreover, the use of semiconducting nano-
wires or organic semiconductors for stretchable PD arrays

can degrade the uniformity in their electrical properties
due to the difficulty in positioning individual nanowires or
to organic swelling and dissolution by the oral environ-
ment, respectively41,42. In this study, instead of free-
standing geometries, we fabricated an active-matrix array
of PDs using ultrathin single-crystalline Si nanomem-
branes (thickness: 300 nm) with in-plane stretchable
structures. Here, field-effect transistors (FETs) acted as
PDs using the generation of photocurrents from their
semiconducting channels by absorbing the ML emission
induced by masticatory forces, and discrete FETs were
protected against these masticatory forces by placing
FETs on mechanically reinforced islands of a substrate.
These rigid components were linked with elastomeric
joints, and stretchable and self-healable electrodes for
interconnecting FETs as an active matrix were placed on
these soft elastomer areas. This active-matrix form using
FETs is advantageous for allowing high spatial resolution
and contrast as well as a fast response by minimizing
signal crosstalk43,44. Figure 4a, b shows the schematic and

Fig. 4 Fabrication and transfer characteristic of stretchable PDs. a Schematic illustration and b Photographs of a 20 × 20 array of FETs with
stretchable and self-healable interconnections fabricated on the rigid-soft hybrid substrate. The scale bar is 1 cm. Inset shows an optical micrograph
image of this PD array. The Black scale bar is 500 μm. c Photographs of the stretchable PD array laminated on the top surface (occlusal) and facial
surface (buccal) of the molar teeth. Scale bars are 1 cm. d The representative transfer characteristic of the Si FETs measured in the dark box with drain
voltage (VD) of 10 V. e Real-time measurements of the relative change of ID under visible light (halogen lamp, wavelength of 300–700 nm) with the
light intensity ranging from 0.2 to 1.0 mW/cm2. Inset shows a linear relationship between the relative change of ID and light intensity. f Comparison
of the transfer curves of the stretchable PD array under the applied tensile strain of 0–20%. Inset shows the relative change of ID as a function of strain
with gate bias of 20 V.
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photograph, respectively, of a 20 × 20 FET array with
stretchable and self-healable interconnections (as an
active matrix) fabricated on the rigid-soft hybrid sub-
strate. The detailed fabrication steps are described in
Supplementary Fig. S2 and the Methods section. The
stretchability of the resulting device is advantageous for
its conformal lamination onto the surface of molar teeth
(occlusal and buccal sides), as shown in Fig. 4c. Further-
more, the reversible healing ability of the electrodes for
interconnecting individual FETs can be advantageous for
improving the reliability of this integrated PD array by
preventing the permanent disconnection of electrodes
when strains beyond the mechanical withstanding limit
are applied. Our self-healable electrodes consist of silver
(Ag) and a liquid metal (LM, 75.5% gallium, 24.5% indium
alloy by weight) and include no polymer for high electrical
conductivity (~ 2 S/µm). LM microcapsules are uniformly
dispersed inside the Ag matrix, forming an Ag-LM
composite. This composite film can be patterned for
electrode geometries using photolithography and lift-off
processes. The self-healing mechanism is schematically
described in Supplementary Fig. S3a. The stretchable and
self-healing process of this Ag-LM composite includes the
following three steps. First, stretching fractures the brittle
Ag matrix and rips the thin oxide skin of the LM. Then,
the LM can physically flow out and connect adjacent Ag
fragments to recover the electrical conductivity of the
electrodes. Second, the LM is stretched further by
applying an external tensile strain and becomes physically
disconnected when the strain exceeds 70%. Third, the
disconnected surface of the LM can be wetted and
reconnected by releasing the strain, recovering the con-
ductivity of the composite. Supplementary Fig. S3b shows
plots of the resistance change of this composite at each
step. The LM component enables the instantaneous and
natural self-healing of these electrodes (within a few
milliseconds) under ambient conditions, as well as high
stretchability. Moreover, the inclusion of silver in this
liquid metal improves the mechanical strength of this
composite, thereby overcoming the limitation of the
pristine liquid metal that has low mechanical strength.
Supplementary Fig. S4 shows the repetitive cyclic frac-
turing and self-healing test of the Ag-LM composite
electrodes under masticatory movement with a com-
pressive force of 700 N, which exceeds that of humans.
The degradation of the electrode resistance due to self-
healing is negligible.
The electrical properties of these stretchable FETs were

