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Figure 1: We study surface artifacts created in the 3D printing process. These staircasing artifacts and their relation to printing orientation
are examined. We propose a method for optimizing the printing orientation to reduce visible staircasing artifacts. In the figure you can see
these artifacts on the HOODED STRANGER model printed with SLA in different orientations.

Abstract

3D printing is widely used for prototyping and fabricating custom designs. Due to the discretization introduced during printing,
the quality of the fabricated surfaces often suffers from so-called staircasing artifacts. While all 3D printers produce these arti-
facts, their severity depends on the printing resolution. Thus, these artifacts are particularly pronounced in low- to medium-cost
printers, which are commonly used by home users, hobbyists, and enthusiasts of 3D printing. Changing the printing orientation
allows for reducing the artifacts, enabling more accurate surface reproduction. While several previous works exploited this
idea, they formulated the problem based on the geometrical accuracy of surface reproduction. This paper takes a different ap-
proach that focuses on the perception of the surface appearance. Our work is motivated by the fact that the visual severity of the
artifacts depends on the characteristics of the patterns that the staircasing produces. These are also influenced by the viewing
conditions, i.e., lighting and viewing orientations. Consequently, we develop in this paper a perception-inspired technique for
quantifying the visibility of staircasing artifacts that takes the above factors into consideration. It is grounded in the human
contrast sensitivity function, which models the ability of the human visual system to detect spatial patterns. Using the method,
we propose an optimization procedure for finding the printing orientation for 3D models, which minimizes the visibility of stair-
casing artifacts. We evaluate our method against geometric approaches across a range of 3D models and viewing conditions.
Our user study confirms the effectiveness of our approach in reducing the visual impact of staircasing artifacts.
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1. Introduction

3D printers can create objects with extraordinary complexity, en-
abling a wide range of applications across various fields. With the
recent boost in popularity among home users, 3D printers are mov-
ing away from their intended purpose of fast prototyping. With
these alternative use cases, the visual appearance of the printed ob-
jects often becomes an important factor. Although printed meshes
are usually expected to have smooth surfaces, the inherent limi-
tations of 3D printers operating by depositing discrete layers of
material make it difficult to achieve this smoothness. The result is
the formation of artifacts known as staircasing artifacts (Figure 2),
which give surfaces a jagged appearance and can diminish their vi-
sual appeal. The effect can be especially visible when 3D-printed
objects are viewed from a close distance or under specific illumi-
nation.

The staircasing artifacts
can be removed during
a post-processing step,
which can involve sanding
the objects, applying vapor
smoothing, or using other
surface treatments. While
effective, such methods
are cumbersome to apply
and usually destroy other
features of the printed
object by smoothing them.
Other methods involve
preprocessing printed ge-
ometry to hide the surface
inaccuracies [MBU22] or adaptive slicing [SHH96; AHL17],
which modifies layer height according to the geometry. The meth-
ods effectively reduce the artifacts but require adapting the slicing
software. Our work is similar to [WZK16], which minimizes the
printed surface error by optimizing printing direction based on
the geometrical error introduced in the 3D printing process. The
advantage of such an approach is the simplicity of integrating such
a method with any printing software.

Figure 2: A 3D printed model
with staircasing artifacts espe-
cially visible in the cheek and in
the hat.

In this work, we extend the idea of Wang et al. [WZK16] by fo-
cusing directly on the visibility of the staircasing artifacts, which
depends not only on printing direction but also viewing conditions
and characteristics of the staircasing patterns. The key component
of our method is a perception-based metric that measures the visual
severity of artifacts. Unlike the previous approach that evaluates
only the volumetric difference between a mesh and its printed coun-
terpart, our method additionally considers the viewing conditions
and the contrast sensitivity function (CSF), which describes the
sensitivity of the human visual system (HVS) to simple patterns.
By leveraging the limitations of the HVS modeled by the metric,
our method optimizes printing direction to make the staircase arti-
facts less visible to observers or to position them in less noticeable
areas of the model. We showcase the effectiveness of optimizing
printing direction using our metric on various objects printed using
an SLA printer. We also compare our perception-based approach to
the previous method in a series of user experiments demonstrating
the advantages of using our method.

