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a b s t r a c t

Providing additional information for parts or items usually means to enclose it next to the object or
affix it on the component when that is possible. However, another solution is available by gaining
the benefits of an additive manufacturing technology, 3D printing. This technology makes it possible
to embed the additional information onto the surface of the items, for example, in the forms of QR
codes. In the work of Kikuchi et al. (2018), the QR code is embedded into CAD models that consist
of B-spline surfaces by grooving its dark regions to shadow them. The method proposed by Peng
et al. (2019) optimized the modules of the QR code and the depth to carve its dark modules into
any general mesh. However, embedding the QR code with these methods, in some cases, especially
in case of highly curved surfaces, the QR code is deformed during the process of projection onto the
surface. This deformation can highly restrict the readability of the QR code. In this paper, we propose
an improved method to embed QR codes onto free-form surfaces by using a low-end consumer-level
3D printer. Our aim is to provide a robust method to project the QR code onto surfaces even with high
curvature. We discuss the problematic cases for the works mentioned above, and we present a process
to find an optimal position and direction of projection for the QR code to avoid deformations on highly
curved surfaces. To validate our method, we compare our results with the outcomes of Kikuchi et al.
(2018) and Peng et al. (2019).

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The demand to include additional information next to pro-
uced components, parts, or items has long been present, and
any different solutions have been introduced to suffice this
eed. For example, one could affix labels on the surfaces of
tems. However, precisely affixing labels are feasible only on areas
f developable surfaces. Therefore another solution is required
or curved free-form surfaces, such as merely attaching paper
ocumentation next to the product or parts.
Since the production of personalized items and early pro-

otypes became an easy task for everyone with the arrival of
ffordable 3D printing solutions and free, user-friendly 3D mod-
ling software, the question of how to provide additional infor-
ation to the printed shapes came up again. The benefits of
dditive manufacturing technologies make it possible to develop
ew solutions that can solve this problem. A recently emerged
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method [1,2] is to encode the information into a QR code and
embed the resulting image into the surface of the object. Since
any smartphone can read QR codes, the end-user of the product
can easily decode the information. In the method of Kikuchi
et al. [1] and Peng et al. [2], the QR code is projected onto the
surface, and the black modules are carved into it to produce
shadowed areas. The appearing contrast between the surface and
the engraved regions makes it possible to read the QR code. How-
ever, these solutions cannot be applied to any surface without
difficulties. There are cases when the smartphones cannot read
the embedded QR code due to deformed regions caused by the
projection. In this paper, we propose a robust solution to project
and engrave a QR code onto any area of a free-form surface
without significant deformation, thus avoiding negative affects in
the decoding process of the QR code. In this method, we present
a new way of finding the optimal position of the QR code and
the direction of parallel projection to project it onto the surface.
We also discuss central projection as an alternative option to
project the code onto the surface and evaluate its readability
by comparing the results of the two projections. Further on, we
propose a modification of the bottom of the engraved black areas
of the QR code to quickly and effortlessly increase the contrast

inside the embedded regions of the QR code.
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The rest of this paper is structured as follows. In Section 2, we
discuss the different existing techniques related to QR codes to
embed information onto the surface. In Section 3, we present the
problematic cases where previous works mentioned above do not
provide satisfying results. Our method is presented in Sections 4
and 5, and its outcomes are compared with the previous methods
in Section 6. Conclusion and future work close the paper.

The main contributions of our paper are as follows.

• We introduce an improved method to project and embed
a QR code onto a curved area on a free-form surface while
preserving the readability of the resulting code.

• We propose and evaluate the application of central pro-
jection for embedding the QR code onto the surfaces as
an alternative method to the usual parallel projection. We
compare the outcomes of the two projections.

• We use patterns at the bottom of the embedded regions
of the QR-code to increase the contrast between black and
white areas and improve the readability of the code.

2. Related works

There are numerous ways to encode information for prod-
ucts, items, or components. One of the widely used methods for
this task is to generate a QR code. This way, the information
is encoded into an image that later can be decoded by any
smartphone.

In the last decade, several techniques has been proposed to
improve the QR codes visually and make them more appealing
to the users. There are different techniques, which vary from
changing the color of the white and black regions to modifying
the modules in the QR code to enhance them with different
shapes or images [3–9].

