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Figure 1: InvisIto overview. (a) A woven QR code is authored as a weaving draft. (b) Marker contrast is produced through
yarn-level structure design using a normal warp, a normal weft, and an NIR-absorbing weft. (c) The markers can be fabricated
across multiple weaving contexts, including hand weaving, Jacquard weaving, and industrial textile production. (d) With visible
imaging, the woven marker remains visually unobtrusive within the textile surface. (e) With near-infrared (NIR) imaging, the
embedded QR code pattern becomes clearly machine-readable.

Abstract
Textiles are increasingly explored as media for interacting with
digital information. However, many of the existing approaches rely
on visible tags, printed overlays, or electronic modules that com-
promise the fabric’s aesthetic and tactile qualities. To address this,
we present InvisIto, a method for weaving visually unobtrusive
yet machine-readable infrared markers directly into fabrics using
near-infrared (NIR)-absorbing yarns. Although these yarns look
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similar to standard fibers in ambient light, they produce strong
contrast in NIR imaging. Our method includes: (1) a design tool
that helps users easily embed infrared markers into weaving drafts,
(2) five disguising strategies that further reduce marker visibility
under ambient light, and (3) a camera-based detection pipeline for
decoding and tracking the woven markers. InvisIto supports both
woven QR codes for data encoding and woven ArUcomarkers for bi-
nary input and deformation tracking. We demonstrate applications
across hand weaving, Jacquard weaving, and industrial fabrication,
showing that InvisIto supports interaction and fabrication across
scales, from bespoke artifacts to mass production.

CCS Concepts
• Human-centered computing → Human computer inter-
action (HCI); Ubiquitous computing; • Applied computing →
Computer-aided manufacturing.
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1 Introduction
Textiles have long served as media for encoding and communicating
information, from the ancient Inca quipu cords used for data record-
ing to the Jacquard loom’s punched-card weaving system that in-
spired early computing. This legacy continues in human-computer
interaction (HCI), where researchers explore textiles as substrates
for digital-physical integration, embodying Mark Weiser’s vision
of ubiquitous computing, where technologies “weave themselves
into the fabric of everyday life” [42].

Many current approaches to integrating textiles with digital in-
formation and interaction, however, rely on visible components [3,
12, 20, 33], embedded electronics [4, 32], or additive layers [28].
Although textiles are well-suited to ubiquitous computing because
of their intimate integration with our everyday activities, current
approaches often undermine what makes them appealing in the
first place, including their aesthetics, comfort, and ability to blend
into daily life. For example, visible markers disrupt visual design,
embedded electronics can alter flexibility and washability, and sur-
face treatments may wear out over time or change how the fabric
feels.

Marker systems offer a simple and passive means of adding digi-
tal functionality to textiles. They have been used to support data
encoding [28], identification [3, 12], and tracking [23, 45, 49] in
textile contexts. However, most existing implementations remain
visually intrusive. As a promising alternative to these markers, HCI
researchers have investigated infrared (IR) markers across various
substrates that are readable only at wavelengths less salient to
human vision [6, 8, 9]. Inspired by this line of work, our goal is
to achieve such IR marker functionality on fabric substrates. Al-
though some related works in materials science share a similar mo-
tivation and have explored infrared functionality in textile-related
systems [17, 19], their primary focus is on novel material develop-
ment rather than on scalable deployment or interaction design.

We present InvisIto1, a method for weaving visually unobtru-
sive yet machine-readable markers directly into textiles using NIR-
absorbing yarn (Figure 1). This work extends our prior work [40],
which introduced the concept of weaving NIR-absorbing yarn into
fabric to create hidden QR codes and explored early methods for
reducing their visibility. InvisIto further provides an end-to-end
workflow for weaving markers with NIR-absorbing yarn, including
(1) a design tool for accessibly designing and weaving NIR markers
on textiles, (2) five disguising strategies that further reduce marker
visibility under ambient light, and (3) a camera-based detection
pipeline for decoding and tracking the woven NIR markers. The

1The method name InvisIto combines Invisible and Ito (meaning “yarn” in Japanese).

resulting fabrics remain visually unobtrusive under visible light
while revealing high-contrast marker patterns under NIR imaging.
InvisIto supports two classes of functionality: (1) digital informa-
tion encoding through woven QR codes and (2) binary input and
real-time deformation tracking through woven ArUco markers.

We further demonstrate these capabilities across multiple fab-
rication contexts (Figure 1c), from hand weaving for bespoke arti-
facts to industrial Jacquard production for scalable manufacturing.
Our example applications include an anti-counterfeit T-shirt with
embedded identity markers, a hand-woven wristband encoding per-
sonal narratives, an industrially fabricated sofa upholstery, and an
AR-enhanced cushion that supports real-time deformation tracking.

To summarize, our work makes the following contributions:

(1) Yarn-level unobtrusive marker integration: a method
for weaving visually unobtrusive yet machine-readable NIR
markers directly into fabrics;

(2) Marker authoring and disguising workflow: a design
tool for integrating markers into weaving drafts, together
with five disguising strategies that reduce marker visibility
under visible light while preserving NIR readability;

(3) Detection pipeline: an NIR sensing pipeline enabling recog-
nition of static markers, binary input, and real-time tracking
of textile deformation; and

(4) Applications across fabrication scales: applications span-
ning hand weaving, Jacquard weaving, and industrial textile
production.

2 Related Work
Our work builds upon three strands of prior research: infrared-
based marker systems, textile-based data encoding, and textile de-
formation sensing.

