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VR enclosures like the Google Cardboard viewer, pair magnifying lenses with a smartphone display. When users leave the lenses
facing the sun accidentally, the sunlight is focused into a hotspot on the display and causes damage. No directly comparable
peer-reviewed study was identified in the literature reviewed that characterizes the layer-by-layer thermal failure sequence of
a commercial smartphone LCD under the concentrated solar radiation. This study tries to fill the gap with an experimental
study. First, we quantified the geometric solar concentration ratio at solar noon using a Google Cardboard V2 enclosure (37
mm PMMA lenses) - mapped a 1.8 £ 0.2 mm focal spot diameter, calculated a corresponding estimated peak focal irradiance
of ~423,000 W/m?, ~423 suns. Second, we confirmed the front polyvinyl alcohol (PVA) polarizer failed first by gradually
deconstructing the damaged display; we further identified four distinct failure zones: normal, slight burn (permanent color shift,
partial PVA depolarization), medium burn (always-on bright appearance, total polarizer function loss), and severe burn (dark
brownish-red appearance, spectrally selective attenuation, measured backside surface temperature ~186°C). Under the 37 mm
aperture lens configuration, the color filter array was structurally intact and no visible damage observed on any of the backlight
unit sub-components under microscope. Third, thermal contact experiments with an iron tip confirmed permanent polarization
function loss beginning at 85°C (lowest temperature tested). These findings establish the layer-by-layer failure cascade of a LCD
under concentrated solar radiation, also highlight a critical consumer safety hazard in VR hardware.

Keywords: LCD, VR optics, concentrated solar irradiance, thermal failure analysis, polyiodide degradation, layer-resolved
thermal failure cascade, LWIR thermography

trapped inside the oriented polymer matrix*>. This creates

an anisotropic structure that absorbs light oscillating parallel

Introduction

Liquid crystal displays (LCDs) are complex, multilayer opti-
cal and mechanical systems. Each layer has a unique thermal
degradation threshold due to difference in material properties
and manufacturing process. A standard mobile LCD consists
of several key parts: cover glass, a front linear polarizer, color
filter (CF) array glass, the liquid crystal (LC) layer, a thin-film
transistor (TFT) array glass, a rear polarizer, and a backlight
unit (BLU). Backlight produced by BLU illuminates the CF
array; the LC layer, together with the front and rear polariz-
ers, act as an optical light switch, with the driving electrical
signals provided by the TFT array to turn pixels ON or OFF,
controlling whether light from the BLU can pass through ' 3.
Polarizers are critical components for controlling the back-
light transmission. They are typically fabricated using a
polyvinyl alcohol (PVA) film that is stretched to align its
polymer chains. For mainstream mobile displays, manufac-
turers use iodine-type PVA polarizers - created by stretching
a dyed PVA film to align linear polyiodide ions I3 and I
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to the chains while transmitting light perpendicular to them.
PVA film is laminated between triacetate cellulose (TAC) pro-
tective sheets. When ambient light is incident on a typical
in-plane switching (IPS) LCD, it passes sequentially through
the front polarizer, the CF array, the LC layer, TFT array, the
rear polarizer, and finally BLU. Iodine-type PVA polarizers
absorb more than 50% of incident unpolarized light; conven-
tional color LCD panels transmit only 5-14% of broadband
incident light in the white state, with up to 86-95% of inci-
dent optical energy converted to heat®’. However, the PVA
polarizer is highly sensitive to thermal stress. At tempera-
tures above approximately 90°C, iodine sublimates out of the
PVA matrix - this disrupts the polyiodide complexes, causing
permanent loss of polarizing efficiency® and leading to back-
light leakage when the display tries to show a dark OFF-state.
As temperatures go higher, further thermal degradation of the
PVA-iodine system produces wavelength-selective optical at-
tenuation®?. In contrast, the organic CF resists are much more
durable, formulated as pigment-based photoresist materials '°
that survive post-bake manufacturing cure cycles of 220°C to
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230°C!!. In the meantime, the BLU optical films sitting be-
neath the rear polarizer are shielded from direct solar heat by
the layers above them. Between these two thermal extremes,
the pressure-sensitive adhesive (PSA) layers bonding the opti-
cal functional layers together begin to soften and outgas; PSA
layers in TFT-LCD polarizer assemblies have low glass tran-
sition temperatures, e.g. —26°C to —37°C and elastic moduli
of 0.04-0.25 MPa!>!3, Because manufacturer material spec-
ifications are proprietary, empirical testing is necessary to de-
termine exactly which layer fails first and under what specific
environmental conditions.

Virtual reality (VR) headsets have grown rapidly in pop-
ularity for gaming, remote learning, and scientific explo-
ration. Low-cost, entry-level devices like the Google Card-
board Viewer pair simple magnifying lenses (refractive bicon-
vex or Fresnel) with a user’s smartphone display. By plac-
ing the screen directly on the lens’s focal plane, the system
creates a virtual stereoscopic image for the wearer. However,
such design introduces a severe vulnerability: if a user leaves
the headset facing upward under direct sunlight, the magni-
fying lenses become solar concentrators. The lenses focus
broadband solar radiation into an extremely intense, localized
hotspot 1413 on the front surface of the smartphone display,
causing irreversible damage.

Prior research on solar-induced display damage has been
largely related to automotive head-up displays (HUDs). In
automotive systems, solar radiation enters through the wind-
shield, can pass into the projector optics and melt the internal
display panel '!7. However, these studies mainly focused on
optical mitigations - such as mechanical shutters, diffusers,
or micro-mirror arrays '8, rather than experimental character-
ization of which display functional layers fail first, at what
exact temperatures performance degradation begins, or what
precise physical mechanisms drive the destruction. To date,
no directly comparable peer-reviewed study was identified in
the literature reviewed that reported the layer-resolved ther-
mal failure sequence of a commercial smartphone LCD under
the concentrated solar radiation of a polymethyl methacrylate
(PMMA) VR lens. Filling this research gap will help VR users
better understand product safety risks while providing design-
ers and manufacturers with concrete data on the weakest com-
ponents in the display stack - evidence essential for developing
more effective engineering designs to prevent solar damage.

