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Figure 1: (a) ChromoLCD is a compact, high-resolution surface reprogrammer for surfaces treated with photochromic material.
ChromoLCD consists of an LCD panel and a backlight with UV and RGB LEDs to achieve high-resolution light patterns at the
required wavelengths. ChromoLCD can be used to (b) place reversible tracking markers in the physical environment, (c) stamp
custom designs on the user’s clothing within minutes, and (d) create high-resolution reference images on a whiteboard that can

be augmented.

ABSTRACT

Color-changing materials, such as photochromic pigments, allow
objects to have reprogrammable multicolor surface images. Exist-
ing systems that reprogram these images are based on projectors
and LEDs, each with advantages and limitations in device porta-
bility and image resolution. In this paper, we present ChromoLCD,
a surface reprogrammer that uses a liquid crystal display (LCD)
to achieve a compact handheld device without sacrificing image
resolution. ChromoLCD consists of an LCD panel with a custom
backlight containing R,G,B and UV LEDs, forming high-resolution
light patterns with the required wavelengths. The compact form fac-
tor of ChromoLCD enables on-the-fly reprogramming of everyday
surfaces. Our technical evaluation shows that ChromoLCD achieves
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a resolution of 25 ppi, which is 8 times better than the prior work.
We demonstrate ChromoLCD with three applications, including the
stamping of reprogrammable AR markers on a kitchen counter,
on-the-fly designs on personal accessories, and reference pictures
on a whiteboard.
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1 INTRODUCTION

Creating visually dynamic surfaces has been an area of interest in
HCI, with applications ranging from product design to integrated
displays. Researchers have worked on various methods to achieve
visually dynamic surfaces, including optical structures [22, 28]
and active materials [9, 10]. Most active materials, such as ther-
mochromic [23] and electroluminescent displays [10], limit the
image transition to a predefined set of states. Photochromic mate-
rial, whose color can be controlled with light, allows for multicolor
high-resolution images that can be fully reprogrammed [12].

To create images on photochromic surfaces, researchers have
developed optical systems that selectively expose areas of the dye.
Single-color photochromic reprogrammers typically saturate pho-
tochromic pixels with UV light and rely on ambient visible light to
erase the image. For instance, researchers have used UV lasers [2]
or grids of UV LEDs [21] to create single-color images on pho-
tochromic surfaces.

Multicolor photochromic reprogrammers, on the other hand,
require precise control over both the wavelengths and the inten-
sity of the light to individually saturate each color channel. By
combining UV and RGB projectors, researchers have achieved re-
programmable high-resolution textures on the surfaces of 3D ob-
jects [12, 25]. However, projector-based systems are typically large
and require enclosures to block UV light, limiting the portability of
the reprogrammer and the surfaces they can be used on.

To improve portability, researchers have turned back to LED-
based reprogrammers. For instance, PortaChrome [29] achieves this
using a hexagonal array of UV and addressable RGB LEDs to supply
the required wavelengths, and a custom optical diffuser to align
the RGB and UV lights onto the required pixels. The compact form
factor of PortaChrome enables mobile reprogramming on wearable
surfaces, such as a backpack mounted system that can reprogram a
user’s T-shirt. However, its resolution is limited to 3 pixels per inch
(ppi) by the size of the smallest commercially available UV LEDs.

Improving the resolution of LED-based reprogrammer relies
on the miniaturization of LEDs, especially at the UV wavelength,
which requires decades of industrial research [14]. Even with suffi-
ciently small LEDs, aligning the light from the LEDs of different
wavelengths to the same pixel remains challenging. Liquid crystal
displays (LCDs) provide a way around this challenge. LCD panels
are commonly used in everyday screens, such as computer monitors
and phone displays, to map a uniform backlight into high-resolution
light patterns through selectively blocking individual pixels. In a
photochromic reprogrammer, the LCD panel can create aligned
high-resolution light patterns at the four required wavelengths,
solving both the resolution and the alignment challenges.

In this paper, we present ChromoLCD, the first LCD-based repro-
grammer for photochromic surfaces, combining the portability of
an LED-based reprogrammer and the high resolution of a projector-
based one (Figure 1). ChromoLCD consists of a monochromatic
6-inch LCD panel with a custom backlight containing R,G,B and
UV LEDs, which yields high-resolution patterns at the required
wavelengths. Due to its compact form factor, ChromoLCD enables
on-the-fly creation of high-resolution reprogrammable patterns on
flat photochromic surfaces. ChromoLCD has a resolution of 25 ppi
and reprograms multicolor images in 15 minutes. We demonstrate
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ChromoLCD with three applications: reprogrammable AR mark-
ers on a kitchen counter, on-the-fly design changes on personal
accessories, and annotate-able reference pictures on a whiteboard.