Although these methods ensure the readability of the resulting
QR code positioned on a flat patch of the surface, there are cases
when it must be placed on a curved surface, which makes the
readability and decoding of the QR code challenging. Recognizing
and decoding a QR code from a cylindrical surface is a common
problem [10–14]. In the work of Lay et al. [13], perspective pro-
jection is used to decode the deformed QR code. In our method,
we are also using central projection to project the modules of the
QR code onto the given surface.

One can apply markers on meshes to estimate their pose
and track their movements. In [15] a high-speed, occlusion-
robust tracking method is proposed with markers, that consists
of dots and are applied on 3D printed meshes. The method auto-
matically generates these markers for various 3D shape models
to track their movements with a Dynamic Projection Mapping
monochrome camera. In the work of Asayama et al. [16], a
method is proposed to estimate the position of a mesh and
correctly map the projected image on the surface of a model.
Their method uses 3D printed meshes with embedded visual
markers designed so that it is detectable by infrared cameras
but diminished by projections. A stereo camera system reads the
markers that are created by using generic algorithms to maximize
the number of viewpoints from where the position of the mesh
can be correctly estimated.

The QR code can also be used in different 3D techniques
to encode information about the product. In [17–19], one can
see examples to use the additive manufacturing technique to
embedding tags, tracking code, or safety features into 3D models
as a QR code by using tagging materials.

In the work of Kikuchi et al. [1], a technique has been proposed
to embed the QR code into a B-spline surface by engraving the
black regions of the QR code. The appearing shadow in the em-
bedded areas was used to reach the required amount of contrast
2

between the black and white parts of the QR code to make it
readable.

In the work of Peng et al. [2], one can find a solution to opti-
mize the embedding process of the QR code onto the surface of
a triangulated mesh by suppressing the black modules continuity
in the QR code and minimizing their carving depth. In their work,
the application of central projection is only implicitly given, and
there is no information about how the center of the projection is
chosen. Also, there is no comparison between using the central
and parallel projection to embed a QR code.

A novel QR code 3D fabrication framework is presented in [20]
to embed QR codes unobtrusively with minimal shape modifica-
tion. The method also carves the model’s surface, like the previous
ones, but the created QR code pattern is only visible for decoding
when it is lit from a specific direction. The white modules of the
pattern are lit, while the black ones are shaded by the directional
light. The method simulates the light to compute the carvings of
the black and white modules. The resulting average carving depth
is approximately 50% less than in the work of [2]. The limitation
of the proposed solution in terms of appearing self-occlusion and
non-continuous projection phenomena is present when the QR
code is embedded onto a highly curved shape.

Analogously to the methods described in [1] and [2], we re-
strict ourselves to shapes defined over a rectangular area of the
[x, y] plane, similar to a graph of a function z = f (x, y) (in the
ase model half of the shape is considered this way). To provide
arger flexibility in interactive modification, each surface is given
n a parametric form as S(u, v) free-form parametric surface. In
ur work, we used B-splines to create the surfaces for the QR
ode embedding. However, our proposed methods work with any
ind of free-form parametric surface. Throughout the paper we
uppose that the sides of the QR code to embed are parallel to
he sides of the rectangular area.

. Problematic cases

The ideal surface to place a QR code is flat because it ensures
o avoid deformation during attaching or embedding a QR code.
mall distortions in the shape of the QR code can be experienced
n cases when the given area on the surface to place the QR code
s, for example, slightly curved, twisted, or a bit of wavy. Most QR
ode reader applications can handle these small deformations and
ead the decoded information without difficulty. Unfortunately,
n some cases, the given 3D model represented by a free-form
urface does not have flat or just slightly curved regions, which
ould fit for smooth embedding of a QR code. In these cases,
hen we try to project the QR code onto the more curved surface,
eformation issues can appear, highly restricting the readability
f the code. One potential solution would be to decrease the size
f the QR code in order to fit it to a smaller smooth part of the
urface, but in case of 3D printing the printer might not have the
equired capabilities to print readable QR code small enough to
it on these limited flat regions.

Let S(u, v), (u, v ∈ [0, 1]) denote the surface given in para-
etric form, onto which the QR code should be embedded. The
eformation problem can occur when the Gaussian curvature of
he surface is large somewhere in the potential position of the
R code, that is, the angle of the unit normal vectors of two close
oints S(ui, vi), and S(uj, vj) is significantly large. In our practice
0 × 10 point sampling is used on the surface, and 5◦ difference
n neighboring unit normal directions can already restrict the
eadability of a simply attached QR code.

