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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 first-
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
of color (Sec. 2.2 and Sec. 2.3), and appearance modeling for compu-
tational fabrication (Sec. 2.4).

2.1 Tattoos 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 camouflaging 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 benefit from a
quantitative 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 benefit 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 scientific 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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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].
It continues to be relevant for tasks like pigment mixing simulation
for digital painting [Sochorova and Jamriska 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 significantly
more complex. The abrasion and absorption of the ink inside the
substrate are unknown and would need to be modeled first. 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 Illumination (CIE). Several popular methods are
used in this work, including the CIE La*b* and CIE XYZ color spaces
and the AE00 color difference 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
sufficient to accurately model the appearance of tattoo inks under
the skin. Consequently, more sophisticated methods based on fitting
parametric models of skin appearance to measured data were pro-
posed [Donner et al. 2008; Lister et al. 2012; Finlayson et al. 2022].
Unfortunately, the models are closely tied to the measuring setups
and can have variations of 2 orders of magnitude depending on the
fitted parameters [Mignon et al. 2018]. As a consequence, applying
analytical skin models to predict tattoo colors remains challenging.

2.3 Gamut Mapping

Notably, different 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. sSRGB is an example of a popular standardized
color gamut for digital displays [Anderson et al. 1996], 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 find the best match for the reproduction of an
intended color in an output medium [Morovi¢ 2008]. Tradition-
ally, gamut mapping techniques differ in the treatment of so-called
out-of-gamut colors. While simpler methods may opt to "clip" these
values to the nearest boundary [Stone et al. 1988], 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 effect 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 al. 2019], gloss [Piovarci et al. 2020],
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
different thickness inside a 3D-printed volume. This work has im-
portant parallels to our goals in tattoo modeling but also significant
differences, as tattoos cannot be arbitrarily voxelized and the color
of the substrate is fixed to the subjects’ complexion. Recent work,
[Elek et al. 2017; Sumin et al. 2019; Nindel et al. 2021] uses volume
rendering to find the best parameters for color appearance reproduc-
tion for 3D prints. Our work employs a similar optimization toolkit
to find 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 of 300 X 180 mm and a 10 micron step size. The payload of
the robot is an electronic tattoo gun with a variable voltage from
4V to 8 V. The voltage setting affects 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 outfitted with cartridges that
differ in the number of needles and orientation. We opted for a
commercially-available model in which the needles are oriented in
a circular configuration and have an approximate effective tattoo
diameter of 209 microns.! We further enhanced the system using
a depth sensor with an accuracy of +5 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-filling 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 affects 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. Specifically, we
only control the liftoff 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 fixed. Overview of the tattoo process is depicted in Figure 2.

Apply Ink Tattoo Clean Tattoed Design

Fig. 2. To realize a physical tattoo, we repeat the same procedure for each
applied ink. To tattoo a path, we first cover the substrate with a uniform
layer of ink. Next, the design is tattooed. Afterward, 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.

"Warrior 0.35mm 1203RL
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50% Acid Cure Silicone
50% Cornstarch

100% Platinum Cure Silicone 50% Platinum Cure Silicone
0% Cornstarch 50% Cornstarch

Fig. 3. The effect of different substrate mixtures on color saturation.

To create a homogeneous mixture, we employ a bread-baking
machine, Figure 4 top. The resulting mixture is rather stiff, 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 Epson.? Although 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.

Kneading Silicone and Corn Starch

Press Fabricated Sheets

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 significantly slower than commercial color
printers. Therefore, we seek a more sample-efficient method of
building a predictive color model. More specifically, we rely on the

2Epson EcoTank 102 Standard
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well-known Kubelka-Munk model. In this section, we will briefly
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.

Calibrated Device

Tattoo Preview

Color Calibration Machine Calibration
(Section 4.2) (Section 4.3)
Material Parameters Machine Parameters
(Figure 5) (Figure 8)
Color Gamut
(Section 4.4) Input Image
Gamut Mapped Image
(Section 6)
Concentrations of Primary Inks
(Section 7.1)
Liftoffs for Primary Inks
(Figure 8)
Fig. 5. To calibrate the device, we tattoo two patterns: one to estimate the

N e
N s/

Ready for Fabrication
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 tattoo 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 tattoo machine liftoffs and generate a printing path for

the machine (bottom row).