2. Related Work

Adaptive slicing is one of the most common ways to improve the
accuracy of fabricated surfaces and remove staircasing artifacts
by adapting layer height to reduce printing errors. Most methods
range from local, that adjust the slice height based on the local er-
ror [DM94], to methods that try to apply coarse-to-fine [HRJ97]
or fine-to-coarse approaches [HA13]. These methods aim to bal-
ance the printing speed and accuracy by starting from thick lay-
ers and then subdividing them if needed or vice versa, starting
from very fine layers and then merging them based on the pro-
duced error usually defined by the volume error [TFBA98]. More
advanced techniques solve the problem using a global optimiza-
tion approach [WCT*15; AHL17]. The above methods apply to
almost all layered fabrication methods where variable layer height
is possible. Some of them are also integrated into printing soft-
ware, such as Prusa [Pru]. However, their efficiency in addressing
staircasing artifacts is limited by the minimum layer height that
can be produced. This remains true also for more advanced meth-
ods, such as [ERP*19; SRSL17], where the layer height can be
modulated within one layer. Such approach is additionally limited
to printing methods that have such capabilities like FDM printers.
Similarly, multi-axis printers are utilized for their ability to change
the printing orientation on the fly[KO13]. This ability can be used
to create support-free structures [DWW#*18] or with the introduc-
tion of curved slicing, reduce surface artifacts[ZFH*22; LZC*24].
However, these methods are applicable to specifically to multi-axis
printers that are not commonly accessible.

Another approach to alter the reproduction of printed objects is
to change the printing direction. The strategy has been applied,
for example, to optimize the surface roughness and printing time
[TPRO4], tensile strength [SMS13; SOMO09], and to hide the sup-
port structure artifacts [ZLP*15; FAG*20]. Changing the printing
direction has also been successfully applied to improve the accu-
racy of the printed surfaces. In this context, the most related to our
work is the work of Wang et al. [WZK16], who proposed to di-
vide models into subparts and optimized the printing direction for
each of them to maximize surface reproduction. Similarly to many
adaptive slicing techniques, this method relies on volumetric er-
ror measure based on the cusp height. Cusp error method, defines
the error in relation to the distance between the printed surface and
the ideal surface. In our work, we demonstrate that if visual appear-
ance is highly important, such an error definition is suboptimal, and
better results can be obtained by considering perceptual aspects.
While optimal printing direction is usually addressed in isolation
from adaptive slicing, the two can also be combined [XWL*97].

Recently, Morsy et al. [MBU22] addressed staircasing artifacts
by taking inspiration from visual perception. Similarly to our work,
they exploited the fact that the HVS is less sensitive to high spatial
frequency and proposed modifying the printed surfaces’ local mi-
crostructure to make the artifacts less apparent. The method was
integrated into the poly-jet printing software. While our work ad-
dresses the same problem and draws inspiration from similar obser-
vations, we take a different approach. We follow the previous work
on finding optimal printing direction, making our method easy to
integrate with any printing system and not requiring explicit modi-
fication to the printed geometry.
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3. Error for a Plane in Space

We propose a novel error metric for staircasing artifacts that con-
sider human perception. To establish a basis for our method, we
start by analyzing the staircasing errors for any arbitrary plane in
space, before extending to meshes. This goal is encouraged by the
fact that knowledge of the error for any plane in space, can easily
be scaled by integrating over the surface. In this section, we outline
how any 3D printed plane can be characterized by a 1D function,
how to derive it algebraically, how to apply contrast sensitivity to
it, and finally how to compute the error.

3.1. Character of the Artifact

Consider a plane printed in an arbitrary orientation, as shown in
Figure 3, assumed to be viewed under a directional light and ortho-
graphic projection. A perfect staircase on that plane exhibits only
two colors, one for the top and one for the side of the staircase
independent from the illumination model. Thus to keep this sim-
ple two-value function, we consider our planes to be viewed under
constant view direction and light direction. Later, we show that this
assumption of directional light and orthographic projection does
not need hold for meshes. We can define the function that gives the
color for any point in the plane as R {cs,cr} where ¢s and
¢; are the colors for the side and top of the stairstep respectively.
Under that projection, this function then has the shape of bands.

