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Figure 1: We envision LuxAct being integrated into everyday objects such as pill bottle, paper towel dispenser, baby stroller,
and rain-collecting barrel, imbuing sensing and interactivity to improve context awareness and enrich AR experiences.

ABSTRACT

Imbuing sensing and interactivity into everyday objects has long
been sought after within the HCI community to facilitate richer and
more immersive user experiences. However, conventional methods
rely on costly hardware, such as embedded sensor tags, or passive
visual markers that lack digital capabilities to sense user context.
We present LuxAct, an interaction-powered visual communication
system that enables everyday objects to encode their information
and user interaction data into sequences of RGB color light. These
sequences are decoded by Point of View (POV) cameras on AR
headsets or smart glasses to derive meaningful information from
interactions. LuxAct are self-powered and ultra-low-cost, leveraging
striking and plucking on piezoelectric generators to harvest energy

Permission to make digital or hard copies of part or all of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for third-party components of this work must be honored.
For all other uses, contact the owner/author(s).

UIST ’25, September 28-October 1, 2025, Busan, Republic of Korea

© 2025 Copyright held by the owner/author(s).

ACM ISBN 979-8-4007-2037-6/2025/09.

https://doi.org/10.1145/3746059.3747392

from user interactions. Through strategic pattern design, our system
transforms visual channels into carriers of both object identification
and sensory data, supporting applications with rich sensing needs.
We demonstrated a wide range of use cases, including interactive
controls, sensate storage, smart water hose, medicine reminder,
fingertip probes and beyond, offering a practical alternative for
digitalizing passive objects to enable ubiquitous sensing in AR-
enhanced environments.
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1 INTRODUCTION

Sensing user interactions forms the backbone of a wide array of
HCI applications, from smart homes to wearables like smart glasses,
with rising interest in advancing these capabilities for richer AR
interactions. However, scaling such capabilities faces significant
challenges. On the AR device side, adding sophisticated sensors to
wearables is limited by stringent constraints on power, size, and
form factor. On the object side, incorporating digital components
into passive objects and environments requires significant men-
tal and physical effort to maintain the power of these thousands
of objects in various locations. Consequently, current practice in
physical-digital integration is still confined to two extremes: low-
cost, passive markers such as QR codes and RFID tags for object
identification, or expensive, powered digital devices such as smart
home sensors for sensing, as illustrated at the two ends of Figure 2.

In response, extensive research in the HCI community has been
motivated toward ultra-low-cost, low-power, or passive interfaces
for interactive sensing. For example, self-powered sensors are de-
signed to convert a broad range of user activities into electrical
signals, which, however, rely on costly and custom-built hardware
to retrieve the data and are poorly suited for integration into AR
wearables [5, 6,34, 76, 82, 86]. Passive interfaces are created to strate-
gically convert static information, such as object identification (ID),
and dynamic user inputs, such as pressing buttons and sliding knobs,
into acoustic signals captured by microphones [24, 41, 62] or optical
signal changes perceived by camera sensors [10, 17, 18, 49, 84, 87].

In this research, we extend the potential of interactive sens-
ing through visual channels. We propose LuxAct, the design of
interaction-powered illumination mechanisms that enhance every-
day objects with visual communication capabilities through sequen-
tial color patterns. We identify visible light as a promising carrier
signal to encode user activity and interaction information, for the
benefits it offers: First, light emitters (i.e., LEDs) often feature their
light-weight nature, broad viewing angle, low power consumption,
and affordability [51]. They effectively address concerns regard-
ing scalability and power efficiency in augmenting passive daily
objects with digital capabilities. Second, the broad color space in
the light wavelength offers a wide spectrum for mapping sensory
information for efficient data transmission [30]. This promise of
light as a signal is evidenced by recent research in Visible Light
Communication (VLC), using light as a communication medium
in addition to illumination, in response to the growing congestion
in the RF spectrum and the need for costly RF transceivers and
demodulators [7, 42]. Finally, visible light as a carrier signal can be
cheaply encoded with resistance, one of the most profound electri-
cal properties. Resistances have been utilized to reflect many target
signals such as force, temperature, strain, deformation, and light,
enabling the conversion of a wide variety of user activities and
environmental information into light variations through low-cost
circuits and structurally simple mechanisms.

Closer to our research is literature which created passive visual
markers for object tracking [17, 18] and tangible interfaces for in-
teractive sensing [10, 84, 87]. However, these approaches are either
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Figure 2: On the spectrum of passive markers for identifica-
tion only, and digital devices for sensing and communication,
LuxAct is in between.

limited by the signals they can communicate to cameras or require a
large surface area to encode data. LuxAct showcases a broader self-
powered communication capability by embedding the identification
of objects, sensing of user activity and interaction, and sensing of
environmental facets (e.g., resource availability, temperature), into a
compact, dot-sized LED marker that communicates with RGB POV
cameras. Figure 1 illustrates this vision. Specifically, our system
harnesses the kinetic energy from user interactions to power multi-
color LEDs, which are sequentially illuminated by a structured
piezoelectric power generator. The data, comprising identification
and information sensed from the environment, is modulated into
colors and embedded in the geometry of the power generator, en-
abling the simultaneous energy conversion, sensing of interactions,
and transmission of data. This system design eliminates the need
for batteries, components like oscillators and micro-controllers to
modulate signals for VLC, further reducing system complexity and
costs, and shifting ubiquitous sensing towards the left end of the
spectrum, as shown in Figure 2, to enable scalable deployment akin
to passive markers to enhance AR interactivity.

To the best of our knowledge, LuxAct is the first research to
utilize kinetic interaction energy through piezoelectric power gen-
eration to augment everyday objects with visual communication
capabilities. Rather than focusing on high-fidelity sensing or supe-
rior system performance, our work emphasizes the demonstration
of a complete, interaction-powered VLC system on everyday ob-
jects, supported by proof-of-concept designs, validation studies,
and evaluations. Along the way, our research has revealed several
limitations, including challenges in camera-LED detection under
ambient lighting and body motion in AR settings, potential intru-
siveness of LED signals, and the need for systematic investigation
into signal modulation, which require further improvements in
future work. Our research contribution is summarized as follows:

o Exploration of power generator designs with piezoelectric
energy harvesting (e.g., plucking and striking) for LED illu-
mination with minimal mechanical and electrical overhead.

e Design of an activity-sensitive information encoding scheme,
and encoder modules that account for both motion dynamics
and information transmission constraints.

o Implementation of first-principle algorithms for camera-LED
detection and information decoding.

e Development and evaluation of 10 applications in a wide
range of scenarios, including object identification, interactive
controls, fingertip sensing probes, and beyond.
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2 RELATED WORK

2.1 Piezoelectric Energy Harvesting

Piezoelectric effect has been primarily used for sound, vibration,
and pressure sensing. In HCI community, piezoelectric effect has
been utilized to design novel interfaces for sensing surface geom-
etry [60], food intakes [67], oral health [31], human posture [12]
and touch gestures on eyeglasses [74], rings [68], garments [3],
object surfaces [54, 66, 80], and knock on smartphones [73], hitch-
hiking the acoustic and vibration signals during an interaction. In
these applications, the piezoelectric elements (hereafter referred to
as piezos) operate as self-powered sensors, generating differential
voltage signals that are amplified and sampled using externally pow-
ered computing devices to retrieve the original information. On
the other hand, piezos are made into power generators to harvest
kinetic energy and supply power to external devices, with notable
applications in piezoelectric floor tiles and insoles that generate
power from footsteps [53, 61]. Piezos are also employed in gather-
ing energy from water flow [36, 52], civil structure oscillations [33],
object motions [44], and human body movements, including knee
motions [57], breath and elbow flex [48]. Given the limited amount
of power generated by piezos, considerable engineering efforts are
dedicated to optimizing the design of the energy transducer, in-
cluding using oscillating mechanisms to up-convert the frequency
of kinetic motions to the resonant frequency of the piezoelectric
materials [56]. A technological closer work investigated the per-
formance of piezos for flashing an LED, but relied on motorized
oscillating mechanisms [13], which differ from interactive power
generation in our research.