4.1 Color Predictive Model

Kubelka-Munk model assumes each ink p has intrinsic wavelength-
dependent absorption K, (4) and scattering Sp(A). The absorption
and scattering of different inks mix linearly. Therefore, given a set
of primary inks %, an ink resulting from mixing the primaries in
various proportions is defined by a vector of per-ink concentra-
tions ¢ = {cp,Vp € P}. Given a set of primary colors P, the final
absorption and scattering of the resulting mixture are given by:

Kmix(,0) = )" epKp(A), (1)
peP

Smix(6,2) = > epSp(), ®)
pEP

where the concentrations cp are non-negativeand Y. ,ep ¢p < 1.1tis
important to note here that the set of primary colors # 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 R,y as:

Rmix (6, ) =1+ a - Va? + 2a, (3)
o= Kmix(c,4)
Smix (¢, A)
With a known illuminant, the spectrum can be transferred to visible
color using standard colorimetric equations.



4.2 Predicting Tattoo Colors

The key to applying Equation 3 lies in estimating the ink-specific
absorbance and scattering. Over time, many methods have been
devised to achieve this goal [Zhao and Berns 2009]. A common char-
acteristic of these methods is that they rely on precisely depositing
thin and uniform films 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 effectively acts as an
ink, i.e., the final 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 substrate] X [ 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 different
concentrations. The ink concentration is a function of needle liftoff
as well as ink formulation. As a result, for each liftoff at which
we apply the inks, we create four more degrees of freedom, one
for each colored ink. To select the liftoff at which to tattoo the
inks, we conduct a preliminary experiment where we deposit black
ink at varying liftoffs. From the manufactured patches, we pick 4
liftoffs that visually corresponded to 0, 25, 50, and 75 percent of ink
coverage. We use the same liftoffs for each ink. Since we have a
weak link between the liftoff 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 sufficient. 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 tattooing the primary inks at
predefined liftoff settings in 6 X 6 mm squares. Notably, the line tear artifact
caused by the tattoo gun failing to retract during a move command has no
influence on the measurements.
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Estimating the absorbance and scattering of inks is a well-known
challenging problem riddled with local minima [Zhao and Berns
2009]. In order to obtain a useful predictive model we propose to
apply several constraints that improve the problem formulation.
First, as our model now includes the substrate we must enforce that
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 liftoff. 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
profiles 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 al. 2017], we limit the
maximal scattering of our inks to 0.1. The above constraints lead to
the following minimization problem:

min o= O [ R RS @

S
ok, teT

Wreg

> (1K 1ex + 1155 1124
peP

st. VteT:ZMt(c):l,
Vp e P, U'>1: cp,l’ < cp,l
S<0.1,

where c are the estimated concentrations of inks applied by tattoing
at a fixed liftoff, K and S are matrices of stacked absorbance and
scattering for each primary ink respectively, t is a tattooed patch
from a set of patches 77, | 7| is the cardinality of set 7°, M; (c) selects,
for each primary color, the concentration of the liftoff at which this
color is used in patch ¢, Ry is the Kubelka—Munk predictive model
from Equation 3 that depends on the optimized absorbance K and
scattering S, R;(A) is measured spectra of patch ¢, [ is the liftoff
of the tattoo, and the last term is the smoothness regularizer with
Wreg = 0.07. The final estimated primaries are visualized in Figure 7.
The predicted absorbance and scattering have similar profiles to
prior work [Babaei et al. 2017] and the estimated primary colors
qualitatively match visual intuition.

4
©
o
o

Absorbance Coefficient
Scattering Coefficient

o
o

380 Wavelength 730 380 Wavelength 730

Black Ink Cyan Ink Magenta Ink Yellow Ink Substrate

Fig. 7. Primary inks and substrate predicted by our model.
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To fit the model, as well as to minimize all equations in this work,
we use a constrained interior-point minimizer [Wright et al. 1999].
We validate our model using 5-fold cross-validation. To compare
the measured and predicted colors, we convert the spectra into CIE
L*a*b* assuming a D65 light source and a 2° standard observer. Our
predictive model achieves on, average, a 2.6 AE0O color difference
with a standard deviation of 1.1 AE00 and a maximal error of 5.2
AEO00. Such predictions are well in line with the state-of-the-art in
both 2D and 3D color printing [Babaei et al. 2017]. Figure 8 shows a
subset of the colors from the testing dataset and their predictions.