Solar radiation can cause thermal degradation of material
and ultraviolet (UV) induced photochemical degradation. For-
tunately, PMMA lenses exhibit very high transmission in the
visible and near-infrared bands but drop off sharply in the UV
spectrum '°. This material property provides us a convenient
experimental control, allowing us to isolate purely thermal
degradation pathways from UV-induced photochemical degra-
dation in this study.

Refractive Fresnel and biconvex lenses concentrate solar ir-

radiance through refraction, with geometric concentration ra-
tios determined by the lens aperture area relative to the focal
spot area 132, The irradiance at the focal plane is governed by
the geometric concentration ratio C = Ajens / Agpot, thus can be
calculated from ambient solar flux as Efyca1 = C X Eambient-

Based on these factors, we have a hypothesis: the focused
solar irradiance from a PMMA VR lens can heat the front
PVA polarizer past its permanent thermal damage threshold of
~90°C. To evaluate this hypothesis, our study focuses specif-
ically on solar thermal degradation by addressing three main
objectives: (1) Quantify the geometric solar concentration ra-
tio and estimated peak focal irradiance produced within a con-
sumer Google Cardboard V2 enclosure under direct sunlight.
(2) Characterize the layer-by-layer thermal failure sequence of
a commercial LCD stack to identify exactly which functional
layer fails first and at what temperature. (3) Validate the po-
larizer damage threshold independently using a thermal con-
tact experiment with a temperature-controlled soldering iron
tip and a crossed-polarizer approach for polarizer functional
inspection.

Several boundaries limit the scope of this study. First, this
study was done with two display panels from a single smart-
phone model (Motorola Moto G) using one specific VR head-
set design (Google Cardboard V2). Therefore, our findings
may not directly apply to other display designs or lens con-
figurations. Temperatures of the polarizer layers are not mea-
sured in-situ because front-side LWIR thermometry physically
blocks the incoming solar flux, rear-side LWIR thermome-
try cannot resolve individual layer temperatures through the
opaque stack, and embedding temperature sensors would fun-
damentally alter the thermal conductivity under study. Failure
analysis of OLED displays could be an interesting compara-
tive study and is reserved for future research, as this work fo-
cuses strictly on LCD technology. Similarly, the long-term ex-
posure dependence of the thermal degradation is investigated
in a separate study. Finally, while all equipment and tools used
in this project were selected to remain low-cost, we try to keep
a practical balance between sufficient scientific accuracy and
financial affordability, and demonstrate that meaningful hard-
ware characterization can be done within a high school labo-
ratory setting.

Methods

Research design

This research is an experimental study, it consists of three
main parts: (1) focal spot thermal characterization by ex-
posing display samples to concentrated solar radiation, using
two different types of absorptive samples to establish base-
line reference for comparison (2) incremental burn behav-
ior evaluation through a careful deconstruction procedure, i.e.
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first with an intact smartphone, then a separated display front
stack, with thermal behavior measured and optical microscopy
recorded at each step of the process (3) independent thermal
contact experiments that replicates solar burn damage using
a temperature-controlled soldering iron tip, combined with
a crossed-polarizer functional validation to verify measured
temperature and polarizer failure thresholds.

Equipment and materials

In this study we use a commercial Google Cardboard VR V2
housing equipped with dual biconvex PMMA lenses (aperture:
37 mm; nominal focal length: 45 mm) as solar concentra-
tion platform. The experimental LCD targets were extracted
from a first-generation Motorola Moto G smartphone (model
XT1032). Two panels/two phones from the same phone model
were tested independently. We measured backside radiomet-
ric temperatures using a Thermal Master P2 Pro LWIR mi-
crobolometer camera (spectral range: 8—14 um; resolution:
512 x 284 pixels) equipped with a macro lens attachment.
The target emissivity was set to € = 0.95 per user’s man-
ual, which aligns with published emissivity values for organic
polymers and carbon-black resin surfaces in the 8-14 um
band?!. Measurement accuracy of LWIR thermography sys-
tems in this spectral band is affected by surface emissivity,
measurement distance, and atmospheric transmissivity =23,
Published emissivity values for organic polymer surfaces in
this band span 0.91-0.972223; uncertainty in € of £0.03 in-
troduces a temperature uncertainty of approximately +3°C—
5°C. The camera manufacturer’s stated accuracy is +1.5°C,
so the total combined measurement uncertainty on reported
temperatures is approximately +6°C. To avoid specular reflec-
tions from the surfaces, we positioned the camera at an off-
axis angle of approximately 10°. We conducted all outdoor
exposures at solar noon under a monitored ambient illumi-
nance of 120,000 lux, which corresponds to roughly 1,000
W/m? under standard AM1.5 broadband solar spectral condi-
tions using the conversion factor of approximately 122 lux per
W/m22+25_ Optical inspection and analysis were performed
using a LEERSHI Gongye 1200 digital microscope at approx-
imately 300x magnification. For the thermal contact exper-
iments, we used a YIHUA 982 temperature-controlled sol-
dering station. Finally, we inspected polarization function by
placing a functional reference linear polarizer in a crossed-
polarizer configuration (oriented at exactly 90°) over the dam-
aged polarizer assembly to detect light leakage and optical
degradation.