After defining the center and size of the future QR code by
he user, our method finds and optimal positioning of the QR
ode, projects and engraves it in a readable form even if the
elected part of the surface contains highly curved areas. In Fig. 1



G. Papp, M. Hoffmann and I. Papp Computer-Aided Design 131 (2021) 102961

w
m
i
m
c

4

t
c
p
w
e
t
T
b
i
d
f
b

p
a
w
H
p
S
p
v

t
s

Fig. 1. Examples for surfaces with high curvature regions, where the QR code
embedding method of Kikuchi et al. [1] and Peng et al. [2] can result in a less
readable and deformed QR code. The surface (d) is created based on the car
model available in [21].

four examples can be seen to demonstrate the problem of highly
curved surfaces where deformations can be expected to occur
during embedding the QR code. Results can be seen in 3D printed
form in Fig. 10.

It is important to note that we aim to create a method that
orks well with most low-end consumer-level 3D printers. These
achines do not possess advanced capabilities, like the one used

n [2]. To further improve the readability, we also provide a
ethod to increase the shadow in case of using a lower-end
onsumer-level 3D printer.

. Our method: improved embedding of the QR code

After positioning the center of the future code, the first ques-
ion is the choice of projection method. Embedding the same QR
ode at the same position of the surface with central and parallel
rojection yields different results as can be seen in Fig. 2. In cases
hen the parallel projection is used to embed the QR code, the
ngraved modules show some deformation from the center of
he QR code to its edges, making it hard or impossible to read.
he level of this deformation evidently depends on the distance
etween the center of the QR code and the camera. The distortion
s increasing when the camera is getting closer to the surface. The
eformation can be reduced or eliminated by moving the camera
ar from the QR code. However, in this case, the QR code may
ecome too small to read.
By engraving the QR code with central projection, a suitable

osition can be found for a QR code to read it easily without
ny deformation problem affected by the distance. In this paper,
e discuss and present our solution by using central projection.
owever, our method is robust enough to be used with parallel
rojection as well, as one can see in the comparison part in
ection 6. The algorithm is described in detail only for central
rojection because one can easily transform it into the parallel
ersion.
The next step of our method is to define an initial plane of

he QR code and project it onto the surface. Then we sample the
urface normals in the points of the projected area. These surface
3

Fig. 2. The difference between parallel projection (left) and central projection
(right) uses the same surface and position to engrave the QR code.

points and normals are used to calculate a better position for the
plane of the QR code and a center for the projection to embed the
QR code onto the surface. It is an iterative method to gradually
improve the position of the QR code’s plane by sampling the
normal vectors of the surface in each iteration. The normal vector
of the resulting plane is used with the user-selected center of the
QR code to calculate the center of the projection based on the
central projection distance to embed the QR code. The iteration
terminates when the angle between the normal vectors of two
consecutive positions of the projected plane is less than our pre-
defined error limit value (5◦). However, in our practice, the first
or second iteration has already provided an appropriate solution
for position of the QR code plane. Further iterations yield higher
computational costs with minor or no improvement in terms of
readability.

Let us denote user-selected center position of the QR code on
the surface by O. Also, the size of the code (the lengths of the
square) is defined as s. In the beginning of the iteration, these
given values are used to define an initial plane h, orthogonal to
the surface normal in point O. The QR code is positioned onto this
plane, with center O, and its vertices are projected onto the sur-
face (see Fig. 3) to sample the surface. For the central projection, a
point C on the line defined by the surface unit normal vector n⃗ at
point O, is defined as the projection center. A free parameter g is
used to control the distance of C from O, and finally the position
of point C is defined as C = O+ g · n⃗. The projected square of the
code forms a region on the surface, and the projected vertices
yield a rectangular area R in the surface parameter space (see
Fig. 3(a)). In cases when the projected vertices are outside of the
surface, we clamp their parameter values back to the boundaries
of the surface parameter space.

Rectangle R of the parameter space (see Fig. 3(a)) is then
shifted to a new rectangle R′ in a way that its center Rcenter
moves to the point Ouv assigned to center O of the QR code in
the parameter space (see Fig. 3(b)). In cases, when the shifted
rectangle R′ is outside the surface parameter boundaries, R′ are
clamped to the boundaries as shown in Fig. 3(b). The resulted
area is used to sample normals of the surface S(u, v) by using the
Halton sequence [22]. Our algorithm works with 10 × 10 number
of sample points.

