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Fig. 1. We developed a numerically controlled tattooing machine to enable the systematic study of tattooing as a fabrication process.

Tattoos are a highly popular medium, with both artistic and medical appli-
cations. Although the mechanical process of tattoo application has evolved
historically, the results are reliant on the artisanal skill of the artist. This
can be especially challenging for some skin tones, or in cases where artists
lack experience. We provide the first systematic overview of tattooing as a
computational fabrication technique. We built an automated tattooing rig
and a recipe for the creation of silicone sheets mimicking realistic skin tones,
which allowed us to create an accurate model predicting tattoo appearance.
This enables several exciting applications including tattoo previewing, color
retargeting, novel ink spectra optimization, color-accurate prosthetics, and
more.
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1 INTRODUCTION

Tattooing is a popular technique, wherein a pattern is permanently
inscribed on the subject’s skin through the subcutaneous deposition
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of ink via a needle. Researchers have discovered tattoos as old as
5,400 years [McGill University 2017], and the art form continues
to be highly popular around the world today. For instance, 48% of
Italians, 47% of Americans, and 46% of Swedes report having tattoos.
21,000 tattoo parlors are reportedly operating in the USA today,
where the tattooing industry generates an estimated $1.6 billion
in revenue yearly [Zuckerman 2020]. In addition to purely artistic
designs, tattooing is also used for cosmetic or medical purposes.

While the mechanical means of applying tattoos have seen signif-
icant historical evolution, such as the introduction of the electronic
tattoo gun in the late 19th century and subsequent improvements,
the artistic process remains broadly similar to its historic roots. Tat-
too artists plan and execute designs in an artisanal fashion, and the
accuracy of the result depends largely on the skill and experience
of the artist. As the medium of a tattoo is the subject’s skin, the
resulting color depends on both the pigments used by the artist and
the subject’s complexion. Notably, it is generally considered more
difficult to reproduce colorful designs on darker skin tones. Due to
the complex social issues surrounding skin color, a technical discus-
sion on the feasibility of tattoos is often considered taboo [Withee
2018]. As artists may be reluctant to experiment with color due
to the permanent nature of tattooing, this further compounds the
difficulty of creating the knowledge base required for high-quality
color tattoos for varying skin tones. One of the goals of this work
is to enable a quantitative understanding of tattooing, allowing for
inclusive techniques to be developed.

Further, we set out to provide a systematic overview of the tat-
tooing process as a medium for computational fabrication. Beyond
traditional tattoos, we explore needle ink deposition as a tool for
full-color texture generation. We begin by constructing a highly
controllable computational tattooing rig. By borrowing techniques
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from the tattoo artist training repertoire, we generate representa-
tive silicon-based skin alternatives that are used to build a rst-
of-its-kind model predicting tattoo appearance. We demonstrate
our model's utility to several novel applications, including tattoo
previewing, tattoo color remapping for a target skin tone, novel
tattoo ink spectrum generation, silicon prosthetic fabrication, and
functional tattooing.

2 RELATED WORK

While no prior art on the treatment of tattooing within a computa-
tional framework exists, our work can be discussed in the historic
and practical context of tattooing (Sec. 2.1), engineering treatments

seeking to faithfully reproduce desired colors in tattoos. The state-
of-the-art in color prediction for printed media is the Neugebauer
equations [Neugebauer 1937], enhanced with Yule-Nielsen correc-
tions [Yule and Nielsen 1951]. To predict the visible color, the equa-
tions assume a linear mixture of ink spectra. While such an assump-
tion is feasible for half-toned colors, that are mixed spatially, it does
not hold for the tattoo process. As the needle enters the substrate
depositing primary colors, they mix non-linearly.

Historically, a seminal model predicting the colors produced by
physically mixing paints was proposed by Kubelka and Munk [1931].
This highly successful method relies on a spectral model of scatter-
ing and absorption and was introduced to the graphics community
with the goal of realistic image synthesis [Haase and Meyer 1992].

of color (Sec. 2.2 and Sec. 2.3), and appearance modeling for COMPUR ¢ontinues to be relevant for tasks like pigment mixing simulation

tational fabrication (Sec. 2.4).