2.1 Infrared-Based Marker Systems
A persistent challenge in marker-based interaction with physical
objects is that visible markers disrupt aesthetics and occupy visual
space. In HCI, infrared (IR) markers have been increasingly explored
to address this. These systems exploit material properties such
as IR absorption [9, 34, 43], transmission [8], or fluorescence [6,
38] to produce patterns that are unobtrusive to the human eye
yet readable by machines. They have supported applications such
as AR tracking [6, 7], projection mapping [41], and personalized
interaction [37].

Many prior implementations target rigid or semi-rigid substrates.
For example, InfraredTags [8] encodes IR-transmissive barcodes in-
side 3D-printed plastics to support low-cost, invisible object tagging.
BrightMarker [6] incorporates NIR-fluorescent filaments into 3D-
printed structures, enabling high-contrast marker tracking under
motion and ambient light. Research such as Imprinto [9] and Stan-
dARone [7] explores the use of off-the-shelf IR-absorbing inks for
inkjet printing, enabling the creation of invisible watermarks or
data patterns on documents. However, direct textile integration
remains rare. Rosner and Ryokai [37] surface-painted IR-absorbing
ink onto finished knit fabric for location-aware annotation, though
surface treatments wear with use and sit outside the garment’s
production process.

https://doi.org/10.1145/3830398.3830562
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Related work in materials science has also explored encoding
IR markers in textiles. Jeong et al. [19] constructed an IR-emitting
barcode from an array of conductive yarns that require an applied
voltage to function, while Iezzi et al. [16] developed photonic-crystal
fibers that reflect specific infrared wavelengths through custom
fiber synthesis. Although these studies confirm the feasibility of IR
encoding in fibrous structures, they prioritize material development
over practical deployment in HCI contexts and across real-world
production scales.

2.2 Textile-Based Data Encoding
The ability to encode data into textiles transforms them from pas-
sive materials into information-carrying media. Prior HCI research
has explored embedding digital information in textiles for supply
chain traceability [12, 16, 17], interactive experiences [2, 37], and
sustainable material practices [3]. Early approaches augmented
fabrics with external or surface-level encodings. For example, RFID
tags have been affixed to garments for logistics and inventory track-
ing [18], and sewn wash tags or printed QR codes have been used to
provide readable product information. These commercially oriented
tagging techniques inspired a range of HCI research that adapted
similar principles for interactive and expressive applications in
garments. Häkkilä et al. [15] attached AR markers into clothing
patterns to enable smartphone-mediated interactions, while Ku-
usk et al. [21] introduced QR-coded embroidery to link craft-based
textiles with digital narratives. These studies laid important ground-
work for data encoding in textiles. However, they frequently relied
on add-ons that visibly altered the textile.

More recent work embeds data through the fabric’s structure it-
self, includingmagnetizedweave patterns [2], woven identifiers [12],
weave-based AR fiducials [20], and Jacquard-woven conductive el-
ements [32]. While these advances improve structural integration,
they often restrict design choices, require post-processing, or use
materials that reduce softness and wearability.

2.3 Textile-Based Deformation Tracking
Deformation tracking in textiles has evolved along two primary
paths in HCI. Sensor-based methods integrate conductive materi-
als [11, 24, 35, 48] or functional coatings [14, 22, 30] to translate
mechanical deformation into electrical signals. While these tech-
niques are relatively accurate, they often introduce non-textile
elements, such as conductive layers, threads, or coatings, onto the
original fabric surface and require additional wiring, power, and
data-acquisition hardware to read the sensor signals. These addi-
tions often complicate integration and compromise the textile’s
inherent softness and breathability. Xu et al. [46] aim to solve this
by using near-field coupling. However, the need for specialized
electronic integration remains.

Vision-based methods instead infer deformation from optical
cues such as fiducial markers [23, 25, 39, 47, 50] or embedded pat-
terns [13, 26]. While these approaches avoid rigid electronics, they
still rely on visible surface features that can compete with the tex-
tile’s intended visual appearance. Chic-Marker [23], for example,
computationally fuses AprilTag into a Pied-de-poule pattern via
sublimation printing, reducing the visual salience of the marker.
However, it still does not resolve the fundamental reliance on visible

surface markings. These approaches still rely on visible markers or
surface patterns, leaving unobtrusive textile deformation tracking
an open challenge.

Taken together, InvisIto occupies a distinct position among ex-
isting approaches by integrating visually unobtrusive, passive, and
machine-readable markers directly into the woven structure of tex-
tiles, enabling both data encoding and deformation tracking within
standard textile fabrication workflows. Rather than focusing on
rapid prototyping through additive or surface-applied fabrication
techniques, InvisIto is designed to integrate with existing weaving
workflows, supporting scalable textile manufacturing [31, 44]. Un-
like surface-applied, embroidered, electronic, or conductive alterna-
tives, InvisIto combines washability, scalable textile manufacturing,
and deformation tracking without requiring embedded electronics
or obvious surface graphics.

3 InvisIto
3.1 Overview
InvisIto embeds visually unobtrusive but machine-readable mark-
ers into woven textiles using NIR-absorbing yarns. The workflow
consists of three stages: marker design and embedding through
our design tool, textile fabrication through weaving, and marker
decoding or tracking under NIR imaging.

Figure 2: Visible-light and NIR images of SOLAMENT (8%)
and Teijin Heat Energy yarns compared with normal white
and black yarns, respectively.