For each sample point, we calculate a sample vector, which, in

our case, is the unit normal vector of the surface in the sample
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Fig. 3. The images show how our method finds the plane used for projecting the QR code points onto the surface. First, we define an initial plane h, which is
entered at the given point O with the normal vector n⃗ of the surface at this point (a). We use the projected area to sample the surface (b) and find the new position
f the QR code and the direction to project it onto the surface (c). In (a) and (b), the parameter space of the surface is also visualized, with images R and R′ of the

code. The clamped area of R′ is shown with dashed line in (b).
point. These sample unit normal vectors n⃗i are summarized to
define the unit normal vector

n⃗′ =

∑m
0 n⃗i∑m
0 n⃗i


of the new plane h′ of the QR code, which is applied to project
the modules of the QR code onto the surface (see Fig. 3(c)).

The algorithm calculates the points for embedding the QR code
by projecting the modules of the QR code onto the surface from
point C ′, which is the new center of projection. Point C ′ is defined
nalogously to point C: C ′

= O + g · n⃗′ (see Fig. 4).
Each point of the QR code has its direction for the projection.

Let the points of the QR code be Qkl, where 1 ≤ k ≤ 10, 1 ≤ l ≤

10. The direction of the projection for each point is the following
d(k, l) = Qkl − C ′. Now we can define the projected points as
Pkl = C ′

+ t · d(k, l) where C ′ is the new center of the projection,
and d(k, l) provides the directions to project each point. The usual
Newton method is applied to calculate parameter t to find the
intersection point of this line and the surface, and to obtain the
projected point of the QR code.

In the last step, vertices of each module of the QR code are
projected to the surface, and those parts belong to a black region
are grooved (Fig. 4). The final embedded QR code is created
by triangulating the projected and engraved points of the QR
code with the points of the surface. The carving depth for the
black module is calculated using the proposed method of Kikuchi
et al. [1]. However, in our application, we do not convert our
embedded QR code into voxels to evaluate the amount of shadow
in the grooved area. Instead, we use the triangulated embedded
QR code and ray-tracing to sample the emitted rays for a given
point in the engraved parts.

The engraving of the black modules is performed during the
calculation of the carving depth. First, the QR code is triangulated
with a minimal carving depth, then in each iteration, the amount
4

of shadow is evaluated using the proposed function from [1].
Our stopping criteria are also the same, we increase the carving
depth and modify the embedded QR code vertices according to it
until more than half of the black module’s calculated obscurance
is under a given limit. We used the proposed obscurance limit
of 0.2 from [1]. When the iteration stops, the black modules in
our triangulated embedded QR code already have the required
carving depth.

Images of an embedded QR code carved into the surface with
our proposed method can be seen in Fig. 5. Models are printed
out in different colors.

5. Increased shadow with patterns

In this section, we propose a method to further improve the
readability of the code. The bottom of the embedded black regions
of the QR code is modified in order to increase the amount
of shadow and to increase the difference in intensity between
the black and white modules. Our solution is to apply so-called
patterns to the bottom of the carved regions of a QR code.

The idea behind using patterns is to obtain an engraved sur-
face with diverse normal vectors at the bottom of the engraved
area instead of a flat bottom surface with one normal vector. The
obscurance value at point P depends on the length of the emitted
rays ri from it. The direction of the casted rays are calculated to be
inside a hemisphere, as Fig. 6 shows. The hemisphere is defined
by point P and the surface unit normal at P . If the surrounding
embedded QR code covers large parts of the hemisphere, then
most of the emitted rays would hit them and have a smaller
length, which helps us to reach a smaller obscurance value. Hav-
ing a surface with diverse normal vectors results in hemispheres
that have various positions during the obscurance calculation.
Therefore, in order to have smaller obscurance values, we defined
our proposed patterns’ surfaces in a way that their normal vectors
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Fig. 4. Central projection of the planar QR code on the surface (left). The result of the projection (right). After calculating the projected points, black regions are
carved into the surface.
Fig. 5. A printed output of embedding QR codes with our methods in multiple colors.
Fig. 6. The images illustrate how rays ri are emitted from point (P) inside the hemisphere to calculate the obscurance value. The left image shows the hemisphere
from the top, while the right one shows it from the side.
would result in a hemisphere, which is mostly covered by the
surrounded part of the embedded QR code.