2.2 Interaction-Powered Object Identification
and State Sensing

The convergence of the physical and digital worlds has generated
increasing interest in self-powered interactive interfaces, as they
enable ubiquitous computing while reducing the need for man-
ual battery maintenance. Leveraging the distinct patterns inherent
in human interaction with physical objects, interaction-powered
sensing has been extensively explored. Examples include Moiré
patterns, which emerge from the visual interference between two
superimposed linear structures with differing spatial frequencies
[84], acoustic signals generated by 3D printed objects scratched by
user interactions [62], capacitance changes yielded from dynamic
coupling patterns [2], and RF backscatter generated through vary-
ing reflectivity [34, 69, 77]. Similar to prior work demonstrating
how the sound of tearing Velcro can function as a low-cost and
passive label [41], distinctive click sounds from handheld mobile
VR controllers [24] can enable robust object identification and in-
teraction detection through simple acoustic analysis. In parallel,
ambient energy sources has been explored to power interactive
systems without relying on conventional batteries, including light
[45, 71, 82] and motions [4, 14, 47, 76].

Close work is self-powered input interfaces, which in this context
refers to a compact, standalone device capable of generating power
for sensing and communicating with other devices without needing
any additional sensors and electronics. This has shown success
in research [5, 55, 71] and commercial products including the ZF
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energy harvester [81], DFRobot self-powered wireless switch, all of
which convert energy into RF signals necessitating more harvested
energy to function and specialized receivers to receive signals in a
specific frequency, significantly hindering their deployment. Unlike
these works, LuxAct converts energy into visible light. While a
point light has also been studied as an information indicator via
various light emission and changes in light intensity over time
[27], LuxAct makes itself apart from the prior work as an optical,
dot-sized marker delivering information through color changes.

2.3 AR Object Interaction

Interaction-driven sensing enabled communication with physical
objects in virtual environments, reshaping the landscape of tangible
interaction in see-through interfaces.

Sketched Reality [37] establishes synchronized bidirectional
interactions between virtual sketches and physical props, while
HoloBots [32] allows remote users to manipulate local tangible
tokens, based on synchronized robotic devices (i.e., swarm robot
platform). Augmented Object Intelligence (AOI) [19] enables seam-
less integration of physical objects as interactive digital media to
identify objects and retrieve contextual information on the web in
real time. X-AR [9] further expands interaction bandwidth between
a user and physical objects by localizing and tracking RFID-tagged
objects that are out of the viewing angle of AR glasses. X-Vision [25]
combines RFID sensing and depth-camera pose tracking to overlay
real-time data onto tagged objects using AR headsets. These works
are based on the recognition of physical objects that are already
known (e.g., using Toio robotic systems), or on integrating antennas
to the AR glass to identify target objects tagged with RFID. LuxAct
differentiates from these works by being able to recognize target
objects when natural interaction turns into signals by actuating
information and transmitting them as light signals (e.g., struck,
plucked), capturing using a native RGB camera. It enables passive
objects to emit structured, time-sensitive, and precise data through
low-cost communication.

2.4 Camera-Based Communication

As cameras are becoming increasingly pervasive with ones embed-
ded in billions of smartphones and, soon, smart glasses, cameras
serve as the primary sensors for reconstructing and interpreting
critical information, such as 3D printed identical objects identifica-
tion using visible surface texture [17] and non-visible texture [49],
interaction patterns using passive moiré encoding, where small
physical movements change visual interference patterns captured
by cameras [10]. Further investigating AR camera as sensing appa-
ratus, InfraredTags [20] embeds invisible AR markers for infrared-
based 3D Printing and imaging tool interpretation, Imprinto [22]
employed watermarking for human and machine perception, to
allow for invisible content embeddings with off-the-shelf IR inks.
This growing integration of cameras into computing devices has
sparked interest in VLC, particularly camera-based VLC, as a way to
hitchhike on existing cameras as free receivers to enhance commu-
nication capabilities. Extensive research has focused on the design
of transceivers [8, 42] and data modulation schemes [30, 78, 79]
to enhance data transmission rates [7] and extend communication
range [29, 63]. The use of rapidly emitted RGB color sequences,
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imperceptible to the human eye, has been explored for enabling
screen-camera communication [38, 59, 72, 83]. Battery-free VLC
has also been proposed to facilitate IoT sensing with visible light
markers [70], tags [50, 65], reflectors [42], and interactive devices
[63]. LightAnchors [1] and InfoLED [75] are pilot works introduc-
ing VLC to AR, leveraging high-frequency blinking of existing LEDs
and light bulbs in the surroundings to augment the environment
and communicate with mobile phones. Recently, EchoSight [43] en-
ables bidirectional VLC using fully featured microcontroller-based
systems on both tags and readers, enhancing user efficiency and ex-
perience in AR IoT applications. Unlike these prior works that focus
on improving VLC data transmission range and efficiency, LuxAct
presents a novel VLC system design that is battery-free, low-cost
and powered by user interaction, augmenting passive objects and
utilizing light channels to enhance AR interactivity.

3 POWER GENERATOR DESIGN

The power of our system is generated through dynamic mechan-
ical deformation of piezoelectric elements. People have predomi-
nantly leveraged two modes for generating power with piezoelec-
tric elements—strike (i.e., d33) and pluck (i.e., d31), with strike being
more effective in generating high voltage and pluck in high current
[64]. Accordingly, our work explores the design of power gener-
ators utilizing both modes. We conducted studies to identify the
optimal mechanical structures for power generation in our system.

3.1 Striking-Based Power Generation

Striking motions typically appear in interactions like button presses
and finger-to-surface taps. Empirically, we found that light taps on
the surface of a small, single piezo disc do not generate sufficient
power to activate an LED—unless an additional capacitor stores
energy from multiple taps for a single discharge, or a significantly
harder tap (high input force) is applied. These motions do not align
well with natural user interaction and require additional mecha-
nisms. We leveraged springs—similar to those used in piezo-based
igniters—to accumulate mechanical energy, which is then released
to drive a component that strikes the surface of the piezo all at
once. Specifically, we 3D printed compliant structures to create a
striking effect on the piezo to improve the power generation. We
used a 13X13 mm, bimorph-structured Rigid Piezo for striking-based
power generation, as shown in Figure 3C.

To understand the effect of different forms of compliant geometry
in power generation, we performed a study with a simple compli-
ant structure (Figure 3A). Bridge thicknesses greater than 0.6 mm
require excessively high pressing force, while bridges thinner than
0.4 mm are beyond our fabrication capabilities using low-cost FDM
3D printers. We decided on a bridge thickness to be 0.5 mm for the
following study. We then varied the angles and lengths of bridges,
and the number of bridge pairs of the compliant structure, and we
measured the power generated by the different geometries. Based
on our experiment, when flashing an LED with the striking mech-
anism, the LED acts as a load of tens of kilo-ohms to the power
source, so we decided on a 47 kQ as the load to isolate the non-
linearity of LED in the power characteristics for this study. The
researcher pressed the mechanisms in each configuration to strike
a piezo (Figure 3A) ten times, and used an oscilloscope to record

Yang et al.