Focal spot measurement

We measured the size of the focal spot by briefly exposing
thermally sensitive paper, positioned at the 45 mm focal plane,

to the focused sunlight under the 120,000-lux test condition
(solar noon condition monitored by a smartphone Apps. cal-
ibrated by a Konica Minolta T-10 lux meter). The resulting
circular burn mark was then measured using a digital Vernier
caliper under optical microscope. The diameter of the burn
mark in both the horizontal and vertical directions were mea-
sured for each sample - we took the average of these measure-
ments across three separate paper trials as the mean focal spot
reference diameter.

Variables and measurements

We evaluated several independent and dependent variables in
this experimental study. The independent variables are: the
hardware target configurations in Stages 1 - 5, the temperature
of the soldering iron tip, and its corresponding contact dwell
time. The primary dependent variable was the peak backside
temperature of the display assembly. Secondary dependent
variables were: characteristics of the damage zone morphol-
ogy (macro-level and micro-level), across-comparison of the
failure zone patterns (intact phone and isolated stack), and the
baseline focal spot diameter.

Experimental Procedure

The experiments were conducted in eight stages, as follows.

Stage 1 (White Paper Baseline): This stage establishes a
thermal baseline with a high-scattering, low-absorptance ref-
erence sample. We chose a thick, opaque white paper sheet
and placed it at the focal plane of the Google Cardboard VR
V2 viewer lens. With a LWIR camera, the white paper’s back-
side surface temperature behavior was continuously recorded
over a 30-second duration.

Stage 2 (Cover Glass Baseline): to establish a second ther-
mal baseline with a partial-absorption reference sample, we
chose a standalone smartphone cover glass (approximately 0.5
mm thick) with 3M blue painter’s tape adhered to its rear sur-
face. This reference sample was placed at the lens focal plane,
and the blue tape’s backside surface temperature was recorded
by the LWIR camara over a 20-second exposure — we actually
started with 30 seconds trials but observed smoking close to
30 s, so we shortened it to 20 s to prevent paper fire risks.

Stage 3 (Incremental Burn with Intact Phone Display): in
this stage, we placed an intact, fully functional Motorola Moto
G smartphone at the lens focal plane to study the solar burn
behavior under different exposure. The phone was exposed
in one-second increments up to 15 s, with phone’s position
shifted slightly after each exposure so that the burn marks can
be separated. For reference, we also recorded solar burn marks
under longer exposure of 1, 2 minutes. 2 intact panels/phones
were tested.

Stage 4 (Diagnostics with Monochromatic Pattern): post the
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incremental burn in stage 3, the smartphone was powered on
for damage assessment and diagnosis. Full-screen monochro-
matic test patterns, i.e. white, black, red, green, and blue were
applied one at a time. After taking the photos, we marked the
burned spots, then performed pixel-level damage inspection
with an optical microscope. Microscope photos were taken
first under display power ON, microscope illumination OFF
condition and then under display power OFF, microscope illu-
mination ON only condition.

Stage 5 (Front Stack Isolation and Continuous Burn): To
test our hypothesis of polarizer damage, we deconstructed the
smartphone, first we separated the display assembly from the
smartphone chassis, then carefully disassembled the display
panel, separated the front polarizer stack by removing the
BLU assembly and the TFT glass/rear polarizer stack. The
marked solar burns on the front stack were inspected again,
and recorded. To further study the temperature behavior of
the front polarizer under concentrated solar radiation and com-
pare with the thermal baselines established in Stage 1 and 2,
the separated front stack, i.e. the cover glass, front polarizer,
and CF glass, was placed at the lens focal plane, and exposed
to the concentrated solar radiation (same solar noon condition
as in stage 1 and 2) continuously for 20 seconds. This specific
duration was selected after a few trials to balance full thermal
saturation and fire risk. The backside surface temperature dur-
ing the 20 second exposure was continuously recorded by the
LWIR camera. 2 panels (panel A and panel B) were tested,
each with n = 3 trials (total N=6). Finally, we disassembled
the BLU into its individual sub-component films, and saved
them for separate visual inspection.

Stage 6 (Microscopic Verification and Cross-Comparison):
This stage is to cross compare the new burned spots from
Stage 5 exposure with those previously burned spots on the
intact smartphone devices from Stage 3 exposure (specifically
from the separate 15-second and 1-minute exposure trials) that
were marked in Stage 4. All samples were inspected under
microscope, with photos taken under reflected microscope il-
lumination only.

Stage 7 (Thermal Contact Experiments and Functional Val-
idation): to independently validate the thermal damage and
threshold, we designed a few separate experiments in three
steps. Step 1 (Temperature Sweep): we put the bottom sur-
face of the rear polarizer in direct contact with a temperature-
controlled soldering iron tip to verify whether polarizer gets
damaged at ~90°C. For example, we set the tip tempera-
ture at 85°C, put the tip in direct contact with sample sur-
face for 1 second (dwell), then move to another location,
set the tip temperature at 90°C, do a 1 second contact burn
and repeat this for 100°C, 110°C, 120°C, 130°C, and 140°C.
The contact marks were then inspected under the microscope.
Step 2 (Dwell Time Sweep): to see if we can replicate so-
lar burns produced from the Stage 5 continuous exposure (20

s) where the ~186°C backside temperature were measured,
we set the soldering iron tip temperature at a fixed high ex-
treme of 180°C, but varied the contact dwell times across 2,
5, and 10 seconds, then re-do the contact experiment on the
same polarizer bottom surface. Step 3 (Exposed Adhesives
and Crossed-Polarizer Verification): we further peeled off the
APCF hard coat (partially) to expose the pressure-sensitive ad-
hesive (PSA) so tip can contact closer to the core PVA polar-
izer layer (rear Polarizer and APCF/hard coat total thickness
< 0.2mm). Fresh contact burns were then applied directly
to the exposed PSA surface following the same procedure as
in Stepl and 2. To detect localized light leakage on the rear
polarizer, we adopted a crossed-polarizer configuration, where
an external, functional reference front linear polarizer was ori-
ented at exactly 90° and placed in between the rear polarizer
and an illumination light source. All contact burns were in-
spected under the dark room condition.