3.2 NIR-Absorbing Yarns
Near-infrared (NIR)-absorbing yarns serve as the material basis of
InvisIto. NIR yarns are engineered to selectively attenuate light in
the near-infrared (NIR) range (approximately 700 nm to 1400 nm)
while remaining visually neutral under visible light. As shown in
Figure 2, these yarns closely match standard yarns under ambient
light yet appear darker under NIR imaging, which enables us to
embed machine-readable contrast directly into the textile structure
rather than adding visible tags, printed overlays, or attached mod-
ules. In our implementations, we used two types of commercially
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available IR-absorbing polyester yarns: SOLAMENT2 MKT2205A
(150D, Sumitomo Metal Mining3), which is available in variants
with 2%, 4%, 6%, and 8% NIR-absorbing additive content, and Teijin
Heat Energy TWYCKU160 BCE167T48 (150D).

To characterize the NIR absorbance of the yarn materials used in
InvisIto, Figure 3 compares the absorbance spectra of SOLAMENT
(8%), Teijin Heat Energy, and normal yarns of white and black color
measured with a spectrophotometer (HORIBA Duetta4). Although
the absorbance properties are similar in the visible region between
the normal yarn and the corresponding NIR-absorbing yarn, both
NIR-absorbing yarns exhibit consistently higher absorbance than
normal yarns across the NIR region from 750 nm to 1000 nm, con-
firming their stronger NIR attenuation.
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Figure 3: Absorbance spectra of SOLAMENT, Teijin Heat En-
ergy, regular white yarn, and regular black yarn measured
from 300nm to 1000nm. The shaded region indicates the
near-infrared range from 750nm to 1000nm.

3.3 Embedding Markers
Weaving interlaces two sets of yarns: warp yarns run lengthwise
and stay fixed on the loom, while weft yarns are widthwise in-
serted across them to form the textile structure. InvisIto encodes
a marker with two wefts that look similar in ambient light but
differ under NIR imaging: an NIR-absorbing yarn and a regular
(i.e., NIR-transparent) yarn. The warp is entirely standard yarn; the
weft alternates between the two types. Under NIR imaging, the
NIR-absorbing weft reads as dark and the standard weft as bright,
giving the “black” and “white” of a binary marker.

To control whichweft yarn is visible at each location on the fabric
surface, we use double weave. Double weave is a weaving technique
to produce two fabric layers, a Front layer and a Back layer, simulta-
neously on the same loom (Figure 4a). The marker pattern is created
by switching the two weft yarns between these layers. When the
NIR-absorbing weft is brought to the Front layer and the standard
weft is routed to the Back layer, the surface reads as dark under
2https://crossmining.smm-g.com/solament/
3https://www.smm.co.jp/en/
4https://www.horiba.com/int/scientific/products/detail/action/show/Product/duetta-
1621/

Double weave structure
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NIR-transparent weft

NIR-absorbing weft

Bright
QR code pattern

NIR imagingFront layer
Black module

NIR-absorbing yarn
NIR-transparent yarn

Front layer

Back layer

Figure 4: Double-weave encoding of QR modules. Layer
switching brings either the NIR-absorbing or NIR-
transparent weft to the front surface, producing dark
and bright modules under NIR imaging for woven QR code
generation.

NIR imaging. Swapping the two layers reverses this, producing a
bright region (Figure 4b). By applying this layer-switching oper-
ation module-by-module, we encode the complete binary marker.
Our design tool generates the double weave structure for marker
design as weaving drafts (Figure 1a). For each weft insertion, or
pick, the draft specifies which warp yarns the loom raises, which
determines how the NIR-absorbing and standard wefts are assigned
to the Front and Back layers, thereby encoding the marker through
double weave.

3.4 Disguising Markers
Although woven markers made with NIR-absorbing yarns appear
relatively unobtrusive, they can still remain slightly perceptible
under ambient light (Figure 6).

Even the marker woven with only one type of yarn is visible un-
der close inspection due to subtle surface unevenness caused by the
layer-switching structure. To further reduce this residual visibility
while preserving NIR readability, we explored five disguising strate-
gies: (a) yarn plying, (b) pattern decoying, (c) inkjet overprinting, (d)
post-dyeing, and (e) dark-color blending (Figure 5). These strategies
were selected for their practicality, as each is manufacturable across
scales, from hand weaving to industrial production. We evaluate
all five strategies in section 4.

Yarn plying. We applied yarn plying by wrapping an additional
yarn around the NIR-absorbing yarn (navy and white yarns in
Figure 5a). This outer yarn layer helps blend the marker into the
surrounding textile by reducing local texture contrast on the sur-
face.

Pattern decoying. We introduced surrounding “decoy” patterns
that are visually similar to the genuine marker but not machine-
readable.We hypothesized that these decoysmake the overall textile
pattern appear more spatially uniform, thereby reducing the per-
ceptual salience of the actual marker compared to placing a single
marker on an otherwise plain textile.

https://crossmining.smm-g.com/solament/
https://www.smm.co.jp/en/
https://www.horiba.com/int/scientific/products/detail/action/show/Product/duetta-1621/
https://www.horiba.com/int/scientific/products/detail/action/show/Product/duetta-1621/
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Figure 5: Comparison of five disguising strategies: (a) yarn plying with two colors of coiling yarns (navy and white), (b) pattern
decoying, (c) inkjet overprinting with CMYK inks, (d) post-dyeing with 12 different colors, (e) dark-color blending. The photos
were taken under visible light (top) and under NIR light (bottom).

1 cm

a b

Figure 6: The baseline woven QR code without disguising
treatment in the visible region (a) and in the NIR region (b).

Inkjet overprinting. After weaving the marker, we added an ad-
ditional color layer using a textile inkjet printer (Shima Seiki SIP-
160F2L).