2.1 Taoos in the Arts and Medicine

As an artistic medium, tattoos have a long and fascinating history
beginning over 5,400 years ago and continuing through a recent
global rise to popularity and commercial relevance. From a sociolog-
ical perspective, artistic tattooing has been extensively discussed in
terms of history, appeal, and perceived social acceptability [Sanders
and Vail 2008]. Although discussion on technical or social aspects of
tattoos on subjects with varying skin tones is largely absent, many
popular articles are dedicated to this subject online [Munce 2021].
Discussion often centers around commonly held beliefs about the
feasibility of color tattoos on darker skin tones, but most often the
topic is obscured by the lack of quantitative modeling and generally
regarded as a sensitive subject [Withee 2018]. We hope techniques
like the one presented in this work lead to a more inclusive envi-
ronment, augmenting artists' practical experience with simulation
and visualization tools.

The medical applications of tattoos, including both cosmetic and

medicinal purposes, have been discussed by Vassileva and Hris-

takieva [2007]. Micropigmentation, or "permanent makeup" tech-
niques, are commonly used as a camou aging tool in the manage-
ment of diseases like vitiligo or alopecia areata, or as a reconstruc-
tive tool for the masking of burn scars or nipple-areola reconstruc-
tion [Garg and Thami 2005]. These methods can bene t from a
guantitative understanding of tattoo mechanics and the appearance
simulation toolkit developed in our work. More recently, the use of
tattooing techniques as a medium for the introduction of vaccines to
the epidermal and dermal layers of skin has been discussed [Poko-
rna et al 2008]. This type of technique may bene t from the use of a
spatially- and depth-calibrated mechanical tattooing device like the
one constructed in this work. Generally, allowing practitioners to
preview and personalize solutions to patient needs while accounting
for individual variability could lead to improved outcomes.

2.2 Models of Color

Color has long been a topic of scienti c interest. For an overview of
perceptual aspects and models of color vision, we recommend the
classic book by Wiszecki and Stiles [1982].

A vast literature exists on accurate and predictable reproduc-
tion of color for paint mixtures on surfaces. We extend this by
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for digital painting [Sochorova and Jamrizka 2021].

The Kubelka Munk model itself is a special case of the rendering
equation. As shown by recent work in color 3D printing [Nindel
et al 2021], it is possible to use the full equation to improve color
reproduction and minimize dot gain. However, in order to apply a
full heterogeneous medium rendering, one needs to estimate the
material composition of the medium. While voxelization is a good
approximation for an inkjet printer, needle deposition is signi cantly
more complex. The abrasion and absorption of the ink inside the
substrate are unknown and would need to be modeled rst. An
alternative to modeling the ink deposition is a data-driven color
predictor [Shi et al 2018; Chen and Urban 2021]. Unfortunately,
such predictors require hundreds of colors, making the methods
impractical for experimental printing setups like ours, where a
single measurable patch takes approximately 4 minutes to fabricate.
Instead, we demonstrate that it is possible to achieve faithful color
reproduction using a small set of measurements. We achieve this by
adapting the Kubelka Munk model to the context of tattoos.

In a computational context, color is often modeled through the
use of color spaces, such as those maintained by the International
Commission on lllumination (CIE). Several popular methods are
used in this work, including the CIE La*b* and CIE XYZ color spaces
and the 0O0color di erence metric [Johnson and Fairchild 2003].
For an overview of mathematical approaches to color technology
and colorimetry, we recommend Roy Berns' book [2019]. Colori-
metric measurement has been employed in the study of skin tones
by Weatherall and Coombs [1992]. However, as tattooing is not a
trivial light-additive or subtracting medium, this information is not
su cient to accurately model the appearance of tattoo inks under
the skin. Consequently, more sophisticated methods based on tting
parametric models of skin appearance to measured data were pro-
posed [Donner et al2008; Lister et aR012; Finlayson et a2022].
Unfortunately, the models are closely tied to the measuring setups
and can have variations of 2 orders of magnitude depending on the
tted parameters [Mignon et al2018]. As a consequence, applying
analytical skin models to predict tattoo colors remains challenging.

2.3 Gamut Mapping

Notably, di erent media cannot necessarily represent the same set of
colors, nor can any medium represent the set of all visible colors. The
set of colors reproducible on a given output device is often referred



to as its color gamut. SRGB is an example of a popular standardized
color gamut for digital displays [Anderson et .al996], which is
used as a reference throughout this work. In our computational
framework, the combination of tattoo ink and skin is treated as a

color gamut and modeled using the associated techniques (Sec. 6).

