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Fig. 1. LayerCode tags are deployed in 3D printed objects through two-color printing (a), variable layer heights (d), and near-infrared steganography (g). In
the first case (a), the LayerCode tag is visible; in the second (d), the tag is less visible; and in the third (g) it is completely invisible, but still machine-readable.
Just like reading a barcode, we capture an image of each object, and our decoding algorithm processes the image to create a decoding graph (b, e, h), from
which a linear barcode is recovered (c, f, i). In this case, the corresponding LayerCode bit string reveals a 24-bit code repeated 3 times in (a), a 24-bit code

repeated once in (d), and a 12-bit code repeated once in (g).

With the advance of personal and customized fabrication techniques, the ca-
pability to embed information in physical objects becomes evermore crucial.
We present LayerCode, a tagging scheme that embeds a carefully designed
barcode pattern in 3D printed objects as a deliberate byproduct of the 3D
printing process. The LayerCode concept is inspired by the structural resem-
blance between the parallel black and white bars of the standard barcode
and the universal layer-by-layer approach of 3D printing. We introduce an
encoding algorithm that enables the 3D printing layers to carry information
without altering the object geometry. We also introduce a decoding algo-
rithm that reads the LayerCode tag of a physical object by just taking a photo.
The physical deployment of LayerCode tags is realized on various types of
3D printers, including Fused Deposition Modeling printers as well as Stere-
olithography based printers. Each offers its own advantages and tradeoffs.
We show that LayerCode tags can work on complex, nontrivial shapes, on
which all previous tagging mechanisms may fail. To evaluate LayerCode
thoroughly, we further stress test it with a large dataset of complex shapes
using virtual rendering. Among 4,835 tested shapes, we successfully encode
and decode on more than 99% of the shapes.
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1 INTRODUCTION

Invented 45 years ago, the optical barcode has become an indispens-
able minutiae in today’s digital era. The design is simple, e.g. black
and white bars printed on a flat surface, but its use is ubiquitous.
From package delivery and airplane boarding to inventory manage-
ment and patient identification, the barcode serves as a link that
bridges physical artifacts to modern digital systems.

In this work, we rethink barcodes in the context of additive man-
ufacturing, popularly known as 3D printing. 3D printing offers a
quick way of making customized, complex shaped objects. Unlike a
mass-produced product which by design has a reserved flat surface
region to host barcodes, 3D printed shapes are often complex and
curved: thin features, slender threads, and holes are not uncommon.
As a result, traditional barcodes cannot be placed on such objects.

Recent years have seen a few approaches proposed toward em-
bedding optical tags in 3D printed objects, on the surface [Kikuchi
et al. 2018], beneath the surface [Li et al. 2017] and inside the ob-
jects [Willis and Wilson 2013]. However, these approaches either
require specialized (and expensive) hardware to read the tags or
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only work on a limited set of simple shapes (i.e., those with a at or
smooth surface). This limitation, in stark contrast to the complexity
of shapes that current 3D printers commonly produce, remains a
signi cant open problem.

We introducelLayerCodgto bring the concept of optical barcodes
into 3D printed objects, especially those with curved shapes and ne
structures. Our key idea is inspired by the structural resemblance
between optical barcodes and 3D printed objects: essential in a
barcode are its black and white bars arranged in parallel; universal
in all 3D printed objects are printing layers introduced in a parallel
fashion. In fact, virtually all additive manufacturing uses a layer-
by-layer printing process [Livesu et a2017; Redwood et.€017].
Thus, if we could interleave two types of layers in a 3D printing
process, we would be able to embed a barcode everywhere along a
3D printed object.

Materializing this idea faces two challenges. The rst is algorith-
mic. Due to an object's complex shape, its layering structure may

appear curved, disconnected, or shadowed when captured by a cam-

era. We therefore seek a robust encoding and decoding algorithm
that embeds information in printing layers and later retrieves this
information from the images of a conventional camera. The second
challenge rests in practical realization. In various types of 3D print-
ers, including those that support only a single material, we need to
introduce two distinguishable layer types.

