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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
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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 signi cant ) . .
challenges. On the AR device side, adding sophisticated sensors to19ure 2: On the spectrum of passive markers for identi ca-
wearables is limited by stringent constraints on power, size, and 110N only, and digital devices for sensing and communication,
form factor. On the object side, incorporating digital components ~-UXACt is in between.
into passive objects and environments requires signi cant men-
tal and physical e ort to maintain the power of these thousands ) ] ]
of objects in various locations. Consequently, current practice in limited by the signals they can communicate to cameras or require a
physical-digital integration is still con ned to two extremes: low- large surface area to ?”COde d"?‘[.mXACtShOWC‘?%S a t.)road.er S?”‘
cost, passive markers such as QR codes and RFID tags for objeciPoWered communication capability by embedding the identi cation
identi cation, or expensive, powered digital devices such as smart  Of Objects, sensing of user activity and interaction, and sensing of
home sensors for sensing, as illustrated at the two ends of Figure 2. €nvironmental facets (e.g., resource availability, temperature), into a
In response, extensive research in the HCI community has been compact, dot-sized LED marker that communicates with RGB POV
motivated toward ultra-low-cost, low-power, or passive interfaces cameras. Figure 1 _|Ilustrates this vision. Speci cally, our system
for interactive sensing. For example, self-powered sensors are de-harmesses the kinetic energy from user interactions to power multi-
signed to convert a broad range of user activities into electrical €0lor LEDS, which are sequentially illuminated by a structured
signals, which, however, rely on costly and custom-built hardware ~Pi€Z0€lectric power generator. The data, comprising identi cation
to retrieve the data and are poorly suited for integration into AR and information Sensefi from the environment, is modulated into
wearables, 6,34 76 82 86. Passive interfaces are created to strate-  €0lors and embedded in the geometry of the power generator, en-
gically convert static information, such as object identi cation (ID), ~ @Pling the simultaneous energy conversion, sensing of interactions,
and dynamic user inputs, such as pressing buttons and sliding knobs, &nd transmission of data. This system design eliminates the need
into acoustic signals captured by microphon@s41, 62 or optical for batterle_s, components like oscnlators and mlcro-control_lers to
signal changes perceived by camera sensafs 17, 18 49, 84 87]. modulate 5|gn.al_s for V_LC_, further reducmg system complexity and
In this research, we extend the potential of interactive sens- COStS, and shifting ubiquitous sensing towards the left end of the
ing through visual channels. We propodaixAct, the design of spectrum, as shown in Figure 2, to e_nable spe_llable deployment akin
interaction-powered illumination mechanisms that enhance every- (0 Passive markers to enhance AR interactivity.
day objects with visual communication capabilities through sequen- 10 th_e b.es.t of our knowledge., uxAct 1S the rst rfesearch to
tial color patterns. We identify visible light as a promising carrier ~ Utilize kinetic interaction energy through piezoelectric power gen-
signal to encode user activity and interaction information, for the ~ €ration to augment everyday objects with visual communication
bene ts it 0 ers: First, light emitters (i.e., LEDs) often feature their ~ capabilities. Rather than focusing on high- delity sensing or supe-
light-weight nature, broad viewing angle, low power consumption, ~ "0r system perf_ormanc_e, our work emphasizes the demonstration
and a ordability [51]. They e ectively address concerns regard- O @ complete, interaction-powered VLC system on everyday ob-
ing scalability and power e ciency in augmenting passive daily jects, suppqrted by proof-of-concept designs, validation studies,
objects with digital capabilities. Second, the broad color space in @nd evaluations. Along the way, our research has revealed several
the light wavelength o ers a wide spectrum for mapping sensory |Imlt§tlon§, In_Cludlng challenggs in camera-!_ED detect|_on-under
information for e cient data transmission B(. This promise of ambient lighting and body motion in AR settings, potential intru-
light as a signal is evidenced by recent research in Visible Light Siveness of LED signals, and the need for systematic investigation