Post-dyeing. We dyed the entire textile using a dyeing machine
(Texam MC-12EL) to reduce the slight visible color difference be-
tween the yarns and create a more visually uniform appearance.

Dark-color blending. For dark textiles, normal black yarn and
Teijin Heat Energy yarn, which is black under both visible and NIR
regions, are paired as NIR-transparent and NIR-absorbing wefts to
visually blend the marker into the surrounding textile. Dark textiles
reduce visibility of markers by lowering shadow contrast due to
surface unevenness.

Combining strategies. These strategies are not mutually exclu-
sive and can be combined within a single textile to further reduce
residual visibility while preserving NIR readability. Figure 7 shows
an example that combines multiple disguising strategies (pattern
decoying and dark-color blending) across a large woven area with
waved design. Under ambient light (Figure 7a), the markers remain
visually unobtrusive within the surrounding textile, whereas under
NIR imaging (Figure 7b), they stay clearly machine-readable.

Figure 7: An example combining pattern decoying and dark-
color blending across a large woven textile in the visible
region (a) and in the NIR region (b).

3.5 Design Tool
We developed a web-based design tool in TypeScript5, built on
AdaCAD [5], that supportsmarker authoring and integrationwithin
weave drafts. The tool extends AdaCAD’s operator libraries and
visualization environment with modules for marker generation,
marker-specific parameterization, layout control, and woven-fabric
simulation. The design tool supports two types of markers: QR
codes for digital data encoding and ArUco markers for binary input
sensing and deformation tracking.

As shown in Figure 8, the system integrates four core compo-
nents into a cohesive workflow: marker generation for encoding or
tracking elements, marker settings for configuring marker-specific
parameters, layout control for positioning markers within the tex-
tile design, and fabric simulation for previewing woven appearance.
Users first define a base draft by selecting a built-in weave structure
or importing an existing draft image. They then generate a marker,
adjust marker-specific parameters, and place the resulting marker
within the textile layout. The tool provides immediate visual feed-
back through both the generated weaving draft and a woven-fabric
simulation view.
5https://www.typescriptlang.org/

https://www.typescriptlang.org/
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Figure 8: Workflow of the InvisIto design tool: (a) marker generation, (b) marker setting with optional configurations, (c) layout
control, and (d) simulation.

Marker generation. Users begin by importing an existingweaving
draft image (e.g., a .png file) or selecting a base structure type from a
built-in library, including satin, twill, and plainweave. The imported
design defines a base canvas for marker placement. Users then select
a marker type for subsequent configuration and placement.

Marker setting. Depending on the selected marker type, the sys-
tem generates:
• QR codes: Users can embed a fixed message, such as a URL
or text string. The system computes the minimum QR code
resolution and pattern pixel size required for the given pay-
load, based on the empirical thresholds reported in section 4,
to support reliable detection after fabrication. Users can also
specify the error-correction level and optionally enable addi-
tional configurations, including pattern decoying and hand-
weaving mode. For pattern decoying, the system surrounds
the true marker with a user-configurable dummy QR grid as a
disguising method. In hand-weaving mode, textual payloads
are converted into compact woven markers better suited to
manual fabrication. The current implementation represents
each marker as a deterministic small binary pattern composed
of fixed 2 × 2 binary blocks, followed by a quiet zone and
optional rotation. Each generated marker is stored in a local
library together with its content and marker ID, enabling later
retrieval, reuse, and decoding by external tools.

• ArUco markers: The tool supports both standalone ArUcomark-
ers and ArUco marker matrices. Standalone ArUco markers
are intended for binary input sensing, while ArUco marker
matrices support deformation tracking by distributing mul-
tiple uniquely identified markers across a configurable grid.
The current implementation uses a 4 × 4 ArUco dictionary.
For standalone ArUco markers, users can set the marker ID.
For ArUco matrices, users can specify matrix dimensions and
spacing-related parameters for the generated layout.

Layout control. After generation, markers can be positioned
within the draft through our layout control. This allows users to
blend markers with the underlying weave structure and compose
them within the textile layout before export. For QR codes and
standalone ArUco markers, users can translate, rotate, and scale

the marker to fit the weave structure or garment boundaries. For
ArUco matrices, only global repositioning of the full marker set is
supported. After each adjustment, the system automatically blends
the marker with the underlying canvas structure.

Simulation. To support visual inspection prior to fabrication,
the tool provides a woven fabric simulation view that renders the
generated draft as an approximate textile surface. This preview
aims to help the user assess how the marker is likely to appear
once woven, rather than only as a binary draft image. The simu-
lation interface includes controls for yarn appearance, including
yarn thickness, light shading, float emphasis, yarn color, and zoom
control, allowing users to inspect marker visibility under different
visual conditions.

3.6 Fabrication
Since InvisIto relies only on specialized yarns, it does not intro-
duce additional fabrication steps into conventional weaving work-
flows. The design tool automatically generates weaving drafts in
standard weave notation, allowing direct interpretation by both
manual and computer-controlled looms with minimal modifica-
tion. This compatibility enables InvisIto to integrate into existing
textile production pipelines. The method extends beyond rapid pro-
totyping and can scale across diverse fabrication contexts. In our
implementation, lab-scale samples were woven on an Orika6 cus-
tomized Jacquard loom (Toyoshima Business System7), production-
scale samples were commissioned at an external weaving mill, and
handwoven samples were produced manually to demonstrate the
method’s applicability across weaving contexts. Table 1 summarizes
the materials, loom settings, and fabrication parameters used in
these implementations.