As each reproduction technology can have unique color proper-
ties, often failing to reach a given standard, gamut mapping tech-
niques are used to nd the best match for the reproduction of an
intended color in an output medium [Morovif 2008]. Tradition-
ally, gamut mapping techniques di er in the treatment of so-called
out-of-gamut colors. While simpler methods may opt to "clip" these
values to the nearest boundary [Stone etH88], this may cause un-
desirable artifacts. More advanced techniques eschew simple scaling
and clipping and may enforce the preservation of the appearance of
especially important colors, such as skin, grass, or sky tones [Kang
et al 2006]. An especially important point in any color gamut is its
white point. This color coordinate represents neutral tones for a
given system, and white point adaptation techniques [Luo and Hunt
1998] aim to mimic the equivalent e ect in human vision, which
serves to adjust the observer's vision to a given illuminant and helps
maintain color constancy.

2.4 Appearance Reproduction in Fabrication

Computational fabrication has been an exciting topic of investiga-
tion in the computer graphics community. Recent methods investi-
gate many aspects of appearance modeling for 3D-printed samples,
such as translucency [Urban et.&019], gloss [Piovarci et a2020],
and scattering [Papas et al. 2013].

Color has similarly been a topic of investigation in fabrication
literature. Color fabrication using jet printers on surface isolayers
via halftoning was employed by Brunton et al. [2015]. While this
work presents relevant discussions on translucency and color re-
production, traditional printing is not possible for our application.
In contrast to this technique, Babaei et al. [2017] use the Kubelka
Munk model to optimize the color appearance of layers of ink of
di erent thickness inside a 3D-printed volume. This work has im-
portant parallels to our goals in tattoo modeling but also signi cant
di erences, as tattoos cannot be arbitrarily voxelized and the color
of the substrate is xed to the subjects' complexion. Recent work,
[Elek et al 2017; Sumin et aP019; Nindel et aR021] uses volume
rendering to nd the best parameters for color appearance reproduc-
tion for 3D prints. Our work employs a similar optimization toolkit
to nd the optimal ink parameters for tattoo color reproduction.

3 HARDWARE APPARATUS

To study the complex interaction between substrate and ink, we aim
to build a data-driven model of tattoo appearance. Ink deposition in
the skin is a complex process, with many practical factors such as
depth, density, skin tone, and surface properties all playing a role.
To conduct a quantitative investigation of the tattooing process, we
developed a CNC tattooing platform, shown in Figure 1 left. The
base of our platform is a 3-Axis Cartesian robot, which has a build
area of300 180mm and alOmicron step size. The payload of
the robot is an electronic tattoo gun with a variable voltage from
4V to 8 V. The voltage setting a ects the frequency at which the
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tattoo gun operates (between 35 and 90 Hz), as well as the depth
of injection. The tattoo gun can be out tted with cartridges that

di er in the number of needles and orientation. We opted for a
commercially-available model in which the needles are oriented in
a circular con guration and have an approximate e ective tattoo
diameter of 209 micronsWe further enhanced the system using

a depth sensor with an accuracy o6 microns. The depth sensor

is used to provide a dense height map of the substrate that serves
as a zero surface. To generate a printing path for the machine, we
follow a zig-zag space- lling curve.

During deposition, the ink-covered needle enters the substrate
and, through a mechanism of absorption and abrasion, part of the
ink remains entrapped within the material. The key properties gov-
erning the amount of deposited material are the scanning speed,
spatial frequency of injections, and injection depth. These properties
are inherently coupled. For example, altering the needle frequency
is possible only by changing the voltage, which also a ects the
depth of the tattoo. Additional interactions between depth and scan-
ning speed exist, for instance, high speeds coupled with high depth
could damage the needle or substrate. To keep our investigation
feasible, we decided to limit the free parameters. Speci cally, we
only control the lifto of the tattoo needle by adjusting the Z-axis
of the Cartesian robot. The remaining parameters, scanning speed
(5 mm/s), zig-zag spacing (189 microns), and needle voltage (6 V),
remain xed. Overview of the tattoo process is depicted in Figure 2.