We propose two different patterns, which are formed by mod-
ifying the engraved black modules of the QR code to provide a
bumpy surface. These extruded shapes increase the shadow at
the bottom of the QR codes. The two different patterns and their
comparison are shown in Fig. 7.

The first pattern (see Figs. 7(a) and 8) is created to be the same
for every engraved modules. We used eight additional vertices
(E, F ,G,H, I, J, K , L) in every engraved square module to create
the pattern. The first four of these vertices are calculated by
taking the mid-point of the module’s sides. Point I is the midpoint
of the section connecting the center of the square and H . Points
, K , and L can be calculated analogously. After we have all of
he vertices at the bottom, we elevate orthogonally E, F ,G, and
H up to the half of the current carving depth. The only remaining
5

step is triangulation. The position of the new points and the
triangulation of the vertices are shown in Fig. 8.

In the second pattern (see Figs. 7(b) and 9), we defined two
similar surfaces for the bottom of the black modules. These are
used alternately for the modules in each row to create our pro-
posed pattern. Besides, our proposed surfaces are rotated 180
degrees for each module for every even row, as Fig. 7 shows.
We insert two additional vertices E and F for this pattern (see
Fig. 9). These are defined as the midpoints of segments AD and
BC , respectively. To form the first surface, the points A,D, and F
are elevated up to the half of the current carving depth. In the
case of the other surface, the points B, C , and E are moved in a
similar way to create the shape. Then the points are triangulated,
as shown in Fig. 9.

In Fig. 7, we show and compare how much these patterns can
increase the amount of shadow and how they can help reduce
the amount of incoming direct light from the sides to the inside
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Fig. 7. Examples of the proposed pattern to increase the shadow intensity at the bottom of the engraved QR code. The first two images (a) and (b) show our
roposed patterns, while the rightmost figure (c) with no pattern helps to compare the results. The amount of illumination in the embedded QR code for each
attern is presented in the bottom row, based on the calculations from [1] and [2]. Blue areas are not illuminated, while the orange ones are fully illuminated.
Fig. 8. The images show our first pattern to increase the shadow in the embedded modules. The left images show the surface of the pattern from the top with
the additional vertices that are highlighted with pink and used to create the surface. The right image highlights the vertices that are moved to form our proposed
pattern with red and shows the triangulated surface from the side.
the embedded QR code. The global illumination was computed
using the method described in [1] to compare and find the carving
depth of the QR codes.

6. Results

Our method is implemented in Dart programming language
s a web application on a system with an Intel Core i7-8550U
rocessor (8M Cache, up to 4.00 GHz) with 16GB memory.
We tested our method on the example surfaces of the prob-

ematic cases and two other general surfaces to demonstrate its
obustness. As Fig. 10 shows, our method works well with less
urved surfaces or wavy surfaces, not only highly curved ones. In
he case of surfaces with high Gaussian curvature, the center of
he QR code was placed near to highly curved areas, and for the
est of the surface, it was placed at the center of the surface.

We used the Prusa i3 MK2.5 3D printer to test the results
f our solution physically. The nozzle diameter of our printer is
.4 mm, which defines the smallest size for the QR code that we
6

are able to print. In the case of printing the embedded QR code
with patterns, the size of the QR code’s module should be chosen
so that the details of the patterns remain visible after slicing and
printing the surface.

Besides, during printing the surfaces, we noticed that it is
worth rotating the models to a position where the embedded
QR code walls are almost perpendicular to the table of the 3D
printer. In this case, the printer can build the inner parts of the
modules with higher precision, and the process does not require
to use support material for the engraved QR code. Because of
the rotation of the model, the printer might need to use support
material for other parts, but it is probably easier to remove than
the ones inside the embedded QR code. The problem of removing
the support material from the engraved QR code can be solved
using dissolvable support material, in which case there is no need
for rotation of the model.

The readability of the embedded QR codes is compared by
decoding them with different applications on Android and iOS
smartphones. Our test showed that the iPhone built-in camera
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Fig. 9. The images show our second pattern for increasing the amount of shadow. This pattern has two main parts, which are shown on the left images. The
additional vertices are again highlighted in pink. The right images show the triangulated surfaces from the side, and it highlights which vertices are moved to
achieve our pattern with red.