Bridge Bridge
Length_1\ Thickness ¢

\ \ 1\Jr | ‘/

\ N
(I - ) /»;/AL\ [ |
/ < < ;/( AN

\ J
{‘ /

E— A

Rigid Piezo‘_':: Soft Piezo
‘ ”g
10mm

Figure 3: Modules used in validation studies of (A) striking-
based and (B) plucking-based power generation. The motor
mount is for the motorized plucking setup for validation
studies only. (C) Rigid piezo. (D) Soft piezo.
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plucking-based power generation.

the voltage on the resistor. Figure 4A-C shows the power and en-
ergy with different configurations. The results first indicate that the
compliant structure increases the power generation compared with
non-compliant structures (i.e., Figure 4A, number of bridge pairs =
0). We further eliminate less effective designs such as those prone to
breaking after a few uses (i.e., angles>22 degrees, length>8.22 mm).
We finally adopted a two-bridge design with 0.5 mm thickness,
7.72 mm length, and 20-degree tilting angle as the optimal design
for the subsequent application development.
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Figure 5: Circuit diagrams illustrating (A) a conventional RGB LED setup, (B) LED-as-rectifier approach, and (C) plucking-based
color generation. (D) Resistive sensors in LED branches with lower turn-on voltages can enable different color combinations.
Nodes N1 and N2 can be connected to the corresponding nodes in (B) or (C) to enable color changes in the respective branch.

3.2 Plucking-Based Power Generation

Plucking interaction can occur between two moving parts, one
arranged with a plectrum and the other with a piezo element as a
cantilever [40]. There are two steps in the plucking process: contact
phase and release phase [23]. Our experiment revealed that LED
illuminates at the transition between these two phases, while during
the initial stage of contact and the final stage of release, the voltage
remains below the LED’s ON voltage, keeping it from illuminating
to a visible state. We used a Soft Piezo for plucking-based power
generation, for its small size (10 mm diameter), thinness (0.1 mm),
and low stiffness [58], as shown in Figure 3D.

To understand the effect of different forms of plectrum and pluck-
ing behaviors on power generation, we conducted a study. Specif-
ically, we explored three parameters, including plucking speed,
overlap depth and width between the plectrum and the piezo. Con-
sidering the subtle differences between parameters, we leveraged a
motorized plucking setup, as shown in Figure 3B, driven by a speed-
controlled DC motor to perform consistent plucking actions on
the soft piezo to eliminate variability from manual input. We used
the same measurement setup as discussed in Section 3.1. For each
configuration, we 3D printed its module and conducted ten pluck-
ing trials. Figure 4D-F shows the power generation with different
configurations. We found that power and energy remain relatively
unchanged across different speeds and widths, but increase with
greater overlap depth, due to the larger deformation caused by
deeper insertion. However, larger deformations tend to more eas-
ily break the piezo element, and thus we eventually adopted the
3 mm overlap depth and 2.5 mm width design for our application
development for a good balance of power generation and durability
in our research prototypes. From our study, the plucking-based
mechanisms produce a higher current, resulting in an increased
LED light intensity compared to striking-based power generation.

4 INFORMATION ENCODING

Our data encoding avoids oscillators or any digital components
and instead relies solely on the movements of the power generator
driven by user interactions to induce sequential LED illumination.
However, movements during interactions vary over time and differ

among users, resulting in an unknown and inconsistent LED blink-
ing amplitude and frequency. These challenge the effectiveness of
the most common modulation schemes utilized in VLC, including
On-Off Keying (OOK) and Frequency Shift Keying (FSK), which
depend on oscillators to generate specific clock signals to modulate
the transmitted signals, and precise timing between the camera
and LED to decode information (e.g., distinguishing the number of
consecutive "0"s from the duration of LED "off" states). In response,
we adopt Color Shift Keying (CSK) modulation for information en-
coding, embedding data the colors of actively emitted LEDs. Colors
are more tolerant of power fluctuations caused by varying user
inputs, and less sensitive to environmental variations such as am-
bient brightness, making them easier to denoise and decode. By
utilizing a combination of colors, CSK enables higher data rates
through the transmission of multiple data bits per symbol [46].
Specifically, LuxAct employs a 3-CSK constellation with a ternary
data representation — Red (R) = 0, Green (G) = 1, and Blue (B) = 2.

4.1 Activity-Sensitive Color Generation

4.1.1  Principles of operation. The principle behind RGB LEDs gen-
erating different colors lies in controlling the intensity ratios of the
red, green, and blue channels, and combining them to produce a
full spectrum of colors. Figure 5A illustrates a conventional circuit
where varying the resistance in each color branch allows for color
adjustment. As the resistance in one branch increases, the intensity
of the corresponding color channel decreases. Our goal is to map
interactive inputs (i.e., striking or plucking piezos) and environ-
mental signals represented by resistive changes, into color changes,
without relying on microcontrollers and with minimal electronics.
With this objective in mind, we adopted the following approaches:
First, for striking-based power generation, we used LEDs as
components of a rectifier, where different colors are illuminated at
different current directions, as illustrated in Figure 5B. This method
is useful in AR contexts, where POV cameras often struggle to
differentiate between hovering, resting, and actual pressing hand
gestures on surfaces. Forming these interaction-powered, dot-sized
visual indicators into ultra-low-cost, disposable fingertip wearables,
or embedding them onto object surfaces can help cameras to detect
touch inputs and discrete press-and-release events more reliably.
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Second, for plucking-based power generation, we used the circuit
shown in Figure 5C, where each piezo independently generates
power for a specific color. Unlike the first approach, which allows a
single piezo to produce two colors, this method produces one color
per piezo, making it less material-efficient. However, it provides
greater flexibility in generating longer and more dynamic color
sequences (i.e., higher information capacity), as the color sequences
are derived from the order in which the piezos are plucked, instead
of the direction of current flow. It also enables a broader design
space for translating diverse interactive motions into color changes,
such as twisting and sliding, beyond touching and pressing motions.

To broaden the space of activity-to-color mappings for represent-
ing a more diverse set of sensory data, we drew inspiration from
the fundamentals that varying the resistance in each R, G, B branch
can alter the resulting color. We leverage resistive sensors in series
with different color channels to create combinations of colors to
convey sensing information. We use the red and blue channels as an
example to illustrate this approach in Figure 5D. Specifically, when
Rsensor = 0, only the red LED turns on, due to the inherent differ-
ence in ON voltage between red and blue LEDs (typically v, < vp).
When Rsensor increases, the red intensity decreases and the blue
intensity increases. When Rgepnsor approaches infinity (i.e., open
circuit), only the blue LED turns on. We incorporate a more detailed
analysis in Appendix A.2. Visually, the color of the RGB LED shift
from red to blue as Rgensor increases, and this color information can
be utilized to infer sensor data such as applied force or temperature.

4.1.2  Validation Study. To validate the color changes with varying
resistance and identify the effective resistance range, we conducted
a study with the same motorized plucking mechanisms we intro-
duced in Section 3.2. We varied the resistor in the red LED branch
from 0 to 5kQ in a stationary setting, under three light conditions,
and recorded the LED images. We then compute the average in-
tensity of the raw R and B channels within the LED region, Figure
6A shows the result, with partial image examples shown in Figure
6B. We observed that for the soft piezo, the most sensitive range
occurs below 2kQ, where red intensity decreases while blue in-
tensity increases rapidly. At a higher resistance range, the color
changes are less drastic. In our subsequent application development
that uses plucking-based power generation, we empirically chose
resistive sensors that operate within 0-2kQ to meet the sensing ob-
jective. We followed a similar procedure to determine the resistance
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range that yields the most distinct color changes for the rigid piezo
in striking-based applications, which was identified as 0-250 kQ
from our experiments. This calibration accounts for the different
power generation capabilities between the two piezos. Please refer
to Appendix A.2 for more information.