Fig. 2. To realize a physical ta 0o, we repeat the same procedure for each
applied ink. To ta 0o a path, we first cover the substrate with a uniform
layer of ink. Next, the design is ta ooed. A erward, we clean any remaining
ink using WD-40 and de-grease the substrate with isopropanol.

As experiments with skin are undesirable, we conducted an explo-
ration for alternatives via extensive conversations with professional
tattooists. The most relevant medium for our work was found to be
synthetic sheets, which are commercially used in replacing skin as
training media for aspiring artists. However, commercial availabil-
ity is limited and does not allow for arbitrary "skin" color selection
desirable for our purpose. Consequently, we support the tattoo ma-
chine with a repeatable recipe for manufacturing tattoo substrates.
The base of our tattoo sheets is silicone rubber. Since silicone is
hydrophobic, it does not absorb tattoo inks, Figure 3 left. To increase
the ink absorption, we mix the silicone in a 1:1 ratio by weight with
corn starch, Figure 3 middle. Furthermore, we opted for the use of
vinegar-cured silicone that is typically used in sanitary applications,
Figure 3 right. The small amount of vinegar helps to better develop
the colors and achieve higher color saturation.

Iwarrior 0.35mm 1203RL
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Fig. 3. The e ect of di erent substrate mixtures on color saturation.

To create a homogeneous mixture, we employ a bread-baking
machine, Figure 4 top. The resulting mixture is rather sti, simi-
lar in consistency to play dough, and does not allow for casting.
To manufacture sheets of uniform thickness, we rely on a press,
Figure 4 bottom left. We place a small quantity of the silicone in
the middle and compress it for 24 hours after which the silicone is
cured, Figure 4 bottom right. For inks, we rely on cyan, magenta,
yellow, and black inkjet inks from EpsofiAlthough these are not
perfect substitutes for tattoo inks and skin, we believe they provide
a practical platform for tool development without loss of generality,
which can be ameliorated via in-vivo testing in future work.

Fig. 4. The silicone and cornstarch are mixed together using the kneading
program. We then place the final mixture in a press to create sheets with
uniform height.

4 COLOR MODELING

Commercial color calibration relies on building color look-up ta-
bles from large datasets of colors. Typical color targets start at over
900 colors and can use even more to achieve a high-quality cal-
ibration [X Rite 2005]. Unfortunately, the printing speed of our
experimental setup is signi cantly slower than commercial color
printers. Therefore, we seek a more sample-e cient method of
building a predictive color model. More speci cally, we rely on the

2Epson EcoTank 102 Standard
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well-known Kubelka Munk model. In this section, we will brie y
introduce the model and describe how to apply it in the context of
predicting tattoo colors. The overview of this process is depicted in
Figure 5.

Fig. 5. To calibrate the device, we ta 0o two pa erns: one to estimate the
material parameters for the substrate and the primary inks; and another to
build a function mapping the machine parameters to ink concentrations.
We can then sample the calibrated device (top row) to compute the color
gamut. Using the color gamut, we can preview the ta oo designs (middle
row). To physically realize the designs, we use the Kubelka Munk model to
estimate ink concentrations for gamut-mapped colors. Finally, we map the
concentrations to ta 0o machine li o s and generate a printing path for
the machine (bo om row).

4.1 Color Predictive Model

Kubelka-Munk model assumes each ifithas intrinsic wavelength-
dependent absorption»!_° and scattering »!_°. The absorption
and scattering of di erent inks mix linearly. Therefore, given a set
of primary inks P, an ink resulting from mixing the primaries in
various proportions is de ned by a vector of per-ink concentra-
tionsc = f2,+8? 2 Pg. Given a set of primary color®, the nal
absorption and scattering of theoresulting mixture are given by:

<gGlc °= 27 ol O (1)
?8P

(<sclc °= 2o(21 0
22P

@)

where the concentration®, are non-negative an!j 2op2e  Llltis
important to note here that the set of primary colof? contains only
the inks and not the substrate that is often approximated with ideal
white [Zhao and Berns 2009]. Given the absorption and scattering of
the ink mixture, we can use the Kubelka Munk equations to predict
the visible spectrum <gg as:
p—
"wgale °=1, U 2, 2U.
<gg'c_®,
(<sc'c®
With a known illuminant, the spectrum can be transferred to visible
color using standard colorimetric equations.