In summary, we contribute:

o the first LCD-based photochromic reprogrammer that achieves
high-resolution light patterns at the required UV and RGB
wavelengths, allowing for creating high-resolution multi-
color images on photochromic surfaces while retaining a
compact form factor.

e a technical evaluation of the image resolution of the LCD-
based reprogrammer, the transmittance and contrast ratio
of the LCD panel and the performance on saturating and
desaturating each channel of the photochromic dye;

o three applications that showcase the capability of augment-
ing the physical environment with ChromoLCD, such as
reprogrammable AR markers on the kitchen counter, on-
the-fly redesign of personal accessories, and high-resolution
reference images on a whiteboard.

2 RELATED WORK

We review relevant works on color-changing materials systems,
fabrication resolution of handheld devices, and reprogrammers for
photochromic material.

2.1 Color-Changing Systems in HCI

Researchers have explored color-changing systems with a variety of
technologies and applications. Optical effects have been used to cre-
ate dynamic patterns that interact passively with mechanical input.
For example, Polagon [22] uses multi-layer birefringent material
to show a variety of colors when the material is rotated. Lentic-
ular Objects [28] uses lenticular lens structures to create objects
that show different surface textures across multiple viewpoints.
MoiréWidgets [3] uses the Moiré effect to create dynamic interfer-
ence patterns through aligning of the layers with different offset
values.

Color-changing materials are often used to create digitally con-
trolled appearances on surfaces [8]. For example, electrolumines-
cent materials are sprayed on object surfaces to turn them into
single-color displays (ProtoSpray [10], Object Skin [7]). Upcycled
e-ink films are used to create custom bi-stable black-and-white dis-
plays (FabricatINK [9]) with embedded electrodes turning them on
and off. Active materials that interact with triggers other than elec-
tric field can also achieve controlled image change with specifically
designed actuators. For example, thermochromic materials have
been used in combination with various heating sources, such as
embroidered conductive traces (Embr [5]) or fluid channels (Ther-
motion [27]), to create multi-state color patterns. Researchers have
also created 3D-printed structures that react with magnets and use
arobot hand to create reprogrammable patterns (3D-Printed Magne-
tophoretic Displays [26]). Closer to our work, PhotoChromeleon [12]
and PortaChrome [29] use different light sources to control pho-
tochromic color-changing materials, whose color can be repro-
grammed with light, achieving fully reprogrammable multicolor
patterns.
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2.2 Fabrication Resolution of Handheld Devices

HCI researchers have explored ways to combine the interactivity
of a hand tool with the precision of a larger-scale digital fabrication
machine. For instance, FreeD [30] presents a Dremel-like tool that
only allows material removal in speci c locations to achieve the
precision of a CNC machine while providing an embodied experi-
ence. D-Coil 19 presents a handheld wax extruder with stabilized
movement to achieve the precision close to a 3D printer. On 2D
devices, Rivers et. al§ develops a pattern-tracking system on a
handheld 2D CNC, extending the scalability of CNC while keeping
the product high-resolution. Print-A-Sketch@ augments a hand-
held printer to allow for printing conductive ink on any surface
while using a tracking system to achieve the precision required
for electronic footprints. In the context of photochromic material
interaction, PortaChrome2§] presents a portable version of Pho-
toChromeleonl), its stationary counterpart, extending the color-
change applications while sacri cing in resolution. In ChromoLCD,
we introduce an approach to achieve such device portability while
enabling a resolution comparable to its stationary counterpart.

2.3 Light Sources in Photochromic
Reprogrammers
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into user's shoes to create single-color binary patterns on carpets
coated with photochromic dye as the user walks. PortaChrogék [
extends this interaction into multicolor by creating a hexagonal
array of UV and RGB matrix and an optical di user to direct the
light to the same pixels. However, the resolution of LED-based re-
programmers is limited by the size of the LEDs available, especially
at UV wavelengths.

In ChromoLCD, we introduce a liquid crystal display (LCD)
panel to achieve both the high resolution of projector-based re-
programmers and the portability of the LED-based ones. LCDs
work by selectively blocking light at individual pixels, turning a
uniform backlight into a high-resolution light pattern at its orig-
inal wavelength. In addition, this approach inherently solves the
challenges of aligning di erent wavelengths of light since all wave-
lengths pass through the same pixel matrix, allowing for multicolor
photochromic images without complex optics.