0.9 AEOO 4.4 AEO0 2.7 AEOO 2.1 AEOO 3.2 AEO0 2.5 AEO0 2.9 AEOO 2.3 AEOO 1.8 AEOO

Fig. 8. Randomly selected testing data from the 5-fold cross-validation.

Predicted Measured

4.3 Color Concentration Estimation

The color prediction model associates different concentrations of
primaries with visible color. To apply the model for tattooing we
need to associate the concentration with machine parameters. In
our setting, the color concentration is governed by the liftoff at
which we apply the tattoo and the chemistry of the ink itself. We,
therefore, seek a per-ink predictive model that associates the inking
liftoff with color concentration. To derive this model we start by
depositing color patches of individual primaries at varying liftoff. In
our experiments, we start with a liftoff of 0.5 millimeters and move
in 100-micron increments to 2.4 millimeters. This range was picked
experimentally: below 0.5 mm the tattoo gun damaged the substrate
and above 2.4 mm the color was barely visible. This results in 20
individual color samples per primary ink, Figure 9.

Fig. 9. Color patches generated by tattooing single colors at liftoff increasing
in 100 micron increments.

ACM Trans. Graph., Vol. 42, No. 4, Article 1. Publication date: August 2023.

Since we already know the absorbance and scattering of each ink,
the only unknown to predict the color is the concentration of the
ink. To find this concentration, we minimize the following equation
separately for each tattooed patch:

. 2
mn [ (R Ry @
i Avis
where:  Kpix = ¢; 1K; + (1 = ¢;)Ks,
Smix = c,-,lS,- +(1- c,-,l)Ss,

where c;; is the optimized concentration of ink i tattooed at liftoff I,
Rmix uses Equation 3 to predict the spectra, R; ;(A) is the measured
spectrum of ink i applied at liftoff [, and K,ix and Spix are computed
as a linear combination of the ink i and the skin substrate s based
on the concentration Cil-

The final predicted per-ink concentrations are shown in Figure 10.
We can observe that the tattoo liftoff directly correlates with the ink
concentration and is well approximated by a simple linear model.
A notable exception is the yellow ink, where we can observe the
concentration saturates after a liftoff of 1.3 millimeters. To model
this effect, we use a simple ReLU to predict the yellow concentration,
i.e., we predict the concentration with the linear predictor and then
apply a maximum operator. We hypothesize that, eventually, all
inks would reach saturation. We observe this effect only for the
yellow primary due to its overall lower concentration and our limit
of minimal liftoff set to 0.5 millimeters as a conservative safety
bound to avoid damaging the substrate. While this limitation could
be adjusted, we did not find additional experimentation necessary
as the produced color gamut was acceptable.
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Fig. 10. Ink concentrations as a function of tattoo needle liftoff and their fit
to a linear predictive model.

4.4 Color Tattoo Gamut

Finally, we investigate the color gamut of tattooing. Traditionally,
color gamuts are visualized by plotting the primary inks on a chro-
maticity diagram. However, a trivial linear combination of the pri-
maries is not possible in our application due to limitations of both



the possible ink concentrations (Figure 10) and combination den-
sities (Equation 4). Therefore, to visualize the tattooing gamut, we
rely on our predictive model. Since we only use a limited range of
liftoffs, we can list all colors achievable by our setup and plot their
convex hull on the chromaticity diagram, Figure 11. We observe that
the overall lower concentrations result in a shrinking of the gamut
with respect to traditional inkjet printing. However, the color gamut
can nonetheless achieve a significant range of colors, especially for
mixtures near the complementary set of red, green, and blue colors.
Moreover, the minimum and maximum lightness achievable by our
system are 30 and 97, respectively. These are notably good values,
in line with commercial inkjet printers.

0 01 02 03 04 05 06 07 08
X

Fig. 11. Color gamut of the tattooing process (black) compared with sRGB
(orange) and CMYK (violet). X marks the substrate color.

5 SKIN COLOR SUBSTRATES

One of the aims of this work is to provide the ability to study how
inks look on differently colored skin. To this end, we extend our
manufacturing pipeline. To produce substrates with skin-like color,
we follow standard tattoo artist training methodology by replacing
a portion of the corn starch in our mixture with commercial makeup.
The final mixture is composed of 1-part silicone, 0.975-part corn
starch, and 0.025-part makeup.? The final manufactured sheets can
be seen in Figure 12, and were observed by the authors to faithfully
represent the colors on the packaging.