3.7 Detection Pipeline
After fabrication, InvisIto processes NIR image frames to interpret
the woven markers. QR codes provide static information retrieval,
while ArUco markers enable binary input sensing and real-time
deformation tracking.
6https://www.4dbox.com/lineup/orika
7https://toyoshimabs.co.jp/

https://www.4dbox.com/lineup/orika
https://toyoshimabs.co.jp/
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Table 1: Summary of materials and methods.

Category Specification

NIR-absorbing yarn SOLAMENT MKT2205A (150D) and Teijin Heat En-
ergy TWYCKU160 BCE167T48 (150D)

Normal yarn Polyester yarns: 75D (warp) and 150D (weft).
Draft tool AdaCAD.
Loom Customized Jacquard loom Orika. Larger samples

were manufactured at an external weaving mill.
NIR camera Omron Sentech STC-SBS34U3V-SWIRU
Spectral band Sensor bandwidth: 400 nm–1700 nm.
Imaging setup Camera-fabric distance: 30 cm. View: top-down. Field

of view: H17.1◦ , V12.8◦ . Mounting: tripod.
Lighting Two halogen lamps provide wide-band illumination.

Ambient lighting: indoor.
Processing MacBook Pro (Apple M4, 24GB RAM)

Our benchtop setup combines two halogen lamps, used as broad-
band NIR illumination, with an STC-SBS34U3V-SWIRU NIR camera
from Omron Sentech8, which has a spectral range of 400 nm to
1700 nm. In a more practical situation, the markers can also be
decoded under ordinary ambient lighting using an affordable smart-
phone equipped with an NIR camera module (e.g., OUKITEL WP35
S9). Under NIR illumination, the NIR-absorbing yarn appears darker
than the surrounding yarns, revealing the woven marker pattern.
The captured frames are then passed to task-specific recognition
modules:

QR code decoding. For QR codes, captured NIR images were di-
rectly fed into the Dynamsoft barcode decoder10 for detection and
decoding.

Binary input sensing. For binary input sensing, standalonewoven
ArUco markers are placed at discrete interaction locations. Each
marker represents a binary state based on whether it is visible or
occluded in the camera view. For each frame, OpenCV11’s ArUco
detector is used to identify the visible marker IDs. The presence or
absence of each marker is then mapped to the corresponding input
event.

Deformation tracking algorithm. For deformation tracking, we
developed a dynamic tracking algorithm for woven ArUco marker
matrices. The matrix consists of 5 × 5 ArUco markers, each mea-
suring 7.5mm square, arranged in a grid pattern at intervals of
approximately 30mm. We used the 4x4_50 dictionary included in
OpenCV11 for the ArUco markers. Our deformation tracking is
based on the detection part of Deformable Dot Cluster Marker [27].
Let x𝑖 (𝑡) be the center coordinates of the 𝑖-th ArUco marker tracked
at time 𝑡 . In the update step of the algorithm, when the ratio of
black pixels in a square region of interest (ROI) 𝑟𝑖 (𝑡) is greater than
pre-defined threshold 𝜏B, we consider an ArUco marker to exist
in ROI, and update the new position x𝑖 (𝑡) to the centroid of that
region. In the recovery step of the algorithm, we detect ArUco
markers across the entire image instead of the ID of dot clusters,
and overwrite the coordinates of tracked markers x𝑖 (𝑡). If we would
like to map the texture following the detected ArUco markers (as
demonstrated in 5.4), the given texture image was distorted based
8https://sentech.co.jp/en
9https://oukitel.com/pages/oukitel-wp35-s-specs
10https://www.dynamsoft.com/barcode-reader/overview/
11https://opencv.org/

on the relative positional relationship of multiple markers arranged
in a grid.

4 Technical Evaluation
To characterize the performance of woven markers produced by
InvisIto, we evaluated the system from three perspectives. First,
we assessed the disguising methods in terms of perceived visual
unobtrusiveness under ambient light and machine readability under
NIR imaging. Second, we evaluated the decoding robustness of
woven QR markers across different resolutions, error correction
levels, weave structures, and washing cycles. Third, we evaluated
the ArUco tracking performance. As a baseline condition, we used a
QR marker with SOLAMENT 8% and a normal white yarn (Figure 6)
without any disguising treatment for all the experiments.

4.1 Visual Unobtrusiveness and Readability
All QR codes share the same module layout, size (30.88mm ×
29.94mm), and a high error-correction code; only the disguising
treatment varies across conditions.

Visual unobtrusiveness under ambient light. To evaluate the visual
unobtrusiveness of woven markers, we conducted a user study
with 17 participants (13 males, 4 females, age = 22.6 years old ± 1.4
s.d.). First, we instructed the participants that we are developing
less obtrusive QR code markers. They were given six samples of
woven QR codes: (a) the code disguised with yarn plying (with
a navy coiling yarn), (b) surrounded by decoys, (c) overlaid with
light blue ink from an inkjet printer, (d) dyed with light blue dye,
(e) blended with dark colors, as well as (f) the baseline QR code.
They were asked to rank the disguised markers in order from the
most noticeable (score 1) to the least noticeable (score 6). For each
participant, we randomized the order of the six samples on the table.
We calculated the mean value and the standard deviation of the
score. As statistical tests, the Friedman test (𝑝 < 0.01) and pairwise
tests were conducted.

Among the five disguising methods as shown in Figure 9a, (a)
yarn plying, (d) post-dyeing, and (c) inkjet overprinting are signifi-
cantly more unobtrusive than (f) baseline and (b) pattern decoying,
respectively. On the other hand, there is no significant difference
observed between (a), (d), and (c). Thus, we concluded that (a) yarn
plying, (d) post-dyeing, and (c) inkjet overprinting are the methods
that can better disguise the woven markers.