3 CHROMO-LCD

Researchers have used various light sources to achieve photochromic

reprogrammers, including UV lasers, projectors, and LED matrices,
to achieve di erent levels of color space, portability, and image
resolution.

Laser-based reprogrammers use UV lasers to precisely sat-
urate pixels on photochromic-coated surfaces, producing high-
resolution images. For instance, Slow Displad [uses an enclosed

UV laser to draw vector images on photochromic paper. UbiChronZics [
uses a 405nm laser to create interactive traces room-scale surfaces.

However, due to their vector-based nature, existing laser-based
reprogrammers are limited to line-drawing styles and are only
compatible with single-colored photochromic systems.

Projector-based reprogrammers archives high-resolution mul-
ticolor images by precisely aligning UV and RGB projectors to il-
luminate the same pixel with multiple wavelengths. This enables
individual control over the cyan, magenta, and yellow photochromic
channels, expanding the achievable color space of the photochromic
system to close to that of traditional printers. Speci ally, Color-
Mod [17], Photo-Chromeleod and ChromoUpdate?f] are sta-
tionary reprogrammers with a enclosed UV and RGB projectors and
allow users to reprogram a photochromic object's surface texture
by placing it on the the turn table and projecting from di erent
angles. ChromaNailg] miniaturizes this concept by embedding a
projector and UV LED into a nail-curing machine, enabling mul-
ticolor patterns on photochromic nail polish during the curing
process. Photochromic Canvad] embeds a small white-light pro-
jector into a brush-like handheld light source to create repeated
single-color patterns on pre-saturated photochromic papers. Be-
cause projector-based reprogrammers require distance from the
surface for projections, further miniaturization of projector-based
programmers remains challenging.

LED-based reprogrammers, in contrast, come with great porta-
bility, extending the range of application of photochromic images.
For instance, Photochromic Carp2i][integrates UV LED matrices

Figure 2: ChromoLCD is a high-resolution photochromic
surface reprogrammer. To create a photochromic image, the
user stamp the ChromoLCD device on surfaces previously
coated with photochromic material.

3.1 ChromoLCD Interaction

ChromoLCD is a compact, high-resolution, and multicolor pho-
tochromic surface reprogrammer. To use it, the user holds Chro-
moLCD in direct contact with a surface that has been pre-coated
with photochromic material. Figure 2 shows an example of on-the-
y reprogramming with ChromoLCD, where a user updates the
patterns on kitchen tiles previously coated with photochromic dye.
When in contact, ChromoLCD rst illuminates the photochromic
kitchen tiles with high-resolution light patterns at the wavelengths
of UV (365nm) to saturate each pixel to its necessary saturation,
activating cyan, magenta and yellow color channels at the same
time. ChromoLCD then illuminates the photochromic surface with
high-resolution light patterns at 444nm, 524nm and 656nm to indi-
vidually desaturate each color channel to the required saturation
level at each pixel. The resulting images are high resolution, and the
compact form factor of ChromoLCD allows the user to reprogram
any at photochromic surface they can reach.
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3.2 ChromoLCD Device

ChromoLCD consists of a monochromatic LCD panel paired with a
custom backlight (Figure 3). This design allows high-resolution light
patterns to be created in both UV and RGB wavelengths required
to reprogram the multicolor photochromic material. Similar to
the working principle of conventional LCD displays, the backlight
creates uniform light while the monochromic LCD panel selectively
controls whether the light from the backlight can pass through each
pixel, allowing it to saturate or desaturate each pixel independently
on the photochromic surface. Both the backlight and the LEDs are
controlled by a microcontroller with a touch panel interface for user
input and control. In the next paragraphs, we go through the design
choices and fabrication details of all parts of ChromoLCD device,
including the LCD panel, the backlight, and the control system.

Figure 3: (ChromoLCD consists of an LCD panel that blocks
light on a per-pixel basis and a backlight supplying both
UV and RGB light of required wavelengths, allowing it to
create reprogrammable high-resolution light patterns at the
required wavelengths.

Table 1: LCD Panel Compatibility with 365nm UV Backlight

Screen Part # Size Color Type Transmits at 365nm
LS055R1SX04 55inch RGB No
DBT066MONO 6.6inch  Monochromic Yes
YG2011A0 6.6 inch Monochromic Yes
YM2305A0 10.1inch Monochromic Yes
DBT101MONO 10.1inch Monochromic Yes

LCD Panel: The LCD panel controls the shape of the light pattern
that reaches the photochromic surface. In an LCD panel, each pixel
can be electrically switched between a transmissive or opaque
state. When a pixel is turned into its transmissive state, light from
the backlight passes through the LCD to reach the photochromic
surface while opaque pixels block the light.