White Soft-Light Tan Hollow Rich

Fig. 12. Color sheets fabricating by adding different makeup pigments. The
names correspond to the name of the makeup shades.

The skin-like substrates contain additional pigments, therefore,
to build a predictive model, we need to estimate the absorbance and

3Nyx Professional Highlight & Contour Pro Palette shades: Soft Light, Tan, Hollow,
and Nyx Professional Can’t Stop Won’t Stop Mattifying powder - Nr. 10 Rich
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scattering of each sheet. Since we are already using a known set of
primary inks, we decided for a more limited experiment. We tattoo
the four primary inks at the highest concentration, Figure 13. Then,
we perform five spectral measurements, four of the tattooed patches
and one of the substrate itself. To find the substrate parameters, we
minimize a variation of Equation 4 limited to the unknown mixing
concentrations and substrates absorbance and scattering:

min ! le; (Rmix (Mg (€), ) = Ry (1))% da 6)

cKs.Ss  |T| =
Wreg ” 77
K +||S R
P (1K 1 + 1185 11z1)
st Vte‘T:ZMt(c)zl,
Ss <0.1,

where K and S are the absorbance and scattering of the substrate,
and the last term is the smoothness regularization with wyey = 0.07.

Soft-Light Tan Hollow Rich

Fig. 13. The primary inks applied on substrates with different skin colors.

The final prediction of colored substrates has an average error of
0.84 AE00 with a standard deviation of 0.64 AE00 and a maximum
error of 2.22 AE00, which is well in line with our original color
prediction. To further verify that the colors we manufactured cor-
respond to realistic skin tones, we cross-referenced them with the
Pantone skin tone dataset, Figure 14. We found an acceptable match
for each manufactured substrate with an average AE00 between the
substrates and the Pantone colors of 2.42.

Soft-Light 62-9 C Tan 2Y06 Hollow  2Y08 Rich 3R09

Fig. 14. The fitted color of the manufactured substrates is qualitatively
similar to official skin-tones from Pantone.

5.1 Gamut of Colored Substrates

We can now investigate the gamuts of colored substrates and
compare them with a plain white sheet, Figure 15. We observe that,
for pale skin tones, the color gamut is practically unchanged. This is
well in line with qualitative observations of tattoo artist preference
for lighter skin canvases for colored tattoos. As the concentration
of the pigment in the substrate increases, we note that the color
gamut shrinks significantly. Moreover, the substrate white point is
displaced, as darker substrates make it impossible to achieve the
same neutral tone. These observations explain the challenges in pro-
viding vividly colored tattoos for clients with varying skin tones. In
a later section of this paper, we will investigate how computational
tools can alleviate this problem.

ACM Trans. Graph., Vol. 42, No. 4, Article 1. Publication date: August 2023.
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Soft-Light Tan

- ) - e

Hollow Rich

X X

Fig. 15. Gamut of skin colored substrates get progressively smaller with
darker pigments. Additionally the substrate color (marked with X) shifts
towards the gamut boundary.

6 GAMUT MAPPING FOR COLORED SUBSTRATES

Since the tattooing color gamut is limited, we need a gamut mapping
strategy for fabricating colorful images. The white sheet is qual-
itatively similar to the regular printing substrate. Therefore, it is
reasonable to assume that state-of-the-art gamut mapping methods
will produce acceptable results. In our work, we opted for a modifica-
tion to the method proposed by Kang et al. [2000]. For completeness,
we will briefly introduce this method. The gamut mapping method
works in the CIE La*b* color space and is composed of two steps. In
the first step, we re-scale the lightness of the original image to lie
within the lightness range of our tattooing device. This procedure
is performed in the perceptual range of each gamut’s lightness. We
start by defining a sigmoidal lookup table:

1

LUt = 14 e—5(i-1)/101-05"

™

where LUT; marks the percentage to be mapped. The sigmoid is
defined in such a way that the 50th percentile coincides with the
mean of the target gamut lightness interval. To reconstruct the
remapped lightness range, the lightness of the source gamut is first
transformed through the lookup table and then re-scaled to the
range of the target gamut.