4.2 Information Packaging

4.2.1 Static Information. In our context, static information refers
to data that does not change with the underlying interactions, such
as the identification (ID) information found in barcodes and mark-
ers. LuxAct offers a similar capability, in which object-embedded
IDs are triggered and transmitted only upon interactions, rather
than being constantly broadcast to cameras. Thus, the existence of
LuxAct signal serves as a strong indicator of the presence of user
interactions. We generate our own ID database for feasibility study.
Specifically, for an ID of length L, we generate all 3- sequences
and assess them through circular uniqueness checking in both the
forward and reverse directions and eliminate conflicted IDs. This is
because interactions with an object can start from any position in
either direction. In our applications (Section 6.2), we used a 4-digit
ID, resulting in a total of 21 unique combinations in the database.
The number of IDs grows nearly exponentially with L; for instance,
an 8-digit ID yields a database of 498 unique entries, demonstrating
the potential of LuxAct for scalable object identification. Figure 7C
shows an example of color channel intensities measured from the
opening and closing of a hinge box embedded with an ID of RGBG.

4.2.2  Sensing Information. Section 4.1 discussed the generation
of activity-sensitive colors. However, to enable tracking and in-
formation decoding, the color symbol must also be appropriately
packaged for transmission. Besides the R, G, B color symbols, we de-
note an additional symbol "X" for embedding sensing information.
Due to variations in ambient lighting, relying on a single symbol to
decode sensing information can lead to inaccuracies. To address this,
we arrange a reference symbol alongside "X" to assist in interpreting
the sensing bit. For example, when embedding sensing information
using the red and blue channels, we structure the symbols as "RX",
where "R" serves as the reference color. This approach derives from
the insight that the ambient lighting conditions affect both the R
and X symbol similarly, as seen in Figure 6B. The difference in color
channels between "R" and "X" is leveraged to retrieve the sensing
information, which we will detail in Section 5.5. Note that these
sensing symbols can be embedded in data sequences such as an
ID, uniting our two information packaging approaches to enhance
everyday objects with both identification and sensing capabilities.
Figure 7D shows an example of color channel intensities measured
from rotating a knob (GXR) from 0° to 360°, resulting in a total of
six transmitted packets. The color intensities of "X" sensing bit vary
with positions accordingly.

4.3 Encoder Module Design

Once we design a color sequence, the next task is to integrate it
into a piezoelectric power generator. For striking-based power gen-
eration, the color sequence is encoded by the rectifier. For plucking-
based power generation, the encoder consists of two modules: the
plectra module and the piezo cantilever beam holder, the relative
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Figure 7: Modules and signals. (A) Encoder module of the
hinge box embedded with RGBG packet using M-M configu-
ration, and (C) signals measured from opening it to 90 degrees
and closing. (B) Encoder module for the knob embedded with
a GXR packet using 1-N configuration, and (D) signals mea-
sured from a 0° to 360° rotation. The cross markers are signals
from the sensing bit "X".

motion of which generates power and illuminates the LED sequen-
tially. Based on whether each piezo beam interacts with a shared
plectra module or with separate plectra modules, we employed two
configurations: 1 — N and M — M, where N is the length of the
color sequence and M is the number of symbols determined by
modulation constellation (M=3 in LuxAct). Similar plucking-based
encoder module design can be found in prior work that converts
motions on structured modules into identifiable acoustic signals
[28, 62] and RF backscatter [34, 35].

4.3.1 1— N. With this configuration, a single plectra module in-
teracts with N piezo beams, and the information is embedded in
the spatial arrangement of the piezo beams. The piezo beams are
evenly spaced at intervals of 277/N radians, while a total number
of K plectra are arranged every 27/K radians. In our research, we
ensure that ged(N, K) = 1 so that only one piezo beam is plucked
every 27/NK radians. The information can be fully retrieved af-
ter 27/K radians of interaction. Figure 7B illustrates the design
with a knob as an example (N=3, M=3, K=8). Of note that for the
same color sequence, the spatial arrangement of piezo beams is
determined by both N and the design parameter K, as successive
plucking positions are not necessarily spatially adjacent.

4.3.2 M — M. With this configuration, M plectra modules interact
with M piezo beams independently. The N-length color sequence is
split across the M number of plectra modules. Figure 7A illustrates
the design of a hinge as an example. The arrangement of the plectra
determines the order of the piezo being activated. Compared with
the 1-N configuration, in which a greater amount of piezo elements
are required as the length of the color sequence increases, this
approach only uses M piezos to transmit N length of information,
making it more efficient in terms of piezoelectric material usage.
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Figure 8: LED visualization. (A) Example of a green LED (top)
and its 6; map and gradient vectors Gy, (bottom). (B) Tempo-
ral and spatial representation of LED tracking across frames.
Only candidate regions with temporal and spatial correlation
are detected as LED sequences (i.e., a packet), while others
are discarded are noise.

5 INFORMATION DECODING

In an AR setting, both POV cameras and objects manipulated
by hands move continuously and unpredictably, which can intro-
duce numerous LED candidates with simple frame differencing
approaches. The shape of LEDs can be distorted during an interac-
tion due to the changes in viewing angle and motion blur, which
makes techniques that rely on the assumption of a fixed LED shape
less effective. In light of these challenges, we present an approach
that couples the temporal and spatial variation in both brightness
and color to detect LEDs with CSK demodulation. Our algorithm is
developed in the CIELab color space, which has shown enhanced
capability in decoding CSK symbols by separating brightness and
color information into the luminance channel (L) and two chromatic
channels (a: green-to-red, b: blue-to-yellow) [30].

5.1 Temporal Filter

We first calculate the color differences between the two frames
by AE = VAL? + Aa? + Ab2, where A- represents the difference in
the corresponding channel. A high-pass filter is then applied to
%AE to identify the regions that have an increasing brightness
and significant color changes. This is based on the observation
that the transition of an LED from an OFF state to an ON state is
highly distinctive in the environment due to simultaneous changes
in both color and brightness. This approach can distinguish the
LED from some blurry edges caused by the camera or object motion.
We then apply a dilation followed by an erosion to close the small
gaps due to uneven AE, and expand the resulting areas to bounding
rectangles for further analysis.

5.2 Spatial Filter

Compared with moving objects, light sources exhibit a distinctive
characteristic: they appear brightest at the center and gradually
fade toward the edges due to the decrease in brightness as the angle
between the receiver and the light source increases. Spatially, this
appears as the decrease in the Luminance-Chroma angle 6y toward
the center, where 8 = cos™!(L/ VL2 + a2 + b2). We compute the
gradient of 0, Gy, . to find the radial distribution in each bounding
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Figure 9: An overview of our signal processing pipeline, including temporal filter, spatial filter, color filter, and LED tracking.

rectangle. Figure 8A shows an example. Following the approach
in [16], we define the Luminance-Chroma Outwardness (LCO) to
quantify this distribution,

1 ﬁx, y - dx,y

LCO = —

= 1)
NP |dx,yl

where gy, and ijy are the gradient vector and the directional
vector at pixel (x, y), and NP is the number of pixels in the candidate
area. We then applied a high-pass filter to eliminate candidate
areas that have negative LCO since these areas do not exhibit the
illuminative properties of light sources.