Staircasing artifacts occur along the printing direction. Hence we
specify the direction of occurrence as the projection of the printing
direction onto the plane. Although these artifacts cover the entire
plane, the form of these artifacts can be condensed to a 1D func-
tion on the direction of occurrence, as contrast variations only arise
along it. By exclusively considering the color value along this line
we can reduce the dimension and complexity of the color function.
This occurrence direction is highlighted by a green line in Figure 3.
See that a function defined in this manner exhibits a harmonic struc-
ture alternating between c¢s and ¢;. The computation of this error
can be further simplified if we consider the original plane. An ideal
smooth plane would display constant color. Hence resulting in a
uniform function along the occurrence direction. Consequently we
consider the function ¢ : R — {0, ¢; — ¢y}, that exclusively assesses
the difference between these values. We refer to this 1D function as
the character of the artifact. We use the character of the artifact as
our main way of analyzing planes. This observation serves as the
main inspiration behind our error metric.

A straightforward solution to computing character function in-
volves just rendering these planes, where you calculate the color
for different points on the surface and compare them to the origi-
nal plane. Our approach eliminates this requirement, avoiding the
aliasing artifacts that can be induced by the limited resolution.

The function c¢ as defined above is a repeating pattern of rectan-
gular functions. We can define the function ¢ : R — {0,¢; — ¢} as
follows.

t
Where 38 is the Dirac delta function, * is the convolution operator

and rect is the rectangular signal function. The function c defines a
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repeating rectangular function with period 7 and size S; as defined
in the Figure 3. This function is also dependent on v the view di-
rection, 1 the light direction, H the layer height and finally the N
normal for the printed plane.

3.2. Error of the Character

The periodic nature of these artifacts encourages us to analyze the
behavior in terms of their frequency domain representation. This
also benefits our approach when we consider human perception
later on. By applying the convolution theorem we find C(v), the
Fourier transform of c(x), as

C(v) = (cr —cs) f 2n ) (vf ﬁ) -8t -sinc(Sv),  (2)

e T T
where sinc(x) = %(X) We define the power P for our color function
as
2
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See that by the definition of the Dirac delta function, C(v) = 0 for
all v # 7 Vn € N. We observe that the frequency domain represen-
tation of this power function is made of discrete points making it
easier to integrate. Hence we format P as

ro= ¥ () @

This power is also dependent on v the view direction, 1 the light
direction and the layer height H like C.

As aforementioned, under directional light and a fixed view di-
rection, an ideal plane exhibits a constant color. Consequently, any
deviations from this ideal can be considered artifacts. A function
with a constant value everywhere is defined solely by a DC compo-
nent (0O-frequency) in the frequency domain representation. There-
fore also using the symmetricity of C we can define error function
E deviation from the ideal plane as

£ = PY) - IeP =2 X e ()

2
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E(N) = 2’; T

One significant development in our understanding of human per-
ception in modern times is the contrast sensitivity function (CSF).
It defines the human visual system sensitivity to luminance modula-
tion at different spatial frequencies [Rob66; Bar99]. To reflect the
fact that human visual system sensitivity is different for different
frequencies, we weight different frequency component of our error
with respective sensitivity. Notably, after 60 cycles per degree CSF
function can be considered 0, to create an upper limit for our er-
ror sum using Barten’s CSF model[Bar03]. This allows us to avoid
summing to infinity. Let us assume for a given distance 60 cycles
per degree corresponds to f,; cycles per mm. Therefore our metric
that considers the CSF becomes.

E(N) 2Wl£W ‘CSF(”) 2M 0 cy)- S -sinc (S’”>H2 ©)
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Figure 3: Under the constant light direction and view direction, a plane with a staircase has only two colors as shown. In a normal process
of rendering and calculating error, the above steps must be taken. Our method skips through these to get the character of the artifact directly.

4. Error for a Model

The definition of error for an arbitrary plane in an arbitrary orien-
tation can be easily scaled up to different types of models. When
one assumes that a point, along with its normal has the error as
described in the previous section, it becomes relatively simple to
integrate the error across the whole model. For any given model,
points on its surface are sampled and optimized over the sum of the
individual errors. Although we initially considered a constant view
and light direction for a plane in space, we can define the light and
view directions differently for each of the sample points. Hence we
use a new notation:

ELy(P)=E(N), @)

where L is the light position, V is the camera position. The er-
ror is dependent on 1,v; the vectors from L,V to the point P re-
spectively. Finally N is the normal for the point P. While con-
sidering these points it is straightforward to remove these points
where 1,v < 0. See that under some viewing angles, not all
sides of the staircase are visible. Under our two color assump-
tions, these viewing directions would show no artifacts as shown
in Figure 4, hence it is rudimentary to also cull these points.