measured in a dark box. Figure 4d and Supplementary Fig.
S5 show the transfer and output characteristics of the
stretchable FETs, respectively, with average mobility of
547 ± 53 cm2/V·s in the saturation regime (n-channel).
The statistical distribution of the relative change in the
field-effect mobility of these 400 FETs in total is provided

in Supplementary Fig. S6, and these data fit Gaussian
profiles. Their average on/off ratio and threshold voltage
are 3.4 × 106 and 13 V, respectively. When the light is
irradiated onto the stretchable FETs, the channel areas
absorb the light and generate additional photocarriers
with increasing drain current (ID) of FETs, which can
detect the light emission from the ML composites as PDs.
Figure 4e exhibits the photoresponse characteristics of
these FETs under visible light (halogen lamp, wavelength
of 300–700 nm). Light intensities ranging from 0.2 to
1.0 mW/cm2 can be clearly distinguished by the step-like
features; Supplementary Fig. S7 shows their relatively fast
response (~10ms) and recovery time (~15ms). Here, the
ID increases linearly with light intensity in the range of
0.2–1.0 mW/cm2, as shown in the inset of Fig. 4e. It is a
value that can be reasonably measured even if the inten-
sity of light decreases as the amount of luminescent
material applied to the artificial tooth decreases. In
addition, the stretchable FETs exhibit outstanding
repeatability with negligible hysteresis during the 100
repetition cycles of light on/off (light intensity: 0.6 mW/
cm2), as shown in Supplementary Fig. S8. Furthermore,
the stability of these FETs against mechanical deforma-
tions was tested by stretching the FET array with tensile
strains of up to 20%. The Si FETs showed negligible
change in their transfer characteristics under the released
or stretched conditions, as shown in Fig. 4f. Compared to
the resistance of individual FETs in the ‘on state’ (~2.1 ×
106Ω), the resistance of the stretchable interconnections
(~25Ω) is sufficiently small under this deformation,
which prevents the degradation of the channel current
and circuit delay in the active-matrix array.

ML imaging of a microcracked tooth using a stretchable
PD array
A cytotoxicity test demonstrated that ZRT is not

harmful to the human body, as shown in Supplementary
Figs. S9 and S10, in accordance with the literature
reports25,45. Figure 5 shows high-resolution imaging of a
microcracked tooth taken with the active-matrix PD array
with a stretchable and self-healable form for the diagnosis
of CTS. Figure 5a shows a schematic of the light emission
mechanism in ZRT phosphor particles in the cracked
areas. Here, cracks were intentionally produced on the
surface of the denture (Plaque Hunter Demonstration
Model, Health Edco), and ZRT phosphor particles were
pasted to fill the cracked areas, as shown in Fig. 5b.
Initially, these phosphor particles were exposed to UV
radiation (λex= 254 nm) for 20 s. Although the ZRT
phosphor particles emitted cyan-colored light during this
UV irradiation, as depicted in Fig. 5c, the emission was
instantly stopped by turning off the lamp. Nevertheless,
the irradiated energy is stored by the ZRT phosphor
particles; consequently, they emit intense light upon the
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application of masticatory forces (Supplementary Fig.
S11). It must be noted that the phosphor particles were
irradiated with UV light only before pasting onto the
tooth, which prevents the human body from direct
exposure to harmful UV radiation. Supplementary Fig.
S12 shows the experimental setup consisting of a
motorized z-axis stage and a force gauge for applying and
measuring the compressive force to the denture, respec-
tively. As shown in Fig. 5d and Supplementary Fig. S13,
the light intensity emitted from the pasted phosphor
particles increased when the compressive force increased
from 25 to 100 N. Photographs of the ML emission from
the tooth crack were taken for an open-mouth model
using a digital camera (EOS 80D, Canon) without using
the PDs. However, this digital camera imaging method
cannot be applied in a closed mouth condition. Therefore,
the PD array was necessary for imaging in the closed
mouth condition. The insets of Fig. 5d show 2D mapping
images of the ML emission from the tooth crack using
this PD array after the application of 25, 50, and 100 N
compressive forces. This PD array monitored the ML of