5.3 Color Filter

Color filters are constructed according to the CSK constellation. In
a-b plane, we initialize the three color filters as F, = (1,0), I;g =
(-1,0) and F_;, = (0,-1), and apply them independently to each
candidate area by doing FC = F - ¢ where Cx,y = (ax,y, bx,y) is the
chroma values at each pixel (x, y). For an illuminated light source,
the decrease of brightness results in an increase and then a decrease
in chroma Va2 + b2, forming a halo if the colored LED exists. Vi-
sually, the color of the LED is more prominent at the boundary,
whereas the center tends to be overexposed (white-ish). We then
calculate the correlation between the gradient map and each FC, and
the color is determined by finding max {corr(GgL, FCi) |ie{rg, b}}.
The rationale behind is that when the color halos align with the
brightness changes, the likeness of an illuminated LED with the
filtered color is the highest.

5.4 Tracking Target LED

After the above processing, we identify a series of candidates Sy =
{s1, s2, ...} at different positions at each frame, where f is the frame
index and s; = ((xj, yi), ¢;) represents position and color informa-
tion. We observed that, except for the target LED, other candidates
(noise) do not have strong spatial or temporal correlations with
themselves, including randomly blinking light sources. Figure 8B
illustrates the idea. To track the LED, we apply a sliding window to
the continuous frames to narrow down the search space for more
efficient computing. We construct a graph for all candidates within

the window, with edges generated betweenss; € S s SJ € S oM #E N
when meeting the spatial and temporal proximity criteria. We then
adopt Depth First Search (DFS) to find clusters. Finally, the color
sequence formed by candidates within each cluster is examined—
clusters that exhibit specific color orders are recognized as LED
packets while the rest are discarded as noise. The LED tracking
in Figure 9 illustrates this flow. This tracking approach inherently
allows the detection of multiple color sequences simultaneously.
The tracking process is followed by decoding to interpret the packet
data.

5.5 Decoding

To decode the static information (i.e., ID), we use the detected color
sequence and search across the database to find the matching se-
quence. To decode the sensing information (i.e., the corresponding
sensor value mapped to symbol "X"), we employ a differential color
intensity analysis. We use the red and blue channels as an example
to illustrate this approach, where the reference symbol is R and X
is formed by the combination of R and B colors. Specifically, we
define the differential color ratio as:

Y:aR—X+(1—a)B—R (2)

Rr Bx

where Ry and By are the red and blue channel intensities of the
sensing symbol and Rr and Bp are those for the reference symbol,
and « € [0, 1] is the weight factor to compensate the camera sen-
sitivity to different colors. We experimentally set the value to 0.8.
While decoding data from raw R, G, B values under varying lighting
is challenging, the R symbol serve as a reference point to infer red
and blue color intensity in the X symbol and thus the sensing in-
formation. Given the feature input Y, the target sensing status can
be estimated using a pre-trained polynomial regression model or a
calibration table, depending on the overall system design. While
being evaluated in our studies, this feature selection is preliminary
and can be further refined in future work.

5.6 Validation Study

5.6.1 Performance Under Ambient Light Changes. We conducted an
experiment to validate the capability of our camera in differentiating
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Figure 11: Frame rate validation. (A) shows the voltage of
LED with striking-based power generation, with (B) show-
ing a zoomed-in view. (C) shows the voltage measured
from plucking-based power generation, with (D) showing
a zoomed-in view.

color symbols (i.e., red, green, blue) under different ambient lighting
conditions. We used a desk lamp to shed light of different brightness
on a powered RGB LED, and used a static camera to record a 10-
second video in each condition. Figure 11A shows the result in
a-b plane of the CIELab color space. As ambient lighting becomes
very bright or very dark, the LED appears more desaturated or
white to the camera, represented as a, b values approaching to
zeros. Red color exhibits the most noticeable changes compared
to blue and green, likely due to the different sensitivities of our
camera to different colors. Nevertheless, the three colors have a clear
clustering under different lightings, which can be identified by color
vector multiplication (Section 5.3). Instead of relying on absolute
color values for LED tracking, our approach requires cameras to
distinguish the three colors when they appear, a ability inherently
possessed by RGB cameras. While ambient lighting affects the
absolute values of colors, it has little effect on the clustering.

5.6.2  Performance Under Motions. In this study, we investigate
the performance of our detection pipeline in tracking data packets
under motions. We mounted a powered RGB LED on an iPhone,
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Figure 12: Hardware. (A) Front side and (B) back side of our
circuit board. (C) Camera mounted on an AR headset.

configured to transmit a repeating RGBG packet sequence, with
each LED pulse blinking at 10 Hz (25 ms ON time). The iPhone
concurrently recorded its 3D trajectory using ARKit, from which
we can compute the velocity. An experimenter held the phone
45 cm from the camera, stationary or moving it along one of the
three axes (X, Y, or Z) in each trial, using a different speed each
time. For each trial, 50 packets were transmitted, and the number
of packets successfully received by the camera was recorded to
calculate the packet reception ratio. Results are presented in Figure
10B, which indicates that detection performance declines when
the LED is in motion (e.g., exceeds 25 cm/s). Among the motion
conditions, movement along the Z-axis (i.e., vertical to the camera)
resulted in the highest packet reception ratio, likely because Z-
axis motion most closely resembles stationary behavior from the
camera’s perspective.

5.6.3 Frame Rate Validation. To validate the ability of our cameras
operating at 30 FPS to capture interaction-powered LED impulses,
we conducted validation experiments. We used the same striking
and plucking setup as used in previous studies (Figure 3), and mea-
sured the voltage of LED using an oscilloscope configured at 0.8 ms
time resolution (1.25 kHz sampling rate). Figure 11A-D illustrates
the results. Striking the piezo results in a longer LED ON duration
(~45 ms) compared to the plucking mechanism (~20 ms). Addition-
ally, we used a micro-controller to control an LED blinking at 10 Hz
with an ON duration of 1 ms, 10 ms, 20 ms, and 30 ms, and found
that our 30 FPS camera can capture an average of 40.0%, 92.5%,
97.5%, and 100% of the blinks. These experiments validated that our
current setup is sufficient for detecting LED blinks.

6 APPLICATIONS

In this section, we demonstrate the design of various use cases en-
abled by LuxAct. We report the implementation details, evaluation
study and results of each application. For a detailed overview of the
circuit connections used in each application, refer to Appendix A.1.

6.1 Overview

6.1.1 Hardware and Configuration. Figure 12 shows our hardware.
We created a simple circuit board that contains three rectifiers
(KMB24F) for the three color channels, simple interfaces to connect
resistive sensors, and a tri-color LED (QLSP29RGB, 5050). Appen-
dix A.1 provides a detailed wiring layout of the circuit board. All
mechanisms were 3D-printed and retrofitted into objects. On the
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Figure 13: Object identification. Prototypes of (A) hinge box, (B) pill bottle, and (C) zipper bag. (D)-(F) Evaluation results for the

corresponding objects at the first row.

receiver side, we used the ELP-USB48MP02 camera module for its
wide angle and high color fidelity. The camera was mounted on a
headset tilting down 45°. The images were streamed to a laptop
and processed with OpenCV. The frame rate was set to 30 FPS 1.

6.1.2  Evaluation Procedure. The evaluation was carried out in a
lab environment, except for the faucet adapter, tested in a bathroom,
and the barrel cranker, tested in an indoor setting equipped with a
water supply and draining system. One complete set of data collec-
tion sessions involves an experimenter performing ten interaction
trials while wearing the camera-mounted headset. Each trial in-
volves activities such as opening and closing an object, pressing on
a surface, and releasing and cranking for one cycle, during which
one or more packets can be transmitted depending on the object
design. Meanwhile, other than the camera mounted on the headset,
a second camera was positioned stationary around 50 cm away
from the objects to capture data as a baseline for comparison with
mobile settings. For each application, we conducted two complete
data collection sessions at different times (i.e., training and testing).
All evaluation results were obtained from regression models cali-
brated using data from the training session and tested on data from
the testing session.