Data analysis

The Thermal master P2 Pro LWIR camera took continuous
thermal videos at 25 frames per second; the backside temper-
atures were the Max. value of the hotspot reported by the cam-
era on each frame, we extracted the Max. value from each of
the frame of the 20 second long LWIR video recordings using
Python code. Concentration ratio was calculated as the ratio
of lens aperture area to focal spot area assuming circular ge-
ometry. For Stage 5 temperatures, the mean and SD (~186°C
+ 4°C) are pooled across N = 6 total measurements (n = 3 per
panel, two panels); Panel A and Panel B ranges are reported
separately in Table 1.

Results

Focal spot characterization and solar concentration ratio

The focal spot reference diameter captured on the thermally
sensitive paper was measured at 1.8 £ 0.2 mm, corresponding
to a localized spot area Agyor Of approximately 2.54 x 10—6
m?2. For comparison, direct visible-light photography of the
focal image on the backside of the white paper - captured
through the enclosure’s observation window, revealed a bright
central spot surrounded by a fainter, wider halo extending be-
yond the 1.8 mm boundary (Figure 1a). This spatial profile
indicates a non-uniform energy distribution within the focal
spot. Consequently, the 1.8 mm measurement represents a
threshold-limited lower bound on the true illuminated region,
a distinction that is explored further in the Discussion section.

The total effective aperture area of the PMMA lens was cal-
culated as Alens ~ 1.075 x 1073 m2. With these geometric
boundaries, we can calculate the Solar concentration ratio of
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this VR lens as:
C = Ajens/Aspor = 1.075 x 1073 /2.54 x 1076 ~ 423

At the assumed reference baseline ambient solar irradiance of
1,000 W/m? at solar noon2*23 the above concentration ratio
yields an estimated peak focal irradiance of ~423,000 W/m? -
with the total raw radiant power captured by the lens aperture
roughly 1.08 W. Taking into account a nominal 93% transmis-
sion efficiency through the PMMA lens, approximately 1W
solar power is transmitted through the lens and focused into an
area roughly 420 times smaller than the lens collection aper-
ture. This extreme energy intensity is sufficient to drive thin,
embedded polymer layers far beyond their intrinsic thermal
thresholds within seconds of direct exposure.

Radiometric temperature bracketing and thermal satura-
tion

As shown in Figure 1a, LWIR camera records the max. tem-
perature of the hotspot as continuous video through the right-
side observation window; the focused solar image on sam-
ple at the focal plane can be monitored from the left-side
observation window. The recorded peak backside surface
temperature-versus-time traces showed a distinct two-phase
profile in all 3 experimental configurations: an initial rapid
thermal ramp followed by a clear, well-defined plateau (Figure
le), showing that the measured backside surface temperature
reached approximate steady-state in less than 20 s continuous
exposure; this plateau reflects stability of the backside surface
measurement and does not necessarily indicate complete ther-
mal equilibrium throughout the multilayer stack.

Our bracketing experiments revealed two primary thermo-
dynamic trends. First, all three target configurations showed
their thermal plateau in less than 20 seconds of continuous
exposure. However, their steady-state limits differed signifi-
cantly based on material absorptance: the white paper control
peaked at approximately 136°C, the blue painter’s tape refer-
ence reached roughly 165°C, and the backside surface temper-
ature of the isolated LCD front stack reached the highest peak
at approximately 186°C. Second, while the isolated display
front stack developed noticeable burn marks within the first
few seconds of exposure, extending the exposure time beyond
20 seconds caused the blue tape reference to begin outgassing
and smoking at approximately 30 seconds, whereas the white
paper control sample remained structurally intact. Based on
these findings, a 20-second exposure window was selected for
the Stage 5 isolated stack trials to guarantee full thermal satu-
ration without introducing unnecessary secondary fire risks.

We noticed the peak backside surface temperature of the
isolated LCD front stack (~186°C) exceeded that of the white
paper control (~136°C) by a 50°C - this big difference high-
lights the high efficiency of the multilayer display assembly

as a solar heat trap. Physically, this trapping mechanism is
mainly due to the low transmittance of LCD 5~14% - mean-
ing up to 86~95% of the incident optical energy being ab-
sorbed and converted to heat by the absorptive front PVA po-
larizer (which absorbs over 50% of unpolarized incident light
along its absorption axis), the underlying color filter (CF) ar-
ray, the black matrix (BM) resin, and TFT/rear polarizer6’7.
A comprehensive summary of the steady-state peak backside
surface temperatures across all three target configurations is
provided in Table 1.

Four-zone optical failure cascade

Monochromatic pattern diagnostics conducted during Stage 4
provided clear evidence of polarizer-mediated light leakage on
all test screens. This phenomenon was most obvious on the
full-screen black pattern, where the liquid crystal cells were
expected to remain completely in their non-transmissive OFF-
state. We inspected these regions under microscope, identi-
fied four spatially distinct failure zones that correspond to pro-
gressively higher localized irradiance profiles within the focal
plane (Table 2, Figure 2).

Zone 1 (Normal, Baseline Control): The red, green, and
blue (R/G/B) subpixel grid structures remained perfectly in-
tact, showing full color saturation and expected switching be-
havior on all test patterns. The temperature in this region
stayed below the actual damage thresholds of all display stack
layers.