Fig. 10. The output of our method in 3D printed form. The upper figures show the surface that we used for embedding the QR codes. Below each surface, an image
shows the embedded QR code from the direction of the projection. The first four pairs of images show that our method can embed QR codes onto highly curved
surfaces without problems, while the remaining three pairs show that our method is also robust and can engrave the QR code onto wavy or less curved surfaces.

7
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able 1
his table presents the readability of the embedded QR codes created by
ikuchi’s method, Peng’s method, and our method. We used parallel projection
or Kikuchi’s method and central projection with a 10 cm center distance for
reating Peng’s and our models.
Model Phone OS Method

Our Kikuchi’s Peng’s

Hill iOS Easy Failed Diff.
Android Easy Failed Diff.

Stair iOS Easy Failed Failed
Android Easy Failed Failed

Vase iOS Easy Failed Easy
Android Easy Failed Easy

Car iOS Easy Failed Easy
Android Easy Failed Easy

Table 2
This table shows the readability measurements of our proposed method with
different central projection distances.
Model Phone OS Central projection Orthogonal

projectionCenter distance

5 cm 10 cm 12 cm 15 cm 20 cm

Hill iOS Diff. Easy Easy Easy Easy Easy.
Android Failed Easy Easy Easy Easy Easy.

Stairs iOS Diff. Easy Easy Easy Easy Easy
Android Failed Easy Easy Easy Easy Easy

Vase iOS Easy Easy Easy Easy Easy Easy
Android Easy Easy Easy Easy Easy Easy

Car iOS Diff. Easy Easy Easy Easy Easy
Android Diff. Easy Easy Easy Easy Easy

app is better in reading the embedded QR codes than the Android
applications we tested (QRbot, QR & Barcode Scanner). However,
with both the iOS and the Android applications, we can read the
embedded QR codes produced by our method in less than 5 s with
one exception. In the cases when the center of the projection was
placed close to the surface, only the iPhone was able to read the
QR code, but the process required minutes of trying.

The result of the problematic surfaces (Hill, Stairs, Vase, and
ar, see Fig. 1.) readability test can be seen in Table 1. and Table 2.
irst, we compared the readability of our proposed solution with
he QR code engraving method of Kikuchi and Peng. After, in
able 2, we show the effect of the different central projection
istances on the readability of the embedded QR codes. Three
ategories are used to measure the readability of the embedded
R code: abbreviation ‘‘Easy’’, ‘‘Diff.’’, and ‘‘Failed’’ are refer to
‘Easy to scan’’, ‘‘Difficult to scan’’ (means minutes of trying), and
‘Failed to scan’’. The 3D printed QR codes were tested both with
OS and Android-based smartphones.

To compare the parallel and central projection, we measured
he range in which the embedded QR codes were steadily read
ithout problems (see Table 3.). We used five different central
rojection distance in our test (5 cm, 10 cm, 12 cm, 15 cm, 20 cm).
he center of the projection was calculated by multiplying the
nit normal vector of the QR code with a distance and adding
he resulting vector to the QR code center. As Table 3. shows,
here are differences between the reading ranges of the four
roblematic surfaces because we used different QR code size for
he embedding. We can also see that the reading ranges depend
n how curved the selected surface was for the embedding.
Using the closest center of projection (5 cm distance), we

ould not efficiently read the QR code if its size was large (stairs
nd hill surface). However, with the remaining cases, we were
ble to quickly read the QR codes within a reassuringly broad
ange, as one can observe in Table 3.
8

Table 3
This table contains our measurements for the reading distance ranges between
the code and the camera, where the embedded QR codes can be scanned easily
in a stable manner. Measurements are given in cm. The larger QR code size with
a small central projection distance results in a smaller reading range. However,
the differences in the reading ranges between the QR codes that are embedded
with different sizes becomes less significant if the central projection distance is
increased.
Projection Center

distance
Hill Stairs Vase Car

Min Max Min Max Min Max Min Max

Central

5 cm 7 7 5 5 10 82 10 14
10 cm 9 51 8 18 10 90 14 35
12 cm 12 60 9 24 11 100 17 45
15 cm 13 68 10 52 12 105 20 55
20 cm 14 80 11 75 12 110 22 65

Parallel – 17 90 21 92 12 120 64 92

We also wanted to compare the reading ranges of our method
to how close and far 2D printed QR codes can be read. The
embedded QR code can be read from almost as close as the paper
version if the central projection is used for engraving it. However,
as we expected, the maximum distance for decoding is much
smaller than in reading a 2D version. Therefore, the center of the
projection or the projection method should be chosen based on
the requirements of how close or far the resulting embedding QR
code needed to be read stably.