Communication (VLC), using light as a communication medium into signal modulation, which r_equ_ire _further improvements in
in addition to illumination, in response to the growing congestion future work. Our research contribution is summarized as follows:

in the RF spectrum and the need for costly RF transceivers and Exploration of power generator designs with piezoelectric
demodulators 7, 42. Finally, visible light as a carrier signal can be energy harvesting (e.g., plucking and striking) for LED illu-
cheaply encoded with resistance, one of the most profound electri- mination with minimal mechanical and electrical overhead.
cal properties. Resistances have been utilized to re ect many target Design of an activity-sensitive information encoding scheme,
signals such as force, temperature, strain, deformation, and light, and encoder modules that account for both motion dynamics
enabling the conversion of a wide variety of user activities and and information transmission constraints.
environmental information into light variations through low-cost Implementation of rst-principle algorithms for camera-LED
circuits and structurally simple mechanisms. detection and information decoding.

Closer to our research is literature which created passive visual Development and evaluation of 10 applications in a wide
markers for object tracking17, 1§ and tangible interfaces for in- range of scenarios, including objectidenti cation, interactive

teractive sensing10 84, 87. However, these approaches are either controls, ngertip sensing probes, and beyond.
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2 RELATED WORK

2.1 Piezoelectric Energy Harvesting

Piezoelectric e ect has been primarily used for sound, vibration,
and pressure sensing. In HCl community, piezoelectric e ect has
been utilized to design novel interfaces for sensing surface geom-
etry [6Q, food intakes p7], oral health [31], human posture 17

and touch gestures on eyeglass&9[ rings [6g, garments [],
object surfacesq4, 66 80, and knock on smartphones/f, hitch-
hiking the acoustic and vibration signals during an interaction. In
these applications, thpiezoelectric elemer{teereafter referred to
aspiezo} operate as self-powered sensors, generating di erential
voltage signals that are ampli ed 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 oor tiles and insoles that generate
power from footsteps$3 61]. Piezos are also employed in gather-
ing energy from water ow [36 52, civil structure oscillations B3,
object motions fi4, and human body movements, including knee
motions [57], breath and elbow ex f4§. Given the limited amount

of power generated by piezos, considerable engineering e orts 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 p6. A technological closer work investigated the per-
formance of piezos for ashing an LED, but relied on motorized
oscillating mechanismslf3, which di er from interactive power
generation in our research.

2.2 Interaction-Powered Obiject Identi cation

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 di ering spatial frequencies
[84], acoustic signals generated by 3D printed objects scratched by
user interactions 62, capacitance changes yielded from dynamic
coupling patterns ], and RF backscatter generated through vary-
ing re ectivity [ 34, 69 77). Similar to prior work demonstrating
how the sound of tearing Velcro can function as a low-cost and
passive label4]], distinctive click sounds from handheld mobile
VR controllers P4 can enable robust object identi cation 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

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

energy harvester81], 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
speci c frequency, signi cantly hindering their deployment. Unlike
these works | uxAct 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), LuxActmakes 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 Realityd7] establishes synchronized bidirectional
interactions between virtual sketches and physical props, while
HoloBots B2 allows remote users to manipulate local tangible
tokens, based on synchronized robotic devices (i.e., swarm robot
platform). Augmented Object Intelligence (AORY 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 P] 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-Visi>§ [
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 RFLDXAct
di erentiates 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 identi ca-
tion using visible surface texturel[7] and non-visible texture 49,
interaction patterns using passive moiré encoding, where small
physical movements change visual interference patterns captured
by cameras1(. Further investigating AR camera as sensing appa-
ratus, InfraredTags3( embeds invisible AR markers for infrared-
based 3D Printing and imaging tool interpretation, Imprint@Z
employed watermarking for human and machine perception, to
allow for invisible content embeddings with o -the-shelf IR inks.
This growing integration of cameras into computing devices has
sparked interestin VLC, particularly camera-based VLC, as away to
hitchhike on existing cameras as free receivers to enhance commu-