6.1.3  Evaluation Metrics. Each object was embedded with a known
color sequence, which was transmitted a set number of times during
one interaction trial. With our decoding algorithm, the detected
color sequences were searched and matched across all possible IDs
that are mutually unique as discussed in Section 4.2. For identifica-
tion applications, we leveraged ID, packet, and symbol accuracy to
evaluate the detection performance. For each trial, the ID is deter-
mined by majority voting among the set of detected packets. The
packet accuracy is calculated by the ratio between the total number
of correct IDs and the total number of detected packets. For further
analysis, we manually examined the images to count the number
of correctly detected symbols for each color symbol. For sensing
applications, we first detected the color sequence throughout each
trial of data using our tracking algorithm, and then extracted the

!Gamma correction was disabled. Auto exposure was disabled and set to -5 . All other
settings use default configurations in the ELPCAP software.

sensing bit from the sequence. We then use all sensing bits at differ-
ent statuses from the training session to fit a polynomial regression
model, and then evaluate it with data from the testing session by
calculating the mean absolute error (MAE).

6.2 Object Identification

Similar to QR codes and barcodes, LuxAct encodes static informa-
tion into everyday objects beyond their visible appearances. Digi-
talizing objects in this way enables an interactive, context-aware
AR experiences. For example, an AR cooking assistant recognizing
each sauce container as the user twists it, can offer real-time guid-
ance through a recipe. We identify three representative mechanical
structures commonly found in daily objects that generate motions
when interacted with by users, including hinges, caps, and zippers.
Figure 13A-C show our design of a hinged box, a pill bottle, and
a zipper bag featuring the aforementioned mechanical structures,
and this design can be generalized to a broader range of objects that
share similar components. For the hinge box, we integrate plectra
and piezos into the moving and stationary parts of a hinge. For the
pill bottle, the plectra are on the threading area of the bottle, and
the piezos are on the cap. For the zipper bag, a plectrum is attached
to the inner side of the zipper tab, while the piezos are positioned
on the sides. The color sequences for hinge box, pill bottle, and
zipper bag are RRGB, RGBG, and RGBB in our prototypes.

We conducted two data collection sessions for each object un-
der two lighting conditions (measured 324 Lux and 782 Lux). The
results, as seen in Figure 13D-F show that the detection of the
hinge box outperforms that of the other, mainly due to their little
movement during interaction. For the pill bottle, during one trial of
interaction (opening and closing), multiple packets are transmitted,
therefore the ID detection rate for is high despite a certain num-
ber of false packets are detected. The zipper bag has the poorest
performance, mostly for the current single-packet implementation
lacking redundancy for reliable detection, which can be improved
by increasing the number of packets in future designs. We did not
observe significant differences between the headset camera and the
baseline static camera, nor among the different color symbols.
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Figure 14: Storage sensing. Prototypes of (A) paper towel dispenser, (B) trash can, and (C) barrel hand crank. (D)-(F) Evaluation
results for the corresponding objects at the first row. The LED images are illustrative examples captured at each corresponding
status from the camera in stationary settings. We followed the same annotation convention throughout the paper.

6.3 Storage Sensing

Monitoring the status of resources enables automatic alerts and
proactive management, which, however, remain challenging for
cameras due to the limited, or complete absence of visible cues.
Building on the insights that the presence of user activities in the
environments often drives the most changes in resource storage,
we showcase the potential of LuxAct for interaction-powered stor-
age monitoring. We developed three applications (Figure 14A-C)
by choosing appropriate type of resistive sensors and embedding
them strategically within storage mechanisms. While the encoding
scheme is compatible with the object identification approach de-
scribed in the previous section, we chose the color sequence GRX
for these applications for simplicity.

6.3.1 Paper Towel Storage Sensing. We installed the plucking mech-
anism on the dispenser handle (Figure 14A), which can generate
power when pressed by users. Inside the dispenser, two Force Sen-
sitive Resistor (FSR) are connected in parallel, and a 3D printed
piece is used to focus the force onto the pressure sensors. We used
three rolls of paper towels at different weights (1.63 kg, 1.12 kg, and
0.65 kg) to vary the status of paper remaining (3/3, 2/3, and 1/3),
which resulted in a resistance of 1785 Q, 896 Q, and 347 Q measured
in the FSR. An empty status was also tested (FSR measured >20 MQ).
The lighting conditions at the two sessions of data collection were
measured at 216 Lux and 515 Lux, respectively. Figure 14D shows
the different colors we detected in different statuses measured as
percentages (0-100%). On average, we got an average MAE of 2.09%
(SD=1.24), 13.32% (SD=8.26), 9.85% (SD=7.12), and 11.94% (SD=8.17)
for the four storage statuses.

6.3.2 Trashcan Remaining Capacity Sensing. We mounted the plec-
trum module on the rotational lid, the piezos along the side of the
lid, and two Light Dependent Resistor (LDR) on the body of the

trash can (Figure 14 B). When users press the lid, the light is di-
rected into the trash can, where varying levels of fill can obstruct
the light from the sensors at different heights. The two LDRs were
connected in parallel, with one positioned at the half-filled level
and the other at the full level near the lid. This setup results in
resistances of nearly infinity, 1021 Q, and 531 Q at the three storage
levels (full, half, empty). Figure 14E shows the result, with data
collected under indoor lighting conditions of 667 Lux and 892 Lux.
We calculated an average MAE of 5.15% (SD=3.19), 9.12% (SD=8.10),
and 2.31% (SD=1.86) for the three storage statuses.

6.3.3 Water Storage Sensing. We retrofitted our plectrum module
and piezos into a hand crank of a 15-Gallon rain-collecting barrel
(Figure 14C). We placed a wooden board underneath the barrel
and then used 60 small plastic cylinders (12mmx12mmx2mm) to
distribute the weight of the water and adapt to the sensing range
of our FSR. We used an FSR below one of the cylinders to measure
the force generated by different water levels. We varied the water
storage with empty, half (~60 lbs), and full (~120 lbs), at which
the resistance of the FSR was measured at >20 MQ, 1026 Q, and
320 Q. Figure 14F shows the plot. We calculated an average MAE
of 0.28% (SD=0.16), 7.40% (SD=6.12), and 8.33% (SD=9.38) for the
three storage statuses.

6.4 Ubiquitous Interactors

Battery-free interactors enable ubiquitous user input throughout
the environment [10, 71, 77, 87]. We demonstrate the potential of
designing LuxAct into input interfaces through two representative
interactors—a push button and a knob (Figure 15A and 15B).

6.4.1  Push Button. We utilized the compliant structure to enhance
the striking effect of the piezo surface to increase the generated
power, and the LED-as-rectifier approach to generate color se-
quence in this application. The color sequences are B (press) and
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Figure 15: Devices and evaluation results. (A) Push button. (B) Knob. (C) Faucet adapter. (D)-(F) Evaluation results for the

corresponding objects at the first row.

G (release). Figure 15D shows the results for the two evaluation
sessions (189 Lux and 488 Lux), where we pressed the buttons ten
times each. The result indicates that the static camera can capture
all button activations, whereas the headset camera missed 4 out
of 20 trials, as motions from the headset camera led to a moderate
reduction in detection accuracy.