Readability under NIR light. We also evaluated the machine-
readability of the five disguising methods by quantifying the NIR
contrast between the black and white regions in the woven code.
For each disguising method, we captured NIR images and cropped
each image to include only the QR code area.We then applied Otsu’s
thresholding method [29] and computed the maximum between-
class variance max𝜎2

B by averaging three samples, which was used
as a readability score.

The result shown in Figure 9b revealed that most of the dis-
guised conditions have readability comparable to the baseline. In
particular, yarn plying and dyeing remain readable for all the colors
tested while reducing visual obtrusiveness. As an exceptional case,
dark-color blending has the highest readability, because only this
condition used black wefts (i.e., Teijin Heat Energy and a normal

https://sentech.co.jp/en
https://oukitel.com/pages/oukitel-wp35-s-specs
https://www.dynamsoft.com/barcode-reader/overview/
https://opencv.org/
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a b

Yarn
plying

Inkjet
overprinting Post-dyeing

Baseline Pattern decoying

Dark-color blending

Figure 9: Evaluating visual unobtrusiveness and readability. a: The result of the user study shows perceived visual unobtru-
siveness across the five disguising methods. Asterisks indicate statistical significance (∗: 𝑝 < 0.05 and ∗∗: 𝑝 < 0.01). b: The
between-class variance shows machine-readability of the QR code under NIR light.

black yarn), which have a higher contrast in the NIR region. On
the other hand, the magenta and black inks of inkjet overprinting
reduced contrast by more than 50% of the baseline, resulting in
substantially lower readability. We note that 𝜎2

B for the black QR
code printed on white paper (i.e., a perfectly visible QR code) was
1109.14, as a possible highest score.

To summarize the two experiments, dark-color blending is the
most suitable option when a black textile is acceptable, and maxi-
mum readability is prioritized. Meanwhile, most of the disguising
methods are effectively readable under NIR light, while reducing
the visibility under ambient light with preferred color and design.

4.2 QR Decoding Performance
We evaluated the decoding performance of our QR codes across
four dimensions: module resolution, error correction code (ECC),
weave structure, and washing durability. A QR code is built from
modules, the smallest black-and-white square units of the QR code
matrix. All samples used Version 1 QR codes (21 × 21 modules)
encoded in byte mode. Unless otherwise noted, each condition was
tested over 1,000 decoding attempts at a fixed camera distance of
30 cm under uniform NIR illumination. We recorded both decoding
success rate (%) and time-to-decode (TtD).

Resolution threshold. We first evaluated the minimum module
resolution required for reliable decoding. When a marker is woven,
each QR module is formed from a small block of warp and weft
yarns, so we express the module resolution in yarns per module,
the number of warp and weft yarns spanning a single module. We
varied the module resolution from 0.5 to 4 yarns per module while
keeping all the other imaging conditions fixed, using ECC–Q (2nd
highest error correction level). We tested two marker samples that
differed only in the color of the second weft yarn, using either

white or gray, and both showed the same overall trend: decoding
performance remained high at larger module sizes and dropped
steeply once the resolution approached 3 yarns per module. Table 2
indicates that the practical decoding threshold of the current system
is approximately 3.5 yarns per module at a capture distance of
30 cm. TtD remained relatively stable across resolution levels for
successful trials, averaging at 26.4ms, suggesting that failures near
the threshold were primarily caused by insufficient spatial sampling
rather than increased computational cost.

Table 2: QR decoding success rates (%) across module resolu-
tions for samples with white and gray second-weft yarns.

Module size [yarns/module] White weft [%] Gray weft [%]

4.0 97.1 96.5
3.5 89.6 86.5
3.0 46.6 36.2
2.5 28.3 25.4

Decoding performance and latency of ECC. We next evaluated
how QR ECC affects decoding performance and latency near the
resolution threshold. Across plain-weave samples with module res-
olution from 0.5 to 4 yarns per module, decoding strongly depended
on ECC redundancy. ECC–H (highest error correction level) consis-
tently performed best, achieving 91.9% decoding success at 3 yarns
per module, while ECC–L (low) and ECC–M (middle) both fell
below 10%. At 2.5 yarns per module, ECC–H still retained 44.7%
success, whereas lower-redundancy settings showed substantial
degradation. At larger module resolution (≥3.5 yarns per module),
all ECC levels performed similarly, generally exceeding 85% suc-
cess. Latency results showed a similar trend: ECC–H remained
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below 32.9ms near the threshold, while ECC–L and ECC–M of-
ten exceeded 120ms or failed to decode. These results suggest
that higher-redundancy settings such as ECC–Q and ECC–H are
better suited to textile-integrated QR codes when marker size is
constrained.

Effect of weave structure. Because InvisIto embeds markers di-
rectly into the woven structure, we also examined how weave
structure affects decoding reliability. We compared the three double-
layered weave structures supported in our design tool: plain (or
tabby, the structure we used in the other part of our paper), twill,
and satin. Using ECC–H markers at 4 yarns per module, all three
weave structures achieved similar decoding success, with plain
weave at 93.6%, twill at 91.9%, and satin at 92.5%.