Zone 2 (Slight Burn / Permanent Color Shift): A clear
greenish-to-brownish color tint became visible under all dis-
play patterns, indicating backlight leakage. A plausible expla-
nation is Iodine sublimation from the PVA matrix® degrades
the polarizer extinction ratio but did not eliminate it com-
pletely — this allows a portion of the backlight to leak through
the LC dark state while residual LC switching function is par-
tially retained. Stage 7 Step 3 thermal contact experiments and
crossed-polarizer test confirmed permanent degradation of po-
larization function beginning at 85°C under 1-second direct
contact (PSA surface) — the lowest temperature tested in that
experiment, establishing 85°C as an empirical upper bound
on damage onset (not a confirmed onset temperature, as no
exposures below 85°C were conducted due to equipment lim-
itations).

Zone 3 (Medium Burn / Total Polarization Loss): This re-
gion shows a highly uniform, bright yellowish-white zone
under all five color patterns including the black test pattern.
The observed brightness was higher than the standard, nom-
inal ON-state, this is consistent with loss of front polarizer
function and/or loss of LC modulation: without a functional
linear front polarizer, and/or LC modulate, the full backlight
flux transmits continuously, producing the always-on bright
appearance regardless of displayed content. The above ob-
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Figure. 1 Experimental Setup and Thermal Characterization. (1a) set up and diagram, a Visible-light photography of the focal spot captured
from the backside showed a bright central core surrounded by a low-irradiance halo (1b) LWIR thermogram of white paper, peak ~ 136°C. (1¢)
LWIR thermogram of blue tape attached on cover glass, peak =~ 165°C. (1d) LWIR thermogram of isolated LCD front stack, peak =~ 186°C.
(1e) measured Peak backside surface temperature versus exposure time for (1b), (1c), and (1d) configurations, the rapid ramp and plateau
showing that the measured backside surface temperature reached approximate steady-state in less than 20 s continuous exposure.
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Table 1 Peak backside surface temperatures. SD = standard deviation.

Configuration Peak backside Surface temperature (°C) Mean £ SD (°C) n (trials)
White paper 130-140 136 £ 4 3

Cover glass/blue tape 160-170 165+4 3

Isolated LCD front stack 178-190 (panel A) 184-188 (panel B) 186 + 4 Total 6 (3 per panel)

servation alone does not independently distinguish permanent
polarizer function loss from permanent LC modulation loss.
However, because the LC phase transition reverses>2° upon
cooling while PVA-iodine degradation is not irreversible®?,
the observation that Zone 3 failure persist at room tempera-
ture after cooling indicates the front polarizer is the primary
cause of the permanent failure. Future work will prioritize
definitive confirmation via a rescue test by replacing a fresh
analyzer over the damaged region and driving monochromatic
patterns.

Zone 4 (Severe Burn / Spectral Attenuation): At the cen-
ter of the focused solar hotspot, this core zone shows a dark,
brownish-red appearance on all color test patterns. Under
high-magnification microscope we observed three main struc-
tural details from a 1-minute solar burn. First, the R/G/B sub-
pixel column were still clearly visible, this directly confirms
that the underlying color filter (CF) array stays structurally in-
tact during the burn. Second, the light passing through this
zone depended heavily on the color channel: it let the most
light through in the red channel (>600 nm) but allowed al-
most zero light through in the blue-green bands (<550 nm).
This dark brownish-red spectral profile does not match the
flat, uniform absorption you would expect from carbon black
alone. However, it is consistent with the behavior of ther-
mally broken-down polyiodide species: in normal PVA po-
larizing films, I3 (absorbing at ~650 nm, visible red region)
and I; (absorbing at ~290-360 nm, UV region) are the two
primary dichroic species®’-%; when I5 is depleted by thermal
stress, transmittance increases in the 525-675 nm range while
residual I3 absorption persists in the UV/blue-green region 28,
transmitting more red light than any other colors. This inter-
pretation is further supported by modulation-excitation spec-
troscopic analysis of dynamic iodine behavior in PVA films
under thermal perturbation?®. However, no chemical or spec-
troscopic characterization of the isolated degraded polarizer
was performed in this study; confirming the identity of the ab-
sorbing species would require Raman spectroscopy and UV-
vis transmittance measurement of the degraded layer, which
are identified as priorities for future work. Third, the lines of
the black matrix (BM) grid could still be faintly seen due to
surface reflections. The Zone 4 temperature estimated to be
slightly higher than 186°C based on the peak backside surface
temperature ~186°C (front polarizer is sandwiched between

0.5mm cover glass and 0.5mm CF glass) measured with the
LWIR camera aiming on the backside surface of the CF glass.

Layer-resolved disassembly of the Solar-Damaged LCD

Following the display disassembly in Stage 5, we visually in-
spected all five parts of the backlight unit (BLU): the light
guide plate, the diffuser film, the two brightness enhancement
films (BEFs), and the bottom reflector. To do this, we put the
film samples on a diffusive glass uniformly lit from the back-
side, examined the films under a magnifying lens. We further
performed microscope inspection - Under the 37 mm aperture
lens configuration, no visible thermal damage was detected
on any BLU component; please note this inspection does not
rule out sub-microscopic structural or material changes unde-
tectable by visual optical examination. This seems to indicate
that with the 37 mm VR lens setup, most of the focused so-
lar energy is absorbed and attenuated by the multiple layers of
the LC panel (i.e. front stack + LC + TFT/rear polarizer stack)
before it can ever reach the BLU.

On the other hand, the TFT and rear polarizer stack did
show some moderate thermal damage, but only in the area that
underwent the long 1-hour exposure test. During this extended
test, the front stack — including the cover glass, front polar-
izer, and color filter glass, showed the most severe damage.
As shown in Figure 3, the front stack suffered from clear film
delamination and a localized rupture zone at the center, which
was surrounded by a large field of PSA bubbles. In addition,
the physical location of the burn marks on the TFT glass and
rear polarizer stack matched the exact location of the marks
on the front stack. This confirms that once the front polarizer
is severely damaged, it stops shielding the layers beneath it,
allowing the concentrated solar irradiance to penetrate deeper
and damage the rear polarizer underneath.