6.4.2 Knob. We embedded a 2 kQ potentiometer into the knob to
change the resistance in the red LED branch for absolute position
sensing. We divided the 360-degree knob into six sections, each con-
taining a packet containing an "X" sensing symbol that varies with
the resistance. The color sequence in one packet is GXR. Figure 15E
shows the evaluation result from two data collections (221 Lux and
687 Lux). With our testing trials, the MAE for the six positions is
2.91° (SD=2.46), 7.96° (SD=9.46), 12.24° (SD=8.95), 13.16° (SD=4.01),
15.21° (SD=10.69), and 38.71° (SD=11.29). The results indicate that
the system performs well at lower positions (<150°) but degrades
significantly at higher positions(>210°), as the color change at the
higher positions was not as apparent as at lower positions, leading
to increased estimation errors. These results suggest that a poten-
tiometer with a narrower resistance range is highly likely to yield
greater accuracy.

6.5 Environment Sensing

6.5.1 Sensor "Tags" Sensing environmental factors such as tem-
perature and humidity has a direct impact on people’s comfort
and well-being. To demonstrate the potential of LuxAct for sensing
the environment, we designed a faucet adapter (Figure 15C) that
harvests energy from water flow and communicates temperature
information to cameras, which can then warn users about hot water
to help prevent potential harm. The plucking mechanisms are co-
axial with the water wheel driven by flowing water, while the piezos
are stationary. A thermistor is embedded within the waterwheel to
sense the temperature of water. We varied the temperature from

15°C to 45°C, with 10°C as an interval, calibrated by a digital ther-
mometer probe. The temperature can result in a resistance change
ranging from 1 kQ to 0.5 kQ. At each temperature, we have the
water flowing for ten seconds. As shown in Figure 15F, the regres-
sion becomes less apparent as the temperature increases. This is
because of the limited sensitivity of our selected thermistor within
the typical faucet water temperature range (20—50°C), resulting
in minimal color variation. On average, we got an MAE of 1.15°C
(SD=0.54), 6.23°C (SD=6.90), 7.54°C (SD=9.32), and 7.66°C (SD=3.41)
on the four temperatures. We anticipate that future work, including
the use of more sensitive thermistors, will enhance the system to
meet more rigorous application requirements.

6.5.2  Finger "Probes". With our ultra-low-cost and battery-free de-
sign, LuxAct has the potential of being integrated into wearables to
enrich environment sensing beyond what is visible to cameras, such
as temperature and conductivity. Figure 16A shows our prototypes.
We used striking-based power generation and the LED-as rectifier
approach for this application. At the top, we made an ortho-planar
spring to provide a subtle tactile sensation on the finger, which
includes a small extruder to focus the force when pressing on the
piezo. Depending on the application, we attach different sensor
modules to the underside of the finger probe.

Conductivity Sensing We created two isolated electrodes (spaced
0.5 mm apart) using copper tape on a small piece of soft gel rubber.
When the two electrodes are in contact with materials with differ-
ent conductivities—foam board (approximated to 30.00 kQ/mm),
carbon paint (14.90 kQ/mm), and conductive rubber (50 Q/mm), the
sensing branch measures different resistances resulting in different
colors. Figure 16B shows the results. On average, we got an MAE
of 1.18 kQ/mm (SD=0.57), 3.55 kQ/mm (SD=2.70), and 4.92 kQ/mm
(SD=3.10) for the three materials.

Temperature Sensing We used a thermistor that has a rated re-
sistance of 200 kQ at the common room temperature 25°C. The
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Figure 16: Finger probe. (A) Hardware and its placement on a user’s finger. (B) Evaluation for conductivity sensing, and (C)

temperature sensing with the finger probe.

resistance of the thermistor decreases as temperature increases. To
evaluate the performance, we filled a metal cup with iced water
(~0°C), warm water (~50°C), and boiled water (~100°C), and then
wore the finger probe to touch the side of the cup. We rested our
hands on the surface for 5 seconds before starting to press on it.
Figure 16C shows the result. On average, we calculated an MAE
of 3.19°C (SD=1.83), 4.15°C (SD=3.90), and 4.62°C (SD=8.22) at the
three temperatures.

7 DISCUSSION

7.1 Camera-LED Synchronization

To allow more efficient data transmission, research in VLC has de-
veloped novel sampling techniques to detect high-rate LED pulses
with low-frame-rate cameras, primarily by leveraging the rolling
shutter effect of cameras [15, 21]. Related studies have shown
that 30 FPS cameras on commercial Android and IOS phones can
decode high-speed CSK-VLC signals (blinking rates up to 1kHz)
[11, 29,30, 72, 85], This establishes a higher upper bound for camera-
based LED detection and highlights the potential of POV cameras
to decode longer color sequences (i.e., more information) during
interaction events. In our study, we selected a 30 FPS camera for
signal detection, considering the low LED blinking rates and long
LED ON durations, with a reasonably reliable signal capture rate
validated through experimental studies. Although beyond the scope
of our current research, camera-LED synchronization is essential
to ensure reliable data decoding. An investigation into how ap-
propriate camera settings, including frame rate, shutter mode, and
exposure time, can accommodate impulsive, interaction-powered
LED signals remains unexplored. We anticipate future research on
more efficient and effective camera-LED synchronization strategies
to enhance detection performance in practical applications.

7.2 Camera-LED Detection in Dynamic
Environments

The sensitivity of RGB cameras to visible light comes with the
cost of lower robustness to dynamic settings. One challenge is
the significant change of lighting conditions when users with AR
smartglasses move across different environments, where colors may
appear differently. Camera sensors commonly face this issue, and
as a result, they are manufactured with a color correction matrix
to ensure consistent color accuracy under changing lighting. Our

approach rely on detecting R, G, B colors to retrieve data, which
may benefit from proper camera configurations to better handle
ambient light changes, which, however, remain unexplored in our
current implementation. LuxAct may struggle under complex, color-
rich lighting where significant color distortion can occur. Future
work is needed to evaluate the performance under these extreme
conditions including outdoor settings with direct sunlight. On the
positive side, a distinct benefit of our illuminating light markers is
its capability of transmitting data under dim or dark settings, when
conventional visual sensing often fails.

Another dynamic condition is motion. Even without intentional
user interactions, POV cameras move with human body and con-
tinuously capture visual signals from the environment, where back-
ground objects with color may appear as if they are moving. We
observed that these motions lead to an increase in candidate regions
detected by our filters, adding computational overhead to the track-
ing algorithm. However, since these motion-induced artifacts are
highly unlikely to exhibit the specific spatial and temporal patterns
of encoded sequences, the false positive rate is extremely low.

During an interaction event, movements of hands and objects
pose challenges for LED tracking. Background colors and objects
may introduce false symbol detections, and lead to packet loss. High-
speed motion can cause LEDs to blur or become spatially dispersed,
making it difficult for the tracking algorithm to follow accurately.
These effects are the primary contributors to the decline in perfor-
mance of our system, found by validation study in Section 5.6.2. We
found that the detection becomes unreliable when hand motions
exceed 25 cm/s. Although moderate interactive motions such as
twisting and tapping remain below this threshold, and high-speed
actions like jumping or shaking are beyond our intended use case,
the lack of a systematic evaluation of motion effects is a limitation of
our current work. Future work should include broader testing under
dynamic motion conditions, and investigate camera-LED detection
strategies that can adapt to challenging motion conditions.