Next, the method operates on hue planes. For each hue plane, two
special points on the lightness axis are selected. To estimate these
points for different hues, Kang et al. [2006] rely on psychophysical
experiments. Since the experiments are not applicable to tattoo sub-
strates, we use fixed focus points located at 25 and 75 percent of
lightness. The colors are then divided into three groups. The colors
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with lightness above and below the special point are mapped to-
wards their corresponding point. All other colors are mapped along
the chromaticity axis. This procedure is illustrated in Figure 16.

— Source Gamut

— Destination Gamut
o Source Color

o Destination Color
-- Mapping Line

Top Range

Middle Range Region Boundary

Lightness

Bottom Range

Chroma

Fig. 16. To map the color from source to destination, we divide the hue
plane into three regions. In the bottom and top regions, mapping is done on
a line towards the corresponding extremal point. In the middle region, we
map along the chromaticity axis.

While Kang’s method works well for the white substrate, it does
not translate well to the colored ones. The primary reason is the
color shift inherent to each skin tone. We can observe this effect
in Figure 17 top. As the substrate skin tone gets darker, the de-
sired colors cannot be faithfully captured and many are clipped. We
experimented with two strategies that compensate for this effect.

The first strategy is chromaticity adaptation. For each skin sub-
strate, we used the Bradford transform [Luo and Hunt 1998] to find
a mapping between the white point of the image and the white
point of the substrate, Figure 17 middle. We can observe that the
compensation helps to reintroduce some of the lost contrast. How-
ever, for the darkest skin tones, the chromaticity adaptation cannot
maximize the available colors.

For the last strategy, we leverage our predictive model. Our model
predicts the final color from a concentration. The concentration
depends on the needle liftoff which is consistent across different
skin substrates. Therefore, we are capable of producing a dense
morphing between different skin substrates by first estimating the
color on one substrate, converting the color to liftoffs using our
predictive model from Figure 10, and reconstructing the color on
another substrate given known liftoffs. We use this procedure to
enhance the gamut mapping for colored substrates. First, we gamut
map the image to a white substrate where we know state-of-the-art
methods work well. Next, we morph the colors to the new substrate
according to the above-described procedure. We can observe the
effect of our approach in Figure 17 bottom.

Our gamut mapping strategy allowed us to regain some contrast
between colors, even on the most challenging skin substrates. More-
over, it enabled a more active use of the skin substrate in the tattoo
design. The price for these improvements is a significant shift in
colors towards the skin white point, resulting in poorer color fidelity
with respect to the original image. As the goals of a given design
may vary, artistic intent can be expressed by selecting the preferred
gamut mapping process for a given piece’s design.
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Tan Hollow Rich

Fig. 17. Different gamut mapping strategies for optimizing color reproduction on substrates with varying skin tones. Image courtesy of © Leonid Afremov

https://afremov.com/.

7 APPLICATIONS

In this section, we demonstrate several applications enabled by
our computational tattoo machine. The ability to develop a predic-
tive model for tattoo colors has applications towards appearance
reproduction, interactive tattoo recoloring, suggesting colors for
tattoo cover-ups, creating medical tattoos, enhancing tattoos with
functional elements, and even optimizing for novel tattoo inks.

7.1 Color Tattoo Design

To transfer a design from image to tattoo, we start with the original
image, which is then gamut mapped to a tattooing substrate. Finally,
we solve the following minimization to recover the concentration
of primary inks:

min / (LAB (Rmix(c, 1)) — lab)? da, 8)
Avis

s.t. Z cp=l,
peEP

VpeP:OScpsup,

where c are the concentrations of the primary inks, LAB transforms
visible spectra to the CIE La*b* color space assuming a D65 light
source and the 2° standard observer, lab is the desired color, and up
are per-ink upper bounds on the concentration.

Once the concentrations are known, we use our linear predictive
model to compute the needle liftoffs. To transfer the discrete image
to a continuous tattoo machine, we employ a rasterization process.
A single tattoo machine path is 209 microns thick. Therefore, we
discretize each pixel as a 209 micron square. As the liftoff of each
image pixel varies slightly and the tattoo machine cannot move to
a new height instantaneously, we adjust the height during the first
and last machine step for each pixel. The result of the tattooing
process on an image is shown in Figure 18.

62 mm

Original Image Fabricated

Gammut Mapped

Fig. 18. Example color reproduction using our full pipeline. The input image
(left) is gamut-mapped (middle) and then fabricated (right).