the tooth crack clearly. The ML images (insets of Fig. 5d)
are similar to those taken using the digital camera (Fig.
5d). This shows that the PD array is a reliable technique
for ML imaging of tooth cracks. The PD array also
detected an increase in the ML intensity with the com-
pressive load. The stretchable nature of the PD array
enabled conformal covering of the tooth surface with
negligible gaps, which is advantageous to minimize image
distortions due to refraction or scattering of light.
The self-healing ability of the PD array is advantageous

for its reliable operations during masticatory pressure. For
example, Fig. 5e plots the relative change in its ID (pho-
tocurrent) with the magnitude of the compressive force
for its conformal lamination on the buccal or occlusal
surface of the tooth. When the sample was attached to the
buccal surface, the change in photocurrent due to the
masticatory force was negligible. Although the device was
directly compressed between the upper and lower teeth
while laminating the occlusal region, the relative change
in photocurrent was also negligible, similar to the buccal
case, because the elastomeric parts of the substrate acted

Fig. 5 ML imaging of microcracked tooth using PD array. a Schematic illustrations of the mechanism for light emission of ZRT phosphor particles
in cracked areas. b Photographs of denture including tiny crack filled with ZRT phosphor particles. c Red arrows indicate the concentration of the
force. d Photographs showing the occurrence of ML from the crack of the molar tooth by the compressive force of (i) 25 N, (ii) 50 N, and (iii) 100 N.
The corresponding inset images show 2D mapping images of ML emission using a PD array. Scale bar is 1 cm in all the cases. e The relative change in
the ID of the stretchable PD array with the magnitude of the compressive force (0 to 300 N) for its conformal lamination on the buccal or occlusal
surface of the tooth. f Repetitive compression test of the PD array for 1000 cycles of compression and releasing with the compressive force of 150 N.
g Long-term stability test of the PD array against the oral environment by immersing the device in artificial saliva for 48 h.
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as a buffer layer and the rigidly reinforced parts protected
individual devices with no cracks. A compressive force of
150 N was repeatedly applied to the PD array laminated
on the occlusal surface. As shown in Fig. 5f, this device
operated stably with negligible change in photocurrent
(less than 5%) after 1000 cycles of compression and
release. Furthermore, the stability of this PD array against
the oral environment was studied by storing it in artificial
saliva (Fusayama–Meyer artificial saliva, Pickering
Laboratories, Inc.) for 48 h. Figure 5g shows its reliable
operations without significant degradation in the photo-
current even after 48 h. The inorganic device structures as
well as the rigid-soft hybrid passivation enabled its good
stability.

Conclusions
In this work, we demonstrated the detection of smaller

tooth cracks in a unique way by exploiting the ML phe-
nomenon, which helps in the early diagnosis of CTS. TL
and PL measurements suggest that Ti4+ dopants are
responsible for the ML observed in the ZRT by introdu-
cing additional defect levels in the ZrO2. A stretchable
and self-healable PD array is developed with an active-
matrix form that exhibits high operational stability against
masticatory stresses and strong resistance to photo-
degradation and can be conformably and reversibly
laminated onto the surface of ZRT-pasted teeth. The PD
array aids the ex vivo imaging of tooth cracks by con-
verting the ML from the ZRT phosphor particles into a
photocurrent. Owing to the high photosensitivity of the
PD and the intense ML and small size of the ZRT phos-
phor particles, it is possible to image submicron- to
micron-sized cracks with high resolution. This is further
supported by the successful mapping of tooth microcracks
with a low masticatory force of 25 N. This technique
allows the ex vivo high-resolution imaging of small tooth
cracks and does not require sophisticated equipment.
Thus, our technique facilitates the successful detection of
submicron-sized tooth cracks in their early stage of for-
mation, which in turn prevents irreversible damage due to
tooth cracking. It is noteworthy that our work broadens
the applications of the ML phenomenon by applying it in
biomedical sciences.
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