7.3 Color Generation, Encoding and Decoding

As presented in Section 4.1, we employed an empirical approach
to identify the effective resistance ranges that yield distinct color
changes for soft piezos and rigid piezos, and adapted our resistive
sensors to operate within these ranges to enable sensing-variables-
to-color mapping. Despite the visible color changes detected in our
applications under different lightning conditions, as shown in the
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color dots in Figure 14-16, and the monotonic relationship found
by our differential decoding approach serving as proof-of-concept,
a quantitative mapping among power generators, resistance and
colors, and a unified calibration strategy remain unexplored. Fu-
ture studies can lead to a more precise sensing-variable-to-color
mapping, and thus higher sensing resolution. We envision that this
mapping will be calibrated during manufacturing based on specific
application requirements, as it depends jointly on the power gener-
ation capabilities of piezos, LED properties, and the resolution of
the resistive sensors.

Additionally, there is still a broad design space to investigate in
terms of color sequencing, encoding and decoding approach. For
example, certain interaction motions such as twisting a bottle back
and forth within a single packet can produce varying sequence
orders, highlighting the need for sequence designs that can accom-
modate such ambiguities arising from interactive inputs. A denser
CSK constellation diagram like 4-CSK and 8-CSK (i.e., more data
embedded in one color) can increase the data rate and transmis-
sion efficiency [26]. Strategies for embedding sensing symbols into
packet, and feature engineering to identify more effective represen-
tation of these symbols, are also anticipated in future work.

7.4 Intrusiveness and Usability

A common challenge of VLC systems is that the blinking light
may cause a flickering effect, which can be intrusive to the envi-
ronments and lead to visual discomfort. Prior work [29, 30] has
demonstrated the elimination of flickering effect through strategic
color combinations and increasing the blinking frequency—the LED
will appear as a steady white light to the human eye (We observed
that the RGB LED appeared steady when blinking at above 167 Hz).
This may be enabled by advanced fabrication techniques that al-
low higher-resolution placement of plectra for high-speed plucking
while maintaining a compact object size.

An alternative to mitigate perceived light flickering is utilizing
infrared (IR) or ultraviolet (UV) LEDs in place of RGB LEDs. These
invisible spectra have demonstrated reliable data communication
capabilities as seen in TV remotes, and recently shown promise
in digitalizing object interfaces [20, 22] and user interactions [39]
for non-intrusive AR sensing. While our supplemental study found
that the power generators in LuxAct are insufficient to drive IR
LEDs to emit IR lights detectable by our camera (with IR filter
removed), infrared light remains a promising candidate for practical
applications, where different IR wavelengths (e.g., 850 nm, 940 nm)
could function analogously to color channels in our system for data
communication while maintaining low intrusiveness. Future work
is anticipated to unlock its full potential, including investigation
into interaction energy harvesting techniques compatible with IR
LEDs or IR-sensitive materials, and data modulation strategies that
ensure efficient communication with camera sensors.

Additionally, plucking the piezo introduces friction and sound
during an interaction. With our prototypes, we did not notice signif-
icant degradation to the usability of the retrofitted object. However,
our exploration of design parameters for the plucking and striking
modules is still preliminary. Future work could explore designs that
improve the power generation efficiency while ensuring usability.

Yang et al.

7.5 Form factor

Extensive research has been done on fabricating piezoelectric mate-
rials into more flexible forms and higher power efficiency [48]. The
piezos used in our prototypes are the smallest commercially avail-
able units we found that can generate enough power to illuminate
LEDs with interactive input. However, these piezo elements, de-
signed for converting resonating motions like vibrations or sounds
into electrical signals for sensing, are not optimized for power gen-
eration. Future improvement may enable more efficient energy
harvesting using smaller, thinner piezoelectric materials.

The fabrication resolution of the encoder module is another
key factor determining the overall size of LuxAct devices. Higher-
resolution manufacturing enables finer plectrum structures, allow-
ing the encoder module to be more compact, which improves space
efficiency and makes it possible to embed longer data sequences
within smaller form factors. Materials with greater elasticity, such
as metal, can be utilized to fabricate the striking mechanism to
generate a higher magnitude of power while maintaining low-cost
and lightweight properties. Electrically, we envision all components
to be integrated into a single LED package in production, like the
tiny chip within addressable LEDs.

8 CONCLUSION

LuxAct introduces a novel technique for embedding static informa-
tion such as object IDs and dynamic information such as storage
levels into everyday objects in a ultra-low-cost and battery-free
manner. By harvesting energy using piezoelectric generators and
modulating data into sequential RGB LED blinks, the system trans-
mits information to POV cameras on AR wearables during inter-
actions. We developed proof-of-concept power generators based
on striking and plucking mechanisms using off-the-shelf piezo
discs, along with first-principle encoding and decoding methods.
We demonstrated 10 applications across a diverse range of pas-
sive everyday objects to communicate with cameras. With future
advances in fabrication and signal processing, we envision our ap-
proach being integrated into everyday objects to enhance visual
sensing capabilities and enrich AR interaction experiences.
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A APPENDIX
A.1 Circuit Diagram

Figure 17 and Figure 18 include full schematic of all circuits used
in the paper.
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Figure 17: Schematic of our circuit board. The numbers in-
dicate the connection interface. 1), @ and (3) are to con-
nect three piezos for three color channels. @, ®), ®, 7 are
through-holes for connecting resistive sensors.
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Figure 18: Circuit diagrams for (A) hinge box, pill bottle, and
zipper bag, (B) paper towel and water storage sensing, (C)
trash can storage sensing, (D) knob interactors, (E) faucet
temperature sensing, (F) push button, (G) conductivity and
(H) temperature sensing for the finger probe.
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A.2 LED Color Generation
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Figure 19: Red and blue LED branches.

In our study, we used a tri-color LED, where the red, green, and blue
LED branches can be controlled independently, and the resulting
emitted color formed by the combined contributions of the three
branches. The color of our "X" symbol embedded with sensing
information is generated by the red and blue color channels with
resistive sensors in the red LED branch. When R = 0, only the red
LED turns on, clamping the voltage across the blue LED (i.e., V)
below its ON voltage (V},). This is because the current-driven and
non-linear properties of LEDs, and the limited current supplied by
our piezos (hundreds of pA) prevent the voltage V,;, from increasing
when the red LED conducts. When R increases from 0 within a small
range, V,p = IR + V,q4 increases until V,, = Vj,, and the blue LED
turns on. The voltage is subsequently clamped to Vj,, and current
through the red LED branch i, = Vb";zv”’ decreases until it is
completely off. Since the light intensity of LED relies on its forward
current, the color gradually shifts from red to blue.

LEDs of different colors are typically manufactured with differ-
ent luminous intensities (measured in mcd) even under the same
power supply. Both the characteristics of the power sources, and
the difference of ON voltage of the two LEDs, determine color
responses to resistance changes.

This color-shifting phenomenon was observed using our piezo-
electric energy harvesters as power sources, featuring high impedance
and supplying limited power to the LEDs. For other power sources
with different power characteristics, the the mapping between resis-
tance and color may vary. For example, for power sources capable
of supplying higher current, setting R = 0 allows allows the red
LED branch to conduct more current, which can raise the voltage
Vb enough to activate the blue LED branch as well. The overall
color can be a combination of blue and red colors.

We leveraged the inherent difference in forward voltage in R, G,
B LED (typically AVy < 1V, V,r < Vy¢ ~ Vp5), which constrains
the effective resistance R to the range of tens to hundreds of kilo
ohms based on the available current output of our plucking and
striking mechanisms. We also find that by connecting a zener diode
in series in one LED channel can shift the particular LED ON voltage
to V, +V; to adjust the operation points of each LED, thus adjusting
the resistance range.
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