Washing durability. Finally, we evaluated the durability of wo-
ven QR markers under repeated laundering. We tested ECC–H
plain-weave markers at 4 yarns per module after 0, 5, 10, and 20
washing cycles. The laundering procedure approximately followed
ISO 6330, using a top-loading agitator washing machine and line
drying. Decoding success remained high across all conditions. After
10 and 20 washing cycles, decoding success decreased modestly
to 95.0% and 87.4%, respectively. Based on visual inspection of the
captured NIR images, this decrease appeared more closely related to
minor wrinkling and local weave distortion than to any substantial
loss of marker contrast. Overall, the markers retained strong read-
ability after repeated washing, suggesting that InvisIto can support
garment-scale use over time.

4.3 ArUco Tracking Performance
Frame rates. Next, we evaluated the sustainable frame rate re-

quired to detect and track ArUco markers. For three conditions
where the ArUco marker array is stable, rotated, and distorted,
5,000 frames of 1920 × 1080 px grayscale images were captured
from 30 cm distance. We then calculated the mean, standard devi-
ation, 50th percentile (P50), 99th percentile (P99), and maximum
computation time per frame (Table 3). We also calculated the 99th
percentile frame rate. Note that we defined the completion time of
detection or tracking when each frame finds at least one marker.

Table 3: The computation time (ms) per frame by each thread
and the 99th percentile frame rate.

Moves Threads Mean ± s.d. P50 P99 Max P99 FPS [s−1]

Stable Detection 5.13 ± 0.14 5.11 5.61 9.84 178.10
Stable Tracking 5.95 ± 0.21 5.93 6.57 13.92 152.16
Rotated Detection 5.43 ± 0.15 5.42 5.95 7.80 167.96
Rotated Tracking 6.25 ± 0.18 6.23 6.89 8.34 145.17
Distorted Detection 5.47 ± 0.39 5.42 6.71 10.18 148.94
Distorted Tracking 6.36 ± 1.05 6.25 8.00 31.32 125.01

The result shown in Table 3 indicates that 99% of the frames
are processed at 125 fps or higher. This demonstrates that ArUco
tracking is sufficiently possible in real time with our current setup.

Accuracy. To evaluate tracking accuracy, we measured the me-
dian positional error of the tracked ArUco marker against a per-
video ground truth, together with the tracking rate. We used 1920×
1080 px, 30 fps grayscale videos in which a deformed 5 × 5 ArUco

marker (24.5 px = 7.3mm) array moved on a conveyor belt at
three distinct constant speeds (192.48mm s−1, 144.99mm s−1 and
44.62mm s−1). Each measurement was repeated three times and
averaged. To decide the ground-truth position for every frame, we
derived a constant-velocity translation model from ArUco decodes.

Table 4: Tracking rates and median positional errors.

Velocity
[mms−1]

Movement/frame
[mm]

Tracking rate
[%]

Positional error
[mm]

44.62 1.49 97.4 0.86
144.99 4.83 92.0 4.26
192.48 6.42 91.5 8.52

As shown in Table 4, the tracking rates were consistently high
(>91%) across all conditions, while the positional error increased
with speed, from 0.86mm to 8.52mm. The accuracy decreasemainly
came from the motion blur and the camera frame rate, which was
more limited than what the DDCM [27] algorithm expects. No-
tably, the error grew disproportionately faster between the mid and
highest speed conditions than between the lowest and mid ones,
suggesting that the practical accuracy limit of our 30 fps setup lies
near 144.99mm s−1.

5 Applications
To examine the compatibility of InvisIto with different textile work-
flows, we explore the design space of NIR weaving across multiple
functions and weaving contexts. These applications span informa-
tion encoding, binary input sensing, and deformation tracking. They
also demonstrate how NIR markers can be incorporated through
fabrication methods across scales ranging from hand weaving to
industrial Jacquard production.

5.1 T-shirt with Anti-Counterfeiting Marker
InvisIto supports embedding authenticity information directly into
the textile itself, removing the need for visible labels or attached
tags. Unlike printed or attached authentication elements, the woven
markers are structurally integrated into the fabric, making them
inseparable from the garment while preserving its visual appear-
ance. This offers a more unobtrusive and potentially more durable
approach to authenticity marking. We made a T-shirt containing
multiple woven QR codes distributed across the garment for anti-
counterfeiting (Figure 10a,c). To further reduce their visibility, the
woven fabric was post-dyed. Every QR code encodes brand and se-
rial information and links to a verification webpage12 (Figure 10e).
The code remains visually less obtrusive in ambient light yet is
reliably read by an NIR camera (Figure 10b,d). By embedding verifi-
cation data into the fabric structure itself, InvisIto turns the garment
into a form of “textile DNA,” where machine-readable identity be-
comes an intrinsic part of the textile rather than an added label. This
suggests potential uses beyond authenticity verification, such as
supply chain tracing, provenance tracking, and garment life-cycle
documentation.

12https://invisito.github.io/real/

https://invisito.github.io/real/
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Figure 10: Anti-counterfeiting T-shirt.

5.2 Handwoven Memory Wristband
We created awristband as a bespoke case study to showhow InvisIto
can support small-scale, highly personalized textile production (Fig-
ure 11a). The piece explores fabric as a memory-bearing medium,
drawing on prior work showing that clothing and textile making
are often closely tied to identity, care, memory, and continuity with
the past [1, 36]. In many familial and craft contexts, handmade
textiles are exchanged, kept, and passed down as intimate objects
of care, allowing them to accumulate personal and intergenera-
tional significance over time. Building on this idea, the weaver
embedded unobtrusive markers directly into the wristband’s wo-
ven structure and linked them to a hidden URL accessible via NIR
detection (Figure 11b). Scanning the visually unobtrusive marker
with our mobile phone application on an OUKITEL WP35 S9 pro-
vides direct access to the linked webpage (Figure 11c). The device
includes a built-in infrared camera for marker scanning. Through
this webpage, users can leave comments and add personal content,
allowing the wristband’s journey and the interactions it gathers
over time to be recorded (Figure 11d). Because the markers are
woven into the textile itself rather than added later as external tags
or labels, they preserve the piece’s look and feel while introducing
a machine-readable digital layer. The wristband thus becomes a
digital-physical keepsake that can accumulate personal meaning
over time.