In our case, we used
the STL file format com-
monly used in 3D printing.
Where our points are de-
fined by the center of the
triangle, normals being the
normal for the triangle and
weighted by the projected
area Py (F) of the triangle.
Therefore we define the er-
ror for model M with faces

= Printed Plane
Original Plane

Figure 4: When viewed from

FeM some angles, not all sides of a
EM) = Z Py(F)ELy(F)  Staircaseisvisible; giving a sense
FeM ' of lack of artifacts.
)

4.1. Optimization

Our objective is to determine the rotation angles 6(pirch),y (roll) in
Euler angles. We consider that the printing direction is always pos-
itive z. Euler angles were chosen over quaternions because they are
more commonly used in printing applications. We define a generic
optimization using

r=(8,y) eR’

minimize Y Py (F)Epsyr(F") ©)
' FeMm
Where L', V", F" are L,V, F rotated. With this simple formulation,
we can extend it to various use cases by defining L and V, sets of L
and V. Also, we can consider a rotating model considering a set of
rotations R.

minimize )" Y Py(F" )Eprye(F) (10)

" LELVEVI'ERFeEM
More details on how sets L, V, R are constructed is in the following
section. For optimization we used the Nelder-Mead method for it’s
robustness considering that our function is 2-dimensional [NM65].

5. Results

To demonstrate the effectiveness of our method in reducing stair-
casing artifacts, we tested it on several models for which we op-
timized the printing direction for different viewing conditions. We
compared our results with a baseline and optimization based on a
volumetric error.

Viewing conditions Figure 5 shows four different viewing condi-
tions considered in our tests. These conditions range from simple
single-point of view and light source to more complex setups where
the model is examined from multiple angles. The main scene con-
sists of a viewer seated at a table on which objects are positioned.
There are also two light sources, one located above the table (Light
Source 1) and one on the side (Light Source 2), both at a 70cm

© 2025 The Author(s).
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distance from the object. We also used a rotating table and a chin-
rest located 20 cm from the position of the object to enable dif-
ferent scenarios for our experiments. In Case 1, we considered a
single viewpoint (the chinrest) with the Light Source 1. In Case 2,
we used Light Source 2, and allowed the viewer to move within a
space around a predefined range. We modeled the range of view-
ing positions using a 2D Gaussian distribution with 6, = 100mm,
for horizontal direction, and 6; = 20mm, for vertical direction. In
cases 3 and 4, we considered the model rotating on the table and
illuminated with Light Sources 1 and 2, respectively.

Headrest qL
10)

Light Source | —

Light Source 2 >

Object O s

Rotating table ———>
T
Case 1 Case 2 Case 3 Case 4
= ffasils =Y [S=i
> — > >

Figure 5: The figure demonstrates the experimental setup with four
viewing conditions (cases) for which we optimized printing direc-
tions of our models.

Models We selected four different models shown in Figure 6 for
our experiments. They were chosen to span different sizes and ge-
ometrical complexity. Using our method, we optimized the print-
ing direction for every model and viewing condition pair (16 test
cases). In cases where objects were rotating or the viewer could
move, we applied a Monte Carlo sampling to compute our er-
ror function with 500 sample points for the viewing location and
60 uniformly distributed samples to sample the full rotation of an
object. We also assumed a printing layer height of 100 microns,
which is the setting we used for printing all the models with the
Formlabs printer and Black Resin material. For material constants
we picked the black-plastic-soft material from the MERL database
[MPBMO03; NDMO5]. Color value computation is done using the
simple Phong model.