We address the rst challenge by introducing a new coding al-
gorithm. Unlike the standard barcode that maps every bit to a bar
thickness, we encode individual bits based on the local change of
layer thickness, which, as we will show, is invariant under di erent
surface orientations and curvatures. At decoding time, we exploit
a key observation that each layer spans the entire cross-section of
the object. This suggests that there exist many image-plane paths
along which we can decode. The rich set of decoding paths is advan-
tageous, enabling us to sidestep shadows, highlights, and uncertain
image regions to decode robustly.

We address the second challenge by developing software and
hardware updates for printers. For printers that support two mate-
rials (such as the Makerbot Replicator 2 and PolyJet), distinct layer
types are naturally introduced by assigning di erent materials. For
fused deposition modeling (FDM) printers with only a single mate-
rial (such as the Ultimaker 2), we propose to change the lament
deposition height during printing to indicate di erent layer types.
Last but not least, for stereolithography printers (such as an Au-
todesk Ember), we propose to mix near infrared (NIR) dye in the
printing resin to create the second type of layers. This unobtrusive
and machine-readable tagging is similar in spirit to [Li et 2017]
and nds many applications.

Our proposed LayerCode approach features a number of attributes
desired for tagging 3D printed objects:

Robustness on complex shapes/erCode tags can be applied to
objects with complex shapes (e.g., see Figure 3), and are signi cantly
more versatile than existing approaches. Besides demonstrating our
algorithm with real-world examples, we also test it exhaustively
using rendered images on Thingil0k [Zhou and Jacobson 2016], a

dataset with 4,835 printable meshes across a wide range of shapes.
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Fig. 2. Use scenario. A LayerCode-tagged object is captured by a conven-
tional camera. Our graph-based algorithm then decodes the embedded
information from the image.

Ease with a conventional cametaayerCode tags can be read by
a conventional camera, without resorting to expensive hardware
(Figure 2). Even for the NIR tags, the only additional hardware
needed for decoding is a NIR lter and a NIR light source (e.g., TV
remote); both are low-cost and easily accessible.

Compatibility with 3D printers.LayerCode tags can be used in
various types of 3D printers, whether they are single material or
multi-material FDM or stereolithography printers. Additionally, we
show how even a single-material stereolithography printer like the
Autodesk Ember can support the requisite two types of layers.

Structural preservationSince LayerCode tags are built upon the
layer-by-layer 3D printing process without modifying the original
shapes; they have a minimal, if not negligible, impact on the print's
mechanical properties. This feature contrasts starkly to previous
approaches, as they all alter the shapes to a certain extent.

Appearance preservatiohayerCode tags, when fabricated using
two materials of di erent colors, change the appearance of the
object. However the object appearance is preserved in the other two
3D printing approaches, namely by changing the FDM deposition
thickness and using resins mixed with NIR dyes (Figure 14 and 16).

Ubiquitous tagging of an objecEmbedded in 3D printed layers,
LayerCode tags span over the entire object body, both inside and on
the surface. Such ubiquity of a tag is bene cial: tags can be decoded
along many surface paths, which makes the decoding process robust.
This redundancy also renders the tag readable from multiple camera
view angles or within a broken or damaged object (Figure 17).

Depth information for freeThe interleaving parallel layers of a
LayerCode tag can be reinterpreted as an idealallel light pattern
projected on the object. Thus, using the structured light technique
of computer vision, even from a single image of the tagged object,
we are able to estimate the depth of the object from the camera
(Figure 10). In other words, every LayerCode tag automatically
conveys shape information of its carrier object for free.

In summary, we highlight the following contributions:

A new feature-rich tagging mechanism that exploits the layer-
ing structures employed in additive manufacturing processes.
A decoding algorithm that is robust against high curvatures,
rough surfaces, thin features, occlusions, and other factors
that limit the use of previous approaches.

We propose three distinct methods that achieve LayerCode
tags in various types of 3D printing processes.

A comprehensive evaluation of 4,835 rendered images as well
as over20physical objects across three 3D printers.
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