Microscopic Verification and Cross-Comparison

Figure 4 shows a comparison of the burn marks on the front
polarizer stack from stage 5 and burn marks on the intact
phone from stage 3. We found that burn marks from both
stages showed same central zone 4 (dark, delaminated area)
surrounded by a PSA bubble and bright pixels on a suppos-
edly full black screen. This structural alignment confirms that
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Figure. 2 Four-Zone Failure Cascade under Monochromatic Test Pattern Diagnostics (Stage 4). (2a) macro photographs of the damaged
display (multiple burns with varied exposure, with a 1-minute burn marked by red dotted circle) under full-screen white, black, red, green,
and blue test patterns. Under the black test pattern, Zone 3 appears uniformly bright - backlight flooding through the failed front polarizer.
(2b) high-magnification optical micrographs of the four failure zones from the same 1-minute burn. Zone 1 (normal R/G/B pixel grid, outer
periphery), Zone 2 (greenish-to-brownish color tint, partial PVA depolarization), Zone 3 (uniformly bright, complete polarizer function loss
with continuous backlight), Zone 4 (dark brownish-red spectrally selective attenuation). Inset (dotted green border): high-magnification view
showed even in Zone 4 the R/G/B subpixel column is still clearly visible through the dark brownish-red degraded polarizer layer, confirming

CF structural integrity.

the solar damage mechanism in the isolated front stack exper-
iment is consistent with those in the intact phone experiment.

Stage 7 thermal contact experiment - temperature sweep
(Step 1 and 2)

Figure 5 shows the results from the stage 7 thermal contact ex-
periment. As shown in Figure 5a, the permeant damage on the
APCEF hard coat surface happened not only at tip temperature
90°C and above, it also happened at 85°C. Figure 5b shows
that 180°C tip, (with 2/5/10 s dwell) produced central degra-
dation zones on the intact APCF/hard coat surface. Peeling
off the APCF hard coat from the same damaged area (Figure

5c) reveals that thermal contact burns from 180°C tip, (5 and
10 s dwell) were very similar to the zone 4 severe solar burn
damage.

Stage 7 thermal contact experiment - crossed-polarizer
functional validation (Step 3)

Figure 5c shows the Crossed-polarizer inspection configura-
tion: a reference front polarizer is oriented at 90° and placed in
between the damaged rear polarizer assembly and the illumi-
nation light source. When a polarizer sample is inspected un-
der such configuration, regions with normal polarization func-
tion will appear dark, while regions with permanent polariza-

8 | NHSJS Reports
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Table 2 Four-zone failure cascade. Zone 2 >85°C (onset) upper bound and Zone 4 peak backside surface temperature (~186°C) are empir-
ically established in this study ( ~186°C value is the measured backside surface temperature - conservative lower bound of front polarizer
temperature); the temperature boundaries between Zone 2/3 and Zone 3/4 within the 85°C-186°C interval were not directly characterized. CF

= color filter; LC = liquid crystal; PVA = polyvinyl alcohol.

Zone Temp (°C) Pattern appearance Microscopic appearance Primary mechanism
1 (normal) < damage Normal image; black Pristine R/G/B grid; full color No damage
threshold appears dark saturation
2 (slight >85°C (onset) Greenish to Brownish R/G/B Pixel grid clearly visible; Partial PVA depolarization; iodine sublimation
burn) Upper bound; not tint; partial backlight obvious color shift; backlight above ~90°C; LC partially functional
confirmed leakage on all patterns visible in dark state
minimum including black pattern
3 (medium  Within Channel-independent R/G/B Pixel grid clearly visible; Complete PVA polarizer function loss; LC
burn) 85-186°C; bright yellowish-white Full backlight floods through; modulation destroyed (polarizer vs. LC
boundaries not under all patterns; uniformly bright independent to contribution not independently distinguished in
characterized always-on, brighter than channels, no dark state this study); full backlight continuously on
nominal on-state
4 (severe backside surface Dark Brownish-red at R/G/B grid discernible, Severe thermal degradation of PVA-iodine
burn) temp. ~186°C center core under all spectrally selective attenuation, system; spectral behavior consistent with I3

front polarizer
temp. >186°C

patterns

partial red transmission,
near-zero blue-green; BM grid
faintly visible

depletion producing preferential red
transmission (spectroscopic confirmation
needed); CF structurally intact

tion loss will show bright light leakage. So, Figure 5e and 5f
reveal permanent polarizer damage after 1 s contact with tip
temperature 85—110°C, also indicating that permanent polar-
ization function loss initiates at 85°C (lowest tip temperature
we tested); no test below 85°C were conducted as we could not
reliably control the temperature below 85°C, so the 85°C is an
empirical upper bound of the onset temperature rather than di-
rectly confirmed threshold; figure 5g and 5h reveal burn struc-
ture from 180°C PSA contact burns are same as those caused
by solar burn — dark center zone 4 (severe burn) surrounded
by bright zone 3 (complete polarization function loss). How-
ever, because the thermal contact experiments apply heat via
conduction to the polarizer, while focused sun light delivers
radiative energy, which is absorbed and then converted to heat,
one should not take this contact experiment findings as inde-
pendent confirmation that the two mechanisms are identical.