The tattooing process achieved a very high-resolution color de-
position. A faint scanline rendering artifact is barely noticeable but
can become apparent if the silicone skin is damaged, as was the
case in the shark’s jaw. However, we can note that the damage is
not excessive and the original color is preserved. Another practical
factor affecting color reproduction is the need to manually clean
samples between different ink depositions. This cleaning process
involves rubbing the surface with a solvent to remove ink from
the surface of the tattoo, which can result in slight misalignment
of the colors. Finally, the fabricated result has a more pronounced
cyan color. From our experience, this difference corresponds to con-
sistently tattoing at about 100 microns deeper than intended. We
hypothesize that this issue is caused by limitations of our hardware
setup. More specifically, the needle cartridges we used were meant
for human operators, and as such a 100-micron needle-to-needle
variance would be acceptable. Unfortunately, in our setup, this small
difference can cause visible color shifts. A more sophisticated cali-
bration process that accounts for the needle’s maximum extended
length could be employed to improve performance.

Our system has three sources of dot gain: (1) the ink is absorbed
into the substrate, (2) translucency of the substrate, and (3) me-
chanical imprecision caused by adjusting the tattoo liftoff on-the-fly
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during tattooing. We did not perform experiments to disentangle
their effect. However, based on Figure 9, we can observe that tattoo-
ing single inks at constant liftoff produces crisp edges. We, therefore,
believe the primary dot gain observed in Figure 18 is caused by the
mechanical imprecision that is especially pronounced between re-
gions of no-color and full-color coverage, such as the black outlines.

7.2 Interactive Tattoo Recoloring

As we have seen during our investigation of colored substrates,
creating designs for darker skin tones manually is challenging. With
the help of our predictive model, we can empower artists with
computational tools to modify their designs. As an example, we
demonstrate a possible design pipeline of a fish tattoo, given in
Figure 19. Using our gamut mapping, we can see a preview of the
design indicating that the yellow belly would not be visible. In order
to recolor the fish, we begin by finding a lower parameter color space.
A good option are color-triads that can represent the image using
only three key colors [Shugrina et al. 2020]. In our example, the
problematic yellow color is easily discernible. However, replacing
the color manually is still not trivial. We need to ensure that the new
color satisfies the following requirements: (1) the new color should
be visible on the substrate, (2) the new color should maintain the
relative contrast with existing colors, and (3) the new color should
be harmonious with the other colors in the design. We express these
requirements by formulating the following optimization:

max Z H(c, i) + Wnrm Z (¢, i), 9)

ie{K,C,S} ie{Y,S}
st. Vie {C,M,Y,K,S} : AE00(c,i) > T,

where c is the new color, K, C, Y, S is a set of the three original colors
black, cyan, yellow, and the substrate, H is a binary color harmony
estimator from [Ou and Luo 2006] that ensures the selected color
works well with the design, wprm = 0.054 is a regularization weight
for the last term that enforces the new color is different from the
current one and contrasts with the background, and T; is a per color
threshold on minimal AE0O to maintain contrast in the image.

For our example, the optimized output is a shade of magenta.
After recomputing the tattoo and fabricating both designs, we can
see that the computational tool allowed us to achieve a tattoo that
maximizes the visibility of each color, (Figure 19).

Original Design

Our Suggestion

Color Triad Fabricated

Input Image

Gamut Mapped

Fig. 19. The original design contains a yellow color that has low contrast
with the darker substrate. We can use computation to suggest a new color
that contrasts the substrate and remains harmonious with the design.
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7.3 Tattoo Coverups

A common tattoo problem is to cover-up an old tattoo with a new
one. This is a particularly challenging process since the new colors
interact with the previously deposited inks. The non-linear nature
of this interaction can produce surprising results. To avoid these
issues artists typically rely on small sets of known mixtures and
adjust the color by applying the difference in ink concentration
between the old and new colors. However, this does not necessarily
lead to optimal color reproduction. Instead, we propose to use our
computational model to optimize for new colors under the constraint
of the inks already applied in the skin. To this end, we solve the
following optimization problem for each ink combination:

min, / (LAB(Rpmix (c, 1)) — lab)? da, (10)
c .
s.t. Z cp = 1,
peP
lp < c¢p < up,

where c are the new concentrations of inks to be deposited on the
surface, LAB transforms visible spectra to CIE L*a*b* color assuming
a D65 light source and the 2° standard observer, lab is the desired
color, /; are per ink concentrations already applied in the skin, and
uy, are the per-ink upper bounds on concentration.