®)
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4.2 Predicting Ta oo Colors Estimating the absorbance and scattering of inks is a well-known
The key to applying Equation 3 lies in estimating the ink-speci ¢~ challenging problem riddled with local minima [Zhao and Berns
absorbance and scattering. Over time, many methods have been 2009]. In order to obtain a useful predictive model we propose to
devised to achieve this goal [Zhao and Berns 2009]. A common char- @PPly several constraints that improve the problem formulation.
acteristic of these methods is that they rely on precisely depositing First, as our model now includes the substrate we must enforce that

thin and uniform Ims of inks and studying their interactions. Un-
fortunately, due to the nature of our fabrication process, it is not
feasible to apply a uniform layer of ink. Instead, the tattooing pro-
cess creates tiny incisions at a high spatial frequency. As a result,
we decided to adapt the material estimation procedure.

Our main observation is that the substrate e ectively acts as an
ink, i.e., the nal color is a result of mixing the absorbance and
scattering of the inks together with the substrate. In our model, we
use four distinct inks (cyan, magenta, yellow, and black) applied on a
substrate, all with unknown parameters. This results in ten degrees
of freedom ¢4 inks + 1 substraté »absorption + scattering: per
spectral wavelength. To solve this system we therefore need at least
ten patches of linearly independent color mixtures.

We can produce these patches by applying the inks at di erent
concentrations. The ink concentration is a function of needle lifto
as well as ink formulation. As a result, for each lifto at which
we apply the inks, we create four more degrees of freedom, one
for each colored ink. To select the lifto at which to tattoo the
inks, we conduct a preliminary experiment where we deposit black
ink at varying lifto s. From the manufactured patches, we pick 4
lifto s that visually corresponded to 0, 25, 50, and 75 percent of ink
coverage. We use the same lifto s for each ink. Since we have a
weak link between the lifto and the estimated ink coverage, we
can create linearly independent combinations by printing all ink
sets where the total coverage sums up to 100 percent. This resulted
in a total of 70 patches (Figure 6), even though 32 would have been
mathematically su cient. We leverage the extra patches for cross-
validation of our predictive model. To estimate the spectral color of
each patch, we use an X-Rite i1 3 spectrometer.

Fig. 6. The color dataset is generated by ta ooing the primary inks at
predefinedlio seingsin 6 6mm squares. Notably, the line tear artifact
caused by the ta oo gun failing to retract during a move command has no
influence on the measurements.

the ink combination sums up to exactly 1 for each measured color.
Additionally, we enforce that the mixing ratios decrease monoton-
ically with increasing tattoo lifto . Next, since real-life materials
exhibit smooth spectral changes, we employ a smoothness regular-
izer. Fourth, during cross-validation, certain folds produced spectra
belonging to unused inks such as shades of violet. We attribute this
to the underconstrained nature of the problem, where several ink
pro les could lead to similar color mixtures. To break this depen-
dency, we ensure that each fold during cross-validation contains the
most saturated version of each primary ink. And lastly, inspired by
prior measurements of inkjet inks [Babaei et &017], we limit the
maximal scattering of our inks to 0.1. The above constraints lead to
the following minirrlizaltion problem:

min  — v 8G1" ClCo'_o ' C1_002 d_ 4
oKsS JTJ(2_|_~E8[3 < @)
Fas6© . 00 .. o0
Ty e, ii(Njrg
?8P

st. 8C2T: "t =1

8?22 P2 ; 12900 25

S 01

wherec are the estimated concentrations of inks applied by tattoing
at a xed lifto, K andSare matrices of stacked absorbance and
scattering for each primary ink respectivel@is a tattooed patch
from a set of patched , jTj is the cardinality of sefl ," clc® selects,
for each primary color, the concentration of the lifto at which this
coloris used in patclt' <gg is the Kubelka Munk predictive model
from Equation 3 that depends on the optimized absorbakand
scatteringS ' ¢t_° is measured spectra of patdh; is the lifto

of the tattoo, and the last term is the smoothness regularizer with
Fa46= 0'07. The nal estimated primaries are visualized in Figure 7.
The predicted absorbance and scattering have similar pro les to
prior work [Babaei et al2017] and the estimated primary colors
qualitatively match visual intuition.

Fig. 7. Primary inks and substrate predicted by our model.
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