Supplementary Table S1 summarizes the exposure matrix
and primary findings as follows:

Discussion

In this experimental study, we found that the peak backside
surface temperature of the isolated LCD front stack, which
was taken from a deconstructed smartphone LCD, reached
~186°C during a 20 second exposure of ~423 suns under so-
lar noon condition. 186°C, although far exceeded the >90°C 8
onset of iodine sublimation in PVA polarizer, should be taken
as a conservative lower bound of the front polarizer tempera-
ture since the temperature was measured on the rear surface of
the 0.5mm CF glass rather than the front polarizer surface di-

rectly. Commercial LCD liquid crystal mixtures are typically
formulated with nematic-isotropic clearing points in the range
of ~ 60-80°C; for example, a clearing point of 60.5°C has
been reported for the ES LC mixture?, while Merck KGaA’s
standard TFT-LCD benchmark mixture ZLI-4792 has a clear-
ing point of 75°C2°. Since this 186°C is measured from back-
side surface of the front stack, i.e. the CF side, next to LC, the
LC fluid likely exceeded its clearing point during exposure.
However, even so, the LC would realign after cooling to room
temperature because the nematic-to-isotropic LC phase tran-
sition is reversible. Therefore, the fact that Zone 2 and Zone 3
light-leakage artifacts persisted at room temperature indicates
the front PVA polarizer — not the LC fluid — is the primary
cause of the permanent failure.

The observed four-zone failure cascade reflects the progres-
sive degradation of the PVA polarizer, consistent with the non-
uniform irradiance profile within the focal spot. At the fo-
cal periphery (Zone 2), partial iodine sublimation® produces a
characteristic greenish-to-brownish backlight leakage, though
the LC layer still retains residual electrical modulation capa-
bilities. At intermediate irradiance intensities (Zone 3), the
always-on (channel-independent) brightness behavior is con-
sistent with complete front PVA polarizer function loss; while
this observation alone does not independently distinguish po-
larizer failure from LC modulation failure, the LC phase re-
versibility argument above isolates the polarizer as the primary
cause of permanent failure. Finally, at the geometric center
of the focal spot (Zone 4), the observed dark brownish-red
spectral profile is inconsistent with the spectrally flat absorp-
tion profile typical of carbon black but is consistent with the
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Stage Exposure condition Panel(s) Trials (n) Primary result

3 1,2,3..15s; 1, 2 m; solar bursts (intact ~ Panel A, B Multiple sequential Macroscopic damage, spot size and severity
device) per panel grow with exposure time

5 20 s solar exposure (Isolated front Panel A and B n =3 per panel N =6 Peak backside surface temperature 186 +
stacks) total 4°C pooled (combined uncertainty +6°C);

temperature plateau

7 Stepl Temp sweep (85-140°C, 1 s) (intact Panel A and B n = 3 per temp/panel Visible permanent damage from 85°C
APCF/hard coat on the isolated rear (lowest tip temperature tested)
polarizer stack)

7 Step2 Dwell sweep (180°C, 2/5/10 s) (intact Panel A and B n = 3 per dwell/panel progressive Zone 4-type burn structure at
APCF/hard coat on the isolated rear 180°C
polarizer stack)

7 Step3 Temp sweep (85-140°C, 1 s) and Dwell ~ Panel A and B n =3 per temp/dwell Permanent polarization function loss from

sweep (180°C, 2/5/10 s); (PSA surface
of the isolated rear polarizer stack)

per panel 85°C tip temperature (lowest tested); 180°C
burns: dark center + bright ring matching

Zone 443 morphology

Supplementary Table S1. Exposure matrix. The 85°C value in Stage 7 is the lowest tip temperature tested; actual PSA interface temperature
differs due to thermal contact resistance and heat capacity of the film stack.

Bottom BEF Upper BEF

Bottom Reflector

LightGui JePlate Diffuser Film

Figure. 3 Layer-Resolved Disassembly of the Solar-Damaged LCD
(Stage 5). Top: the separated display assembly showing the TFT
glass with attached rear polarizer (left, backside view) and the cover
glass / front polarizer / CF glass front stack (right, frontside view).
Middle row: the five BLU sub-components (bottom reflector, light
guide plate, diffuser film, bottom BEF, upper BEF) shown separately
from left to right; no visible thermal damage detected under optical
microscopy inspection under the 37 mm aperture lens configuration.
Yellow dotted lines indicate correspondence between burn marks on
rear and front stack and their frontside microscopic images. Bot-
tom left: frontside microscopic view of a burn mark on TFT glass
/ rear polarizer, showing thermal damage of intermediate severity.
Bottom right: frontside microscopic view of a burn mark on front
stack, showing the central optical film delamination and rupture zone
surrounded by a PSA bubble field.

behavior of thermally degraded polyiodide species: when I3
is depleted by thermal stress, transmittance increases in the
525-675 nm range while residual I3 absorption persists in the
UV/blue-green region?®, transmitting more red light than any
other colors. This spectral interpretation is further supported
by independent Raman?”-?8 and UV-Vis?® characterization of
PVA-iodine films and by modulation-excitation spectroscopic
analysis of dynamic iodine behavior in PVA films under ther-
mal perturbation®®; spectroscopic characterization of the iso-
lated degraded polarizer from this study would directly con-
firm this interpretation.

The R/G/B subpixel column structure remains clearly visi-
ble in Zone 4 under high-magnification microscopy (Figure 2b
inset). This observation directly confirms that the underlying
color filter (CF) array maintains its structural integrity beneath
the degraded polarizer.