refers to a compact, standalone device capable of generating power nication capabilities. Extensive research has focused on the design

for sensing and communicating with other devices without needing

of transceivers §, 42 and data modulation scheme8(), 78 79

any additional sensors and electronics. This has shown success to enhance data transmission rateg pnd extend communication

in research b, 55 71 and commercial products including the ZF

range 9 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 communicatioB§ 59, 72, 83. Battery-free VLC
has also been proposed to facilitate 10T sensing with visible light
markers [7(, tags [B0 65, re ectors [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, EchoSidgis ¢n-
ables bidirectional VLC using fully featured microcontroller-based
systems on both tags and readers, enhancing user e ciency and ex-
perience in AR IoT applications. Unlike these prior works that focus
on improving VLC data transmission range and e ciencluxAct
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.,333) andpluck i.e.,331), with strike being
more e ective in generating high voltage and pluck in high current
[64. Accordingly, our work explores the design of power gener-
ators utilizing bothmodes. 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 nger-to-surface taps. Empirically, we found that light taps on
the surface of a small, single piezo disc do not generate su cient
power to activate an LED unless an additional capacitor stores
energy from multiple taps for a single discharge, or a signi cantly
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. Speci cally, we 3D printed compliant structures to create a
striking e ect on the piezo to improve the power generation. We
used a 1313 mm, bimorph-structure®igid Piezdor striking-based
power generation, as shown in Figure 3C.

To understand the e ect of di erent 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 di erent geometries. Based
on our experiment, when ashing 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 las the load to isolate the non-
linearity of LED in the power characteristics for this study. The
researcher pressed the mechanisms in each con guration to strike
a piezo (Figure 3A) ten times, and used an oscilloscope to record

Yang et al.

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.

Figure 4: Variations of power and energy with di erent me-
chanics, including (A) number of bridge pairs, (B) length,
and (C) angle of bridges for striking-based power generation,
and (D) plucking speed, (E) overlap width and (F) depth for
plucking-based power generation.

the voltage on the resistor. Figure 4A C shows the power and en-
ergy with di erent con gurations. The results rst 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 e ective designs such as those prone to
breaking after a few uses (i.e., angles>22 degrees, length>8.22 mm).
We nally 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-recti er approach, and (C) plucking-based
color generation. (D) Resistive sensors in LED branches with lower turn-on voltages can enable di erent color combinations.
Nodes# 1 and # 2 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 BQ. There are two steps in the plucking process: contact
phase and release phaszd. Our experiment revealed that LED
illuminates at the transition between these two phases, while during
the initial stage of contact and the nal stage of release, the voltage
remains below the LED's ON voltage, keeping it from illuminating
to a visible state. We used @oft Piezdor plucking-based power
generation, for its small size (10 mm diameter), thinness (0.1 mm),
and low sti ness [58], as shown in Figure 3D.

To understand the e ect of di erent 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 di erences 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

among users, resulting in an unknown and inconsistent LED blink-
ing amplitude and frequency. These challenge the e ectiveness of
the most common modulation schemes utilized in VLC, including
On-O Keying (OOK) and Frequency Shift Keying (FSK), which
depend on oscillators to generate speci ¢ 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 "o " 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 uctuations 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 symbalq.
Speci cally, LuxActemploys a 3-CSK constellation with a ternary
data representation Red (R) =0, Green (G) = 1, and Blue (B) = 2.

the same measurement setup as discussed in Section 3.1. For eac-1  Activity-Sensitive Color Generation

con guration, we 3D printed its module and conducted ten pluck-
ing trials. Figure 4D F shows the power generation with di erent
con gurations. We found that power and energy remain relatively
unchanged across di erent 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 di er

4.1.1 Principles of operatiofihe principle behind RGB LEDs gen-
erating di erent 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 recti er, where di erent colors are illuminated at
di erent current directions, as illustrated in Figure 5B. This method
is useful in AR contexts, where POV cameras often struggle to
di erentiate between hovering, resting, and actual pressing hand
gestures on surfaces. Forming these interaction-powered, dot-sized
visual indicators into ultra-low-cost, disposable ngertip wearables,
or embedding them onto object surfaces can help cameras to detect
touch inputs and discrete press-and-release events more reliably.