5.3 Smart Furniture Upholstery
To demonstrate InvisIto’s readiness for industrial-scale deployment,
we fabricated sofa upholstery with ArUco markers woven into the
fabric at an industrial weaving mill (Figure 12a). A mounted camera
feeds the live view into our detection pipeline, where each marker
is interpreted as a discrete binary state based on whether it is visible
or occluded. This enables button-like interactions without requiring
contact localization or gesture recognition. We assigned three mark-
ers to different control functions: a power toggle on the seat back
(Figure 12b), channel increment on the left armrest (Figure 12c), and
mute on the right armrest (Figure 12d). The resulting upholstery
acts as a passive, zero-power textile interface remaining visually
similar to standard upholstery, while sensing and processing are
provided by the external camera system.

Figure 11: Handwovenmemory wristband with an embedded
marker.

Figure 12: Sofa-integrated TV control using industrially wo-
ven markers.

5.4 Deformation-Aware AR Cushion
We created an augmented reality (AR) cushionwith InvisIto’s ArUco
matrix markers embedded into its top surface (Figure 13a). To vi-
sually conceal the marker matrix, we applied inkjet overprinting,
making it less perceptible under normal viewing conditions. The
piece serves as a low-cost sensing surface by capturing geomet-
ric changes in the woven markers under interaction. In the head-
mounted display (HMD), our tracking pipeline continuously es-
timates the cushion’s deformation (Figure 13b) by tracking the
ArUco matrix as shown in (Figure 13c). The AR texture rendered
in the HMD view then updates in real time to follow the fabric’s
physical deformation (Figure 13d), enabling deformation-aware AR
rendering that remains spatially registered to the textile throughout
interaction.
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Figure 13: Deformation-aware AR interaction on a woven
cushion with embedded markers.

6 Limitations and Future Work
6.1 Visibility of Woven Markers
Woven markers by InvisIto are visually unobtrusive, not entirely in-
visible. They stay perceptible on close inspection, and their salience
depends on the weave design and the disguising strategy. Invis-
Ito therefore reduces the visual prominence of machine-readable
markers but does not make them imperceptible. Future work should
explore a broader range of weaving techniques and disguising strate-
gies to further reduce marker salience.

6.2 Resolution and Yarn Type
Yarn type and thickness impose important constraints on the reso-
lution of woven markers. Yarn thickness and warp/weft densities
define the smallest possible unit in the woven marker. Using coarser
yarns or lower warp and weft densities results in larger woven pix-
els, requiring physically larger markers to encode the same payload
and thereby reducing the achievable resolution. In practice, this
makes it difficult to embed larger amounts of information without
producing markers that are impractical in size. Material availability
introduces an additional constraint. Our method currently sup-
ports only polyester fabrics because the commercially available
IR-absorbing yarns used in our implementation are polyester-based.
Future work should therefore investigate finer yarns, higher-density
weaving, and broader material compatibility to improve encoding
capacity while extending InvisIto to a wider range of textile sub-
strates.

6.3 Beyond Conventional Fiducial Markers
InvisIto encodes information using QR codes and ArUco markers,
both of which were originally designed for printed, rigid surfaces
with high contrast. We adopted these formats to maintain com-
patibility with existing computer vision pipelines. However, their
underlying visual and geometric assumptions, including square

modules, quiet zones, and rectilinear layouts, do not align well with
the material properties of woven textiles. Future work could instead
investigate encoding schemes that are native to textile structure
and visual composition. Identifiers could be encoded through or-
ganicmotifs, warp–weft relationships, weave density, or multi-layer
structures [10]. Such approaches could allow machine-readable
information to become part of the textile’s visual and structural
design, rather than appearing as a separate graphical element.

6.4 Fabric Deformation and Occlusion
Fabric deformation remains a key challenge for woven marker de-
coding and tracking. Unlike rigid substrates, textiles stretch, wrin-
kle, and fold during use, which can distort marker geometry and
reduce detection reliability. Occlusion also presents a particularly
strong constraint because a marker covered by a hand or fabric fold
cannot be detected. In our deformation tracking algorithm, how-
ever, the position of a temporarily undetected ArUco marker can be
estimated from the surrounding marker grid, allowing the system
to tolerate limited marker loss. Future work could extend this prin-
ciple of spatial redundancy to information encoding by distributing
repeating patterns, or textile-native organic motifs. Such encoding
schemes could improve robustness to local deformation and partial
occlusion while integrating machine-readable information more
naturally into the visual and structural composition of textiles.

7 Conclusion
We introduced InvisIto, a method for weaving visually unobtru-
sive, machine-readable markers into textiles using NIR-absorbing
yarns. InvisIto combines a design tool for embedding markers into
weaving drafts, five disguising strategies that further reduce marker
visibility under ambient light, and a detection pipeline for decoding
and tracking under NIR imaging. With this approach, the system
supports both woven QR codes for data encoding and woven ArUco
markers for binary input and deformation tracking. Through appli-
cations spanning hand weaving, Jacquard weaving, and industrial
production, we validated that InvisIto can integrate with existing
textile workflows to support weaving NIR markers across multiple
fabrication contexts.
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