The reading ranges of the embedded QR code can be tweaked
by changing the central projection distance. Therefore, our
method can produce embedded QR codes that are readable only
from a close distance and ones that can either be decoded from a
close and a further distance. Also, similar reading ranges can be
achieved using the central projection with a large central projec-
tion distance than using the parallel projection for embedding a
QR code. Another advantage of providing similar reading ranges is
that it eliminates or greatly decreases the effects of deformation
when the QR code is read from the position of the center of the
original central projection.

Our proposed patterns from Fig. 7 increases the amount of
shadow at the bottom of the engraved modules of the QR code
without the need for additional calculations (see Fig. 11). Also,
they can be used with both the central and the parallel projection.

The wavy pattern (see Fig. 11(b)) remains visible enough after
printing it with a larger nozzle diameter (0.4 mm) and consider-
able layer height (0.2 mm) to significantly increase the shadow
at the bottom of the embedded QR code. The square pattern (see
Fig. 11(c)) cannot produce as much shadow as the wavy one
if a larger height and diameter nozzle is used. However, it can
produce more shadow if we print a more detailed embedded QR
code using a smaller layer height and nozzle diameter.

The printing time of embedding a QR code with a wave pattern
is around 20 percent more than printing the same code without
a pattern. Using the square pattern for the embedded QR code
the required time of printing is further increased by around 8%
comparing to the time required for the printing with the wave
pattern. The printing time is further affected negatively when
a smaller layer height is selected for the printing to achieve
more shadow with the more detailed shapes of the pattern. The
printing times calculations are based on our 3D printer, the Prusa
i3 MK2.5. They can evidently alter if a different printer is used for
creating the embedding QR code.

In Fig. 12 one can compare our results to the outputs of [1]
(Kikuchi’s method) and [2] (Peng’s method) on the four surfaces
mentioned in Section 3. In the case of Peng’s method, their top
view direction is implemented as a projection along the negative
direction of the z axis to project the QR code onto the surface.
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Fig. 11. Using the pattern of Fig. 7 at the bottom of the carved modules increases the amount of shadow and the readability of the embedded QR code. However,
as the square pattern shows, the QR code needs to be large enough for the pattern to be fully printable.

Fig. 12. Comparison of the outputs of our method (1st and 4th rows) to the ones given by [1] (Kikuchi’s method, 2nd and 5th rows) and [2] (Peng’s method, 3rd
and 6th rows). The surfaces from Fig. 1 are used for generating the images.

9
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. Conclusion and future work

Free-form surfaces are widely used in the field of design and
anufacturing for creating parts of machines or other items.
mbedding QR codes on the surfaces of these items makes it
asier to identify or use them. However, these parts or items’
urfaces can contain highly curved areas (patches with large
aussian curvature), which makes the use regular QR code labels
mpossible, and can also cause deformations and problems in
eadability in the recently developed embedded QR codes. We
roposed an improved solution to engrave QR codes into highly
urved areas of surfaces while preserving its readability in our
ork. Our method is robust and provides a readable embedded
R code for smoother of flat surfaces as well (see the last object
n Fig. 10).

We used central projection throughout this paper. However,
ur method can compute and carve a QR code onto a surface
ith parallel projection as well. The advantage of using central
rojection is that one can read the QR code from a closer distance
ithout significant deformation, and in a larger size. Besides, the
ange of reading the QR code can be broad enough based on the
elected distance for the projection center from the surface patch.
The amount of shadow at the bottom of the embedded QR

odes is vital for scanning the code successfully. Therefore, in
ur solution, we proposed to use patterns for generating more
hadow in the engraved regions, increasing the readability of the
enerated QR code.
We compared our solution to the methods of [1] and [2]. The

mpact of using our pattern or leaving blank the bottom of the
mbedded QR code has also been compared and measured.
Our future plan is to improve the way of sampling the surface

nd determine the largest possible size of a QR code, which can
e embedded around the user-specified point. Also, we plan to
xtend our method for general meshes.
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