The TFT glass and rear polarizer stack showed
intermediate-severity damage only under extended solar
exposure. This is consistent with a top-down thermal failure
sequence: the front polarizer fails first, and as its mate-
rial matrix degrades, deeper energy penetration eventually
exposes the underlying rear polarizer layers. The crossed-
polarizer calibration confirmed that this rear optical stack is
independently susceptible to permanent polarization failure
within the focal zone. On the other hand, the BLU inspection
result - no visible thermal damage detected under optical
microscopy inspection of any BLU component under the
37 mm aperture configuration, is consistent with the high
absorptance of the front stack preventing significant optical
energy from reaching the BLU. This inspection does not rule
out sub-microscopic changes; further material analysis of the
BLU components would be required to establish structural
integrity at the material level.
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Figure. 4 Cross-Comparison of Solar Burn Morphology Between
Isolated Front Stack and Intact Phone (Stage 6). All images captured
under reflected microscope illumination with the phone display off.
Top row (4a, 4b): two views of 20-second solar burns on the isolated
front stack, showing the central delaminated zone surrounded by a
PSA bubble field. Bottom row (4c, 4d): solar burns on the intact
phone after (4c) 15 seconds and (4d) 1 minute exposure, showing the
same structural delamination and adhesive bubbling.

These findings carry direct consumer safety and design
implications for the specific configuration tested - a Google
Cardboard VR V2 enclosure generates a geometric concen-
tration ratio estimate of ~423 suns at the enclosed display
surface under solar noon conditions. The peripheral dam-
age documented in Zone 2 demonstrates that even the lower-
irradiance outer region of the focused beam carries enough
energy to produce permanent partial depolarization and per-
sistent backlight leakage. This makes the effective functional
damage footprint larger than the Zone 4 at the center. The
severity of damage is specific to this optical geometry (37 mm
aperture, 45 mm focal length PMMA lens) and this display
design (Motorola Moto G XT1032); enclosures with differ-
ent aperture sizes, focal lengths, or lens materials, and dis-
plays with different front stack compositions or thermal mass,
may produce different outcomes. However, to achieve larger
Field of View (FOV) for better immersive gaming experience,

Figure. 5 Stage 7 Consolidated Contact Calibration and Crossed-
polarizer Functional Validation. (5a) Temperature sweep (85-140°C,
1 s) on the intact APCF hard coat surface, permanent damage at
all temperatures from 85°C (lowest tip temperature tested, empiri-
cal upper bound of onset) (5b) Dwell time sweep (180°C, 2/5/10 s)
on the intact APCF/hard coat surface: progressively larger central
degradation zones. (5c) after partial mechanical peeling off the hard
coat/APCF layer, the underlying PSA damage revealed as brownish-
gold degraded spots. (Note: The regular vertical lines visible in
the background of panels 5b and 5c are the native TFT glass signal
lines showing through the transparent optical stack.) (5d) Crossed-
polarizer inspection configuration. (5e-5f) 1-second contact burns
on exposed PSA surface at 85-110°C: normal illumination (5e);
crossed-polarizer inspection (5f) confirming permanent polarization
function loss from 85°C. (5g—5h) 180°C PSA burns (2/5/10 s): nor-
mal illumination (5g); crossed-polarizer inspection (5h) revealing a
dark central core surrounded by a bright leakage ring.

advanced VR headsets tend to use larger aperture lens that’s
designed with better aberration control — meaning the effec-
tive concentration ratio could be even higher than the specific
configuration tested in this study, thus the risk of accidental
solar damage could be higher if not properly designed. Con-
sequently, users should be strongly advised against leaving
VR enclosures unattended in direct sunlight. To mitigate these
risks, hardware manufacturers could consider integrating au-
tomated lens covers, solar-triggered mechanical shutters, or
more thermally stable optical film materials.

Several limitations must be acknowledged. This study was
conducted using a single smartphone model paired with one
specific VR enclosure style. Furthermore, the two tempera-
tures within the failure cascade were empirically established
in this work: the lowest contact temperature producing ob-
served damage (>85°C, via Stage 7 Step 3 thermal contact
experiments, empirical upper bound of onset temperature) and
the measured backside surface temperature at the focal cen-
ter (~186°C via Stage 5 LWIR measurements). The precise
boundary temperatures at which the Zone 2/3 and the Zone
3/4 transition occur within that 85°C-186°C interval were not
directly characterized. Direct in-situ layer measurement re-
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mains a fundamental challenge because front-side LWIR ther-
mometry physically blocks the incoming solar flux, rear-side
LWIR thermometry cannot resolve individual layer tempera-
tures through the opaque stack, and embedding temperature
sensors could measure the layer temperature but would fun-
damentally alter the thermal conductivity under study. The
Zone 4 spectral interpretation is consistent with but not yet
confirmed by the cited spectroscopic evidence; Raman and
UV-Vis transmittance measurement of the isolated degraded
polarizer layer from this study is identified as priority future
work. The polarizer rescue test (removing the damaged front
polarizer and replacing with a fresh calibrated analyzer over
the damaged region) would directly confirm the front polar-
izer as the sole source of permanent operational failure. Fi-
nally, a comparative thermal analysis of OLED display panels
is reserved for future research.

Conclusion

In this study we established the layer-by-layer thermal fail-
ure cascade of a LCD under concentrated solar radiation in
a low-cost Google Cardboard VR viewer. First, we obtained
a geometric concentration ratio estimate of ~423 by measur-
ing the lens focal spot under solar noon condition; second,
we identified that the front polyvinyl alcohol (PVA) polarizer
failed first by deconstructing the damaged LCD panel layer-
by-layer, with LWIR camera further revealing that the back-
side surface temperatures of the front polarizer stack reached
~186°C under concentrated solar radiation. Through separate
thermal contact experiments, we confirmed permanent polar-
ization function loss beginning at 85°C (lowest temperature
tested). Under the 37 mm aperture lens configuration, we
found that the CF array under the front polarizer is structurally
intact, but we did not find any visible thermal damage on each
of the BLU sub-components. A four-zone degradation pattern
is identified, showing progressive damage severity and back-
light leakage. These findings highlight a critical consumer
safety hazard in VR hardware.
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