Conventional RGB LCD displays create multicolor images by
using a white backlight combined with red, green, and blue color
Iters for each pixel, Itering out unwanted wavelengths and thus
allowing each pixel to display as red, green, or blue. This approach
prevents UV light from passing through regardless of whether
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the pixel is turned on or 0, as it is Itered out in all of the pix-
els. In contrast, monochromatic LCDs do not have Iters. When a
pixel is in its transmissive state, light of any wavelength can pass
through. This allows us to achieve the wavelengths required for
photochromic material by designing a custom backlight containing
the wavelengths needed for saturation and desaturation.

Since many commercially available monochromatic LCDs con-
tain UV lters [ 19, we source ours from LCD 3D printers, which
are the primary application for UV-transmissive LCD panels. We
test and evaluate the LCDs used in di erent models. Table 1 lists
ve LCD panels Since UV light transmissivity is not commonly
tested as it is for visible wavelengths, we conducted our tests to
nd out whether they transmit UV light. Speci cally, we displayed
a stripe pattern using a 365nm UV backlight, which is required to
saturate the photochromic material. After two minutes of exposure,
we observed whether the pattern appeared on the photochromic
surface in contact with the LCD (Figure 4a). The LCD panel in
Elegoo Mars (part numbeb:S055R1SXPturns out to be an RGB
LCD, and thus allows no 365nm UV light to pass through, and is
not suitable for ChromoLCD. Figure 4b shows the result and con-

rms that UV light does not pass through an RGB LCD panel. In
contrast, the monochromatic LCD used in the Elegoo Mars 3 (part
number:YG2011AGuccessfully transmits 365nm UV light, form-
ing the stripe pattern on the photochromic surface after exposure.
This shows that it is suitable to be used in ChromoLCD (Figure 4c).
Other monochromic panels form similar patterns. In this paper, we
demonstrate our system using the LCD pané52011AQ0sed in
Elegoo Mars 3 because of its commercial availability as a 3D printer
replacement part.

Figure 4: Comparison between LCD with di erent materi-
als: (a) test whether an LCD panel is UV transmissive by
displaying a stripe pattern with a UV backlight; (b) RGB
LCD panels do not allow 365nm UV light to pass through;
(c) monochromic LCD panels allow 365nm UV light to pass
through.

Backlight: While the LCD panel controls the shape of the light
pattern, the backlight provides the light itself, determining its wave-
length and intensity. Since the photochromic material saturates
under 365nm UV light and desaturates at individual color channels
with di erent wavelengths of visible light [LZ, we select LEDs
with wavelengths that optimize for individual control of the color
channels. Speci cally, we chos&/L-SUT#¢ the UV LED, which
has peak wavelength of 365nm and allows full saturation of all
three color channels, and1SP-DRD000280000&2835 GREEN
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andL1SP-RYL0002800000r the RGB LEDs with their measured
wavelengths shown in Figure 5a.

Figure 5: Backlight of ChromoLCD: (a) wavelengths of the

LEDs on the backlight compared with the absorption spec-
trum of the photochromic color channels. (b) LEDs are con-
nected in series of three and controlled by a MOSFET for each
individual color; (c) manufactured PCB for the backlight.

The LEDs are powered by a 12V battery and in series of three,
each color controlled through an N-channel MOSFET (Figure 5b).

To optimize light intensity to achieve faster reprogramming, we

TEI'26, March 08 11, 2026, Chicago, IL, USA

powered by a power bank that has a 5V and a 12V output. The LCD
panel is run by an HDMI driver board through the HDMI portal
and powered by the 5V output. The backlight module is controlled
via the GPIO pins on the microcontroller and powered by the 12V
output.

The microcontroller computes the pattern sequence to be dis-
played on the LCD panel. To compute the desaturation time, we
use the same algorithm as in ChromoUpda&&][ Because of the
limited processing speed of a microcontroller compared with the
desktop computer used in prior work, we precomputed and stored
all combinations of the required desaturation time to achieve a
color to speed up the computation time (source cdde

Figure 6 shows the sequence of the light pattern displayed on
the LCD panel to form the image in Figure 8b. Speci cally, the
backlight is turned on in the order of UV for saturation and R,G,B
for desaturation, one at a time. Under each backlight color, the LCD
panel displays a computed video that turns each pixel transmissive
for a certain time to allow the backlight to pass through, achieving
the desired saturation level for the color channels on that pixel.