UIST '25, September 28-October 1, 2025, Busan, Republic of Korea
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Figure 6: Validation study of color changes with resistance.
(A) Red and blue channel intensity varying with resistance in
the red LED branch. The cross marker is the channel intensity
measured from an illuminated blue LED. (B) RGB images
of LED captured under di erent lighting conditions, with

di erent resistance in the red LED branch.

Second, for plucking-based power generation, we used the circuit
shown in Figure 5C, where each piezo independently generates
power for a speci c color. Unlike the rst approach, which allows a
single piezo to produce two colors, this method produces one color
per piezo, making it less material-e cient. However, it provides
greater exibility in generating longer and more dynamic color

Yang et al.

range that yields the most distinct color changes for the rigid piezo
in striking-based applications, which was identi ed as 0 250 k
from our experiments. This calibration accounts for the di erent
power generation capabilities between the two piezos. Please refer
to Appendix A.2 for more information.

4.2 Information Packaging

4.2.1 Static Informatiotn our context, static information refers

to data that does not change with the underlying interactions, such
as the identi cation (ID) information found in barcodes and mark-
ers.LuxActo ers 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
LuxActsignal serves as a strong indicator of the presence of user
interactions. We generate our own ID database for feasibility study.
Speci cally, for an ID of length! , we generate al' sequences
and assess them through circular uniqueness checking in both the
forward and reverse directions and eliminate con icted 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.

sequences (i.e., higher information capacity), as the color sequencesThe number of IDs grows nearly exponentially with; for instance,

are derived from the order in which the piezos are plucked, instead
of the direction of current ow. 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 di erent 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. Speci cally, when
' B4=B>A 0, only the red LED turns on, due to the inherent di er-
ence in ON voltage between red and blue LEDs (typic&lyY §).
When' g4=g>increases, the red intensity decreases and the blue
intensity increases. Whehgs=g>&pproaches in nity (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 g4=p>jcreases, and this color information can
be utilized to infer sensor data such as applied force or temperature.

4.1.2 Validation Studyo validate the color changes with varying
resistance and identify the e ective 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 5k 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 2k, where red intensity decreases while blue in-
tensity increases rapidly. At a higher resistance range, the color

an 8-digit ID yields a database of 498 unique entries, demonstrating
the potential ofLuxActfor scalable object identi cation. 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 InformatioBection 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 a ect both the R
and X symbol similarly, as seen in Figure 6B. The di erence 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 identi cation and sensing capabilities.
Figure 7D shows an example of color channel intensities measured
from rotating a knob (GXR) from®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

changes are less drastic. In our subsequent application development into a piezoelectric power generator. For striking-based power gen-

that uses plucking-based power generation, we empirically chose
resistive sensors that operate within 0-2kito meet the sensing ob-
jective. We followed a similar procedure to determine the resistance

eration, the color sequence is encoded by the recti er. 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 " -" con gu-
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-# con guration, 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
congurations: 1 # and" " , where# is the length of the
color sequence antl is the number of symbols determined by
modulation constellation (M=3 iLuxAct). Similar plucking-based
encoder module design can be found in prior work that converts
motions on structured modules into identi able acoustic signals
[28, 62] and RF backscatter [34, 35].

4.3.1 1 #. With this con guration, a single plectra module in-
teracts with# piezo beams, and the information is embedded in

Figure 8: LED visualization. (A) Example of a green LED (top)
andits \, map and gradient vectors \, (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 di erencing
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 xed LED shape
less e ective. 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 channe! § and two chromatic
channels@: green-to-redl: blue-to-yellow) [30].