We fabricated each model in orientations optimized for the spec-
ified viewing conditions, resulting in a total of 16 prints. Addition-
ally, we employed three different methods for comparison. The first
method, baseline, is printed as the standing orientation. This ori-
entation was chosen as the most natural for printing models. The
second method, cusp, optimizes the printing orientation for volu-
metric accuracy. This is similar to work by Wang et al. [WZK16]
with the exception that we did not consider breaking our objects
into multiple parts. For these two versions, because it is indepen-
dent of the viewing condition, one object was printed for each test

© 2025 The Author(s).
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model resulting in 8 prints. The third method, culled-cusp, again
minimizes the volumetric error but discards invisible faces as our
method does. For this version an object was printed for each model-
view condition pair, resulting in another 16 prints.

Figure 6: Models selected for our experiments.

Discussion While all the fabricated models were tested in a user
study (Section 6), we demonstrated only a subset of them here.
We also refer to the supplementary video for better visualization
of the printed results. It also important to note that viewing the
results in the paper or in the video does not correspond to observing
the models under the viewing conditions that were assumed for the
optimization. Consequently, the ultimate validation is with human
subjects. Figure 7 demonstrates the FRENCHIE model printed in
directions optimized for Case 2 and Case 4. Apart from our results,
the figure contains the corresponding views for the baseline and
culled-cusp solutions. Note that in the baseline case, the printing
direction does not depend on the viewing conditions. Therefore, we
present one set of images for each of these methods. Also, in Case
2 for ours and the culled-cusp, the side view is not a part of the
viewing condition. Our method successfully limits the staircasing
artifacts or move them to the invisible regions (side view in Case
2). Interestingly, it can redistribute the artifacts when optimized for
rotating object (Case 4). It is something that is not achieved when
the printing direction is optimized only for the front view (Case 2).
Figure 8 shows in a similar way the results for model BEAR and
Case 1 and 3. Additionally, it contains plots of our error function
and location in its landscape corresponding to different solutions.
One can observe how the error function changes shape between
different viewing conditions and suboptimal printing direction of
baseline, cusp and culled-cusp methods.

Finally, Figure 9 demonstrates on HOODEDSTRANGER model
how our method shifts the staircasing artifacts to surfaces that are
either not visible or viewed at the grazing angle. In this case, the
printing direction was optimized for the front view, which does not
exhibit any artifacts. The artifacts become apparent when looking at
the object from the wrong direction (e.g., side view). This behavior
is similar to Case 2 in Figure 9.

Timings library. Table 1 contains running times for optimizing
printing direction for Case 1 using an Intel 199700k CPU.

6. User Study

To verify whether our method indeed improved the perceived qual-
ity of printed objects, we conducted a user experiment during which
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Ours Case2 Baseline Culled-Cusp Case2 = Culled-Cusp Case4

Figure 7: FRENCHIE model printed with direction optimized for Cases 2 and 4 compared to the baseline and culled-cusp solutions. Note that
the artifacts in the form of little bumps on the objects’ surfaces come from supporting structures and were not the subject of our optimization.
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Figure 8: BEAR model printed for different cases compared to the baseline, cusp and culled-cusp solutions. See that under different lighting
conditions visibility of artifacts changes. This change can be examined in the face of the model printed according to cusp.

our optimized prints were compared to their baseline, cusp and and culled-cusp solutions. Each comparison was conducted under
the conditions our method and culled-cusp considered for finding

the optimal printing direction. As a result, each participant com-
Stimuli In our experiment, we considered all viewing conditions pleted a total of 48 comparisons (4 models, 4 viewing conditions,
(Figure 5) and all models (Figure 6). Each object printed accord- comparison agains 3 methods).
ing to our method was compared to corresponding baseline, cusp

culled-cusp counterparts.
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Optimized View Side View

Visibile Lit Faces

Expected Error

Figure 9: HOODED STRANGER model printed for Case 2 is shown
in the figure. Our method excels at pushing artifacts to hidden ar-
eas. In this case left side of the model is in shadow, hence our
method pushes artifacts onto this area. See that these errors are
not visible from the optimized view point.

Model Face Count | Iterations | Opt. Time
HOODED STRANGER | 425302 46 3373 s
FRENCHIE 115391 47 102.7 s
JUSTCHILLING 153836 54 142's
BEAR 946 63 3s

Table 1: Optimization times for different models.