4 USER INTERFACE

The ChromoLCD device is a standalone device and does not re-
quire connecting to an external computer to function. It has an
integrated touchscreen interface on the device body. The user can
select the image and the reprogramming mode to allow the device
to show the light pattern that generates the speci ed image on the
photochromic surface. We will demonstrate the texture-specifying
process with the example of reprogramming a reference image on
a photochromic-coated whiteboard.

packed the LEDs as closely together as possible (Figure 5c¢). In the

resulting backlight, each color can be individually turned on or o
with a 3.3V digital signal (Figure 5d).

Figure 6: Image sequence on the LCD panel under each back-
light color to form a multicolor pattern.

Control Circuit and Pattern Sequence: Both the LCD panel and
the backlight are controlled with a Raspberry Pi 5 microcontroller

Figure 7: (a) The user interacts with ChromoLCD through
a touchscreen interface. (b) The user selects the image to
reprogram into.

Select Image: To select the target image to reprogram into, the user
loads the image by selecting the "Select Image" button (Figure 7a).
After the user speci es the image, the image will be displayed in
the interface for the user to con rm (Figure 7b).

Color Reprogramming: The user selects the "Reprogram” button

to start the reprogramming process. Because the color space of
multicolor photochromics is smaller than that of the RGB color
space due to the limitation of available photochromic dyag]| the
desaturated pattern will di er from the desired image. Therefore,
when the user starts the process, a preview of the expected repro-
grammed result and the time needed for the reprogramming will

1Source code will be released upon publication.
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Figure 8: (a) Preview of the the reprogramming results; (b)
reprogrammed physical result; (c) the user can interact with
the physical result.

be displayed on the right (Figure 8a). After previewing the image,
the user can select the "Start" button to start the image transfer pro-
cess. Figure 8b shows the result of the reprogrammed image on the
whiteboard, which took 11 minutes. The user can annotate on top
of the reprogrammed image with a whiteboard marker (Figure 8c).

5 EVALUATION

In this section, we evaluate the performance of ChromoLCD by mea-
suring its achievable resolution and the saturation and desaturation
curves of the color channels. We also characterize the monochro-
matic LCD panel by measuring its transmittance and contrast ratio
on the color channels.

5.1 Resolution
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Figure 9: The pixel resolution on photochromic surfaces of
surface textures.

5.2 Transmittance of LCD Display

Apparatus and Procedure: The transmittance of an LCD measures
the percentage of light that can pass through the displad[ When

LCD panels are turned on, pixels on the LCD can be turned into
a state that shows high transmittance, allowing the backlight to
pass through. In the context of ChromoLCD, the transmittance of
the LCD determines the e ciency of the device. To measure the
transmittance of the ChromoLCD display, we used a spectrometer
(model: Thorlab CSS200) to measure the spectrum and equivalent
light intensity at the same location with no LCD panel, an LCD
panel at its transmissive state (turned on) and one at its opaque
state (turned o ). During the measurement, the probe is secured at
the same location, and the light integration time is kept consistent
for each color.

Figure 10: Transmittance of LCD panel in ChromoLCD: 2.1%

Apparatus and Procedure: While the ChromoLCD has a 4k resolution ynger wavelength of 365nm, 5.1% under 444nm, 4.1% under

LCD panel, other factors, such as the di usion when light travels
through the front glass panel covering the liquid crystal and the
surface di usion on the photochromic surface, can yield a di er-

ent resolution of the resulting photochromic pattern. We measure
the resolution of ChromoLCD by creating a pattern with square
pixels of side lengths ranging from 1mm to 20mm, reprogramming
photochromic surfaces of di erent textures with this pattern, and

observing the result.

Results: Figure 9 shows the resulting resolution of the pixels with
di erent side lengths. The vinyl device casing, which has a textured
surface, has identi able pixels of 2mm width. In comparison, the
clay panel, which has a smooth surface, has identi able pixels of
1mm width. This is likely because smooth surfaces are in better
contact with the LCD panel and thus have less surface di usion.

524nm and 4.9% under 656nm. Plots are scaled for better
readability.

Result: Figure 10 shows the transmittance of the LCD panel in Chro-
moLCD under the four wavelengths supported by the backlight.
The measurement of the UV light is scaled for ease of observation.
The measured transmittance of the LCD panel in the ChromoLCD
is 2.1% for UV light at 365nm, 5.1% for blue light at 444nm, 4.1% for
green light at 524nm and 4.9% for red light at 656nm. This is consis-
tent with the transmittance of the conventional LCD, which is 4%
to 7% []. Because of the scarcity of UV applications, commercially
available LCD panels are not optimized for UV backlight, resulting
in lower transmittance than other bands.
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