We can see the effect of our color choice in Figure 20. In this
scenario, the client would like to recolor his design from shades of
green to shades of red. Applying a naive color difference leads to a
noticeable green tint. In contrast, utilizing the full-color optimization
allows us to get significantly closer to the intended values. The main
difference is in the overall lightness of the achieved colors, which is
significantly higher for the optimized variant. Quantitatively, the
optimized colors are on average 3.34 AE00 closer with a maximum
improvement of 5.63 AE0O.

Original Design New Design

Optimized Colors

Fig. 20. Tattoo coverup by adjusting colors of an original design. By opti-
mizing the ink mixture, we are able to achieve a significantly better match.
Image courtesy of © freedesignfile.



7.4 Medical Tattoos

The ability of our system for reproducing specific colors can be
useful in the medical industry to create realistic-looking prosthet-
ics or design coverup tattoos for scar tissue. To demonstrate these
capabilities, we captured a photograph of a human hand, Figure 21
left. We visually identified the soft-light artificial skin as the closest
match and computed a preview of a tattoo that attempts to replicate
the hand’s colors , Figure 21 middle. To quantitatively compare the
images, we calculated the pixel-to-pixel AE0O error. Our reproduc-
tion pipeline achieved a mean error of 3.32 AE00, with a standard
deviation of 4.6 and a maximum error of 22 AE00. To better visual-
ize these discrepancies, we plot them as a grayscale map, Figure 21
right. We can observe that the major discrepancies are located in
the self-shadowed areas of the original photo. This is caused by a
discrepancy in our black level, which has a minimum lightness of
30. However, self-shadowing is not an intrinsic part of the hand
and would appear naturally on a manufactured prosthetic. If we
omit the self-shadowed regions, the color difference significantly
improves to a mean error of 0.68 AE00, with a standard deviation of
1.34 and a maximum error of 5 AE00, we believe this demonstrates
our system’s potential to reproduce skin tones of real subjects for
medical applications. A possible extension of this system would
involve a spectrally optimized reproduction, helping achieve good
matches irrespective of the illuminant, avoiding metamerism.

|I 11HAE
0 AE

Color Difference Map

Hand Photograph Tattoo Preview

Fig. 21. The color preview shows that our tattoo machine can be used to
add realistic skin-features to a bulk silicone material.

7.5 Functional Tattoos

Apart from traditional ink, our tattoo prototype can also process
functional materials. Of particular interest are functional inks loaded
with carbon or silver particles. The ability to process such inks
allows for embedding functional designs inside the tattoo medium.
This embedding allows for tighter integration and the creation of
abrasion-resistant circuits that are protected by the substrate. We
demonstrate this capability with two exemplar designs.

The first design is an interactive touch circuit, Figure 22. We
printed a conductive trace that is connected to an Arduino. Upon
registering the touch, the Arduino reacts and lights up an LED. Such
interactive circuits can be further expanded to create complete touch
interfaces on silicone materials. For example, an animatron could
be programmed to react based on where it is touched. Further, the
tattooed circuit could be used to guide conductive traces on the
animatron to minimize the wiring required for its operation.

Skin-Screen: A Computational Fabrication Framework for Color Tattoos « 1:11

Fig. 22. Tattooed circuit acting as a touch on/off button for an LED. The
circuit is embedded in the material and resistant to abrasion.

The second design is an embedded bend sensor, Figure 23. The
sensor has a rest resistance of 300 kQ. Upon deformation, the resis-
tance changes by =+ 40 kQ, depending on the direction of the bend.
Such embedded sensors have the potential to enhance prosthetics
to be self-aware of their position and orientation. For example, a
series of bend sensors applied on the front of the prosthetic could
detect a quick bending deformation, suggesting an impact event.
The prosthetic controller could then react accordingly and try to
minimize the impact damage.

301 kQ
Fabricated Sensor Flat
339 kQ 260 kQ
Convex Concave

Fig. 23. A bend-sensing sensor that smoothly covers the range from convex
to concave shapes.