5.1 Temporal Filter

We rst (@Iculate the color di erences between the two frames
by =12, 02, 12 where representsthe dierencein

the spatial arrangement of the piezo beams. The piezo beams arethe corresponding channel. A high-pass lter is then applied to

evenly spaced at intervals @ +# radians, while a total number
of plectra are arranged evergce radians. In our research, we
ensure tha623#+ ° = 1so that only one piezo beam is plucked
every2ce# radians. The information can be fully retrieved af-
ter 2ce 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

ﬁ to identify the regions that have an increasing brightness

and signi cant 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.

same color sequence, the spatial arrangement of piezo beams iswe then apply a dilation followed by an erosion to close the small

determined by both# and the design parameter, as successive
plucking positions are not necessarily spatially adjacent.

4.3.2 " " . With this con guration, " plectra modules interact
with " piezo beams independently. Thelength color sequence is
split across the' number of plectra modules. Figure 7A illustrates

gaps due to uneven , and expand the resulting areas to bounding
rectangles for further analysis.

5.2 Spatial Filter
Compared with moving objects, light sources exhibit a distinctive

the design of a hinge as an example. The arrangement of the plectra characteristic: they appear brightest at the center and gradually

determines the order of the piezo being activated. Compared with
thel # con guration, in which a greater amount of piezo elements

fade toward the edges due to the decrease in brightness as the angle
between the receiver and the light source increases. Spatially, this

are required as the length of the color sequence increases, this appears as the decrease in the juminance-Chroma angteward

approach only use% piezos to transmit# length of information,
making it more e cient in terms of piezoelectric material usage.

the center, wherd, = cos 111« 12 02 12, We compute the
gradientof\,, \,,to nd the radial distribution in each bounding
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Figure 9: An overview of our signal processing pipeline, including temporal lter, spatial lter, color Iter, and LED tracking.

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

1$ = io Q—" .- (1)

B R

where @&.-and @hare the gradient vector and the directional
vector at pixel'G« 2, and# %is the number of pixels in the candidate
area. We then applied a high-pass lter to eliminate candidate
areas that have negatived since these areas do not exhibit the
illuminative properties of light sources.

5.3 Color Filter

Color lters are constructed according to the CSK constellation. In
a-b plane, we initialize the three color lters a§l = 11+°, ® =

1 1+°and ® = 10~ 1°, and apply them independently to each
candidate area by doing = ® ®where®y.-= 10g. 1g.0 is the
chroma values at each pixé+<. For an illuminated light source,

the window, with edges generated betweB/2 (5 *B 2 (g < <=
when meeting the spatial and temporal proximity criteria. We then
adopt Depth First Search (DFS) to nd clusters. Finally, the color
sequence formed by candidates within each cluster is examined
clusters that exhibit speci ¢ color orders are recognized as LED
packets while the rest are discarded as noise. The LED tracking
in Figure 9 illustrates this ow. 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 thestatic information(i.e., ID), we use the detected color
sequence and search across the database to nd the matching se-
quence. To decode theensing informatiofi.e., the corresponding
sensor value mapped to symbol "X"), we employ a di erential 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

the decreaBe of brightness results in an increase and then a decreaseis formed by the combination of R and B colors. Speci cally, we

in chroma 02, 12, 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 eachand

the coloris determined by ndingnax corrt \,» & 82 fA«64 .
The rationale behind is that when the color halos align with the
brightness changes, the likeness of an illuminated LED with the
Itered color is the highest.

5.4 Tracking Target LED

After the above processing, we identify a series of candiddtes
fBeBe""g at di erent positions at each frame, wherg is the frame
index andB = 11Ge ~g°* 2P 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
e cient computing. We construct a graph for all candidates within

de ne the di erential color ratio as:

S =US 1 )

where' . and . are the red and blue channel intensities of the
sensing symbol and: and : are those for the reference symbol,
andU 2 »0» 1Vis the weight factor to compensate the camera sen-
sitivity to di erent 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 , 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 re ned in future work.

5.6 Validation Study

5.6.1 Performance Under Ambient Light Chanyesonducted an
experiment to validate the capability of our camera in di erentiating
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