Task At the beginning of the experiment, each participant received
a brief introduction about staircasing artifacts. Other artifacts such
as support artifacts were also introduced. Participants were shown
samples of different models with these artifacts and were asked to
judge staircasing artifacts only. In each trial, two printed models
were placed in the scene according to the particular viewing con-
dition, and the participants were asked to select the model that ex-
hibited the least amount of staircasing artifacts. The order of pre-
sented models, methods, and viewing conditions was randomized,
and each participant had unlimited time to observe the models be-
fore answering. All participants were able to finish the experiment
within 40 minutes.

Participants 10 participants (7M and 3F, aged 24-32) with nor-
mal or corrected-to-normal vision took part in the experiment. They
were recruited on a university campus and received financial com-
pensation for their time.

© 2025 The Author(s).
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Figure 10: Preference of our method compared to baseline, cusp
and culled-cusp. Whisker ends show the minimum and maximum
preference for a given model out of the view cases and preference
for a given view case out of different models.

Result We collected 480 comparisons and aggregated them across
different viewing conditions and models. Figure 10 presents the
plots of the percentage of cases in which our solution was preferred
over the two other methods. In all cases, most of the participants
preferred our solution. The rate of preference varies with viewing
conditions and geometry, which is expected as the degree to which
the staircasing artifacts can be mitigated depends on these factors.
Overall, our method was chosen in 70.6% of cases when compared
to the culled-cusp method, in 82.5% of cases when compared to
the cusp method , in 83.1% when compared to baseline. For all
cases shown in Figure 10, we performed the binomial test, which
indicated that all our results are statistically significant (p-value
< .00001) apart from two cases in which our method was com-
pared to cusp and culled-cusp methods for JUSTCHILLING model
(faded bars in the figure). Despite the lack of statistical difference
in this case, our approach was preferred 60% of the time against
cusp and 47.5% of the time against culled-cusp. This study demon-
strates that our method, which accounts for the properties of the
human visual system and viewing conditions, can significantly im-
prove visual print quality. Interestingly, it is not only effective un-
der highly constrained viewing scenarios, such as Case 1, where
the viewer, object, and light source remain fixed, but it also per-
forms better in more relaxed setups, where the viewer is allowed
to move or when objects are viewed from all directions simulating
freeviewing conditions.

7. Limitations & Future Work

Even though our model provides a way of estimating errors on sur-
faces, our staircase model is not a perfect representation of some
printing methods. For instance, FDM printing results in curved
edges for layers. In such cases, we need a different representation
for the color along the occurrence direction. This representation
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differs from the simple 2-value function we propose. Extending our
approach to accommodate other printing methods is an important
venue for future research.

Additionally, our method considers the ideal representation of
models, but inherently fine details are often lost in 3D printing. Fea-
tures smaller than the printer’s resolution are approximated by the
slicing algorithm. This can be addressed by integrating our method
with the slicing algorithm. Additionally, this way our method can
be easily extended into considering adaptive slicing or curved slic-
ing by evaluating different layer heights for each face during opti-
mization.

Our method only considers CSF for modeling human perception.
While CSF in itself can define a range of human sensitivity, our
approach can benefit from consideration of other perceptual factors.
Extending our approach to consider factors such as visual masking
can improve our method in the future.

We demonstrated performance of our method using single print-
ing material. However, we believe our method is applicable to other
opaque materials. Materials with significant subsurface scattering
properties would require different modeling of the character func-
tion, which would not be piece-wise constant in these cases.

Any method that requires an error metric for staircasing artifacts
can use our proposed error. Especially any work that already con-
siders cusp height for error, can be made to consider perceived error
by replacing the cusp height with our proposed error. Additionally
integrating our approach with works that hide supporting structure
artifacts or weighting our errors according to saliency would be an
interesting direction for future research.

8. Conclusion

This paper proposes a novel method for reducing the visibility of
staircasing artifacts on 3D-printed surfaces. The key component of
the technique is a perceptually based visibility measure of these
artifacts derived from the contrast sensitivity function. We first
demonstrate how this perceptual error can be defined for a simple
plane and then show how it can be applied to optimize the printing
direction that minimizes staircasing artifacts. Our method enables
optimization of the printing orientation for models without requir-
ing any pre- or post-processing. Our experiments demonstrate a
preference for our results over baseline methods and previous tech-
niques that rely on geometric error for similar optimization. Conse-
quently, this showcases that when visual appearance is important,
considering the properties of the human visual system can enhance
the 3D printing process.
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