7.6 Novel Ink Optimization

Our last example application attempts to improve the gamut of color
tattoos on darker skin tone substrates. If we want to manufacture
the designs in Figure 24. The target base complexion unfortunately
does not allow for such bright colors. We will then use our predictive
model to investigate if a different set of inks could enhance the final
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colors. To this end, we solve the following optimization:

min / (LAB(Rymix (ci, A) — lab)? dA, (11)
¢iKi,Si Avis
+ Wreg (“K;/“Ll + ||51{,||L1) >
s.t. ¢ £0.52,

S; <0.1,

where c; is the concentration of the new ink. wyeg = 0.07 is the reg-
ularization weight, and K; and S; are the absorbance and scattering
of the novel ink. To avoid the trivial solution of using a pure ink we
constrain the ink concentration to the maximum ink concentration
achieved in our physical samples (see Figure 10).

Spectra
/

Gammut Mapped

Spectra Spectra

s

Spectra

L

Spectra , Spectra

r/“”\ﬁ

L

Original Image Optimized Inks Inks+Scattering

Fig. 24. Optimizing for skin-specific inks allows to produce more vivid
tattoos.

We can see that a novel set of inks allowed us to push the color
reproduction and achieve significantly brighter colors. We can push
the boundaries even further by lifting the scattering constraints
of the inks, Figure 24 right. An important next step would be the
investigation of the feasibility of generating inks with these spectral
profiles. Practical manufacturing constraints could be integrated
with our simulation engine to produce optimal results.

8 LIMITATIONS

This paper provides the first investigation of tattooing as a fabrica-
tion process. To achieve this goal, we focused our efforts on building
a practical model for tattoo appearance. However, several directions
can be further explored to fully develop tattooing as a fabrication
method.

In our investigation, we relied on a relatively inexpensive Carte-
sian robot coupled with an inexpensive tattoo gun. While such a
system enables initial exploration, it is also limited by hardware
constraints. In particular, the tattoo needles have a relatively small
needle-to-needle variance, which has a visible influence on the final
color in our setting. Moreover, the gantry provides only 10-micron
steps and has unknown repeatability. To achieve high-quality spec-
tral reproduction, finer steps and low repeatability errors are essen-
tial.

The substrates we employ are a mixture of silicone, cornstarch,
and a pigment. While adequate for initial exploration, there is still
a domain gap between the complex behavior of human skin and
our artificial sheets. A clear improvement would lie in adjusting the
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pigment mixing in our sheets to be able to generate skin-like sub-
strates with desired spectral colors. Another potential improvement
is replacing cornstarch with a translucent ink-absorbent medium,
to enable control over both color and translucency.

As our primary inks, we selected off-the-shelf inkjet colors based
on ease of access. While these are not used for tattoos on humans
in practice, we employ them as a proof of concept demonstrating
a quantified model of tattoos on artificial skin. An interesting di-
rection for future work would be to model and include more tattoo
inks. Such a system would then benefit from novel ink-selection
algorithms [Ansari et al. 2020] to further improve the spectral match
of the tattooed colors.

Applying our color prediction model to human skin requires
measuring its optical properties and understanding how it absorbs
ink. The main challenge lies in estimating the true appearance
of heterogeneous skin, even in non-flat regions with potentially
glossy finishes from skin oils. We believe this is an exciting avenue
for future work. A promising direction is to leverage our model
to reverse-engineer existing tattoos: Given a spectral capture of a
tattoo and ink parameters, our model could be used to estimate the
spatially-varying skin properties and ink absorbance.

Finally, we provide a glimpse into many applications of our tat-
too system, such as color reproduction, skin-tone specific gamut
mapping, interactive tools for tattoo recoloring, full skin replica-
tion, functional tattoos, and personalized ink optimization. While
exciting in their own right, each of these applications merit further
study.

9 CONCLUSION

We present the first systematic study of tattooing as a computational
fabrication process. To this end, we constructed a numerically con-
trolled tattoo machine and provided a repeatable recipe for artificial
skin manufacturing. We built a predictive model that can estimate
the perceived tattoo appearance based on the parameters of the
tattoo machine. We investigate both plain white substrates, as well
as substrates aiming to simulate a variety of skin tones. While our
skin tone estimation is performed on artificial silicone sheets, the
insights gained towards color mapping on various substrates should
hold as general guidelines even for real skin. We hope that the tools
presented in this work will enable a more inclusive environment,
where tattoo artists employing computational tools are able to de-
liver colorful tattoos that match client expectations regardless of
skin tone. Moreover, we demonstrate that tattooing as a fabrication
process can go beyond appearance and integrate functional circuits
and printed sensors into the tattoo design. We hope that this work is
the first step in leveraging this powerful color application technique
by artists, makers, and researchers.
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