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The instantiation of 3D models has become much more convenient attributable to the devel-
opment of 3D printing technology, but processing digital geometry now faces new difficulties.
The model optimization inspired by 3D printing is summarized in this paper from the two pro-
cesses of model creation and printing in order to be able to print out models that have accom-

plished some defined functionalities.
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MODERN manufacturing technique based on

three-dimensional model data is called 3D printing. It

is also known as “additive manufacturing” (AM) be-
cause it produces objects by adding materials rather than the
conventional method of depleting resources (1). Due to this
innovative manufacturing technique, 3D printing is now widely
usable and can be utilized to create three-dimensional objects in
practically any shape. This has also emerged as 3D printing’s
greatest benefit.

The 3D printing market has grown quickly in recent years,
and new printing techniques and tools are constantly being cre-
ated. The design and manufacture of customized items are
thought to benefit from the advancements made possible by 3D
printing technology (2). In addition, the advancement of 3D
printing technology helps processing digital geometry has in-
troduced additional difficulties. Researchers have conducted a
number of studies using the geometrical properties of 3D models
in combination with the process of discovering and optimizing
the instantiation model of 3D printing and have attracted in-
creasing amounts of attention (3). Researchers focus more on
the geometric resemblance between the 3D model and the entity
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during the conventional modeling method. The ease of instanti-
ating the model has increased with the proliferation of 3D print-
ers. Researchers are now looking into ways to speed up and
reduce the cost of this process by printing instantiated models
that can perform a specified set of functions.

This paper will not go into great length on the history of
3D printing technology development or the current state of its
research because that is not what it is about. It is important to
note that, related geometric computing based on their unique
characteristics is to analyze the problem’s history and its func-
tion throughout the entire instantiation process in an effort to
motivate readers to identify new research questions.

Model Design Optimization

The theoretical ability of the 3D models produced by conven-
tional modeling to obtain things directly through 3D printers is
made possible by the technology’s broad applicability. The
3D-printed objects could be readily breakable or unable to fulfill
specific functional needs, like stable standing. As a result, re-
searchers change current models to improve the design of static
3D models. Furthermore, the advancement of 3D printing offers
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dynamic models. The production of sintering is quite convenient,
so research on the creation of printed dynamic models has also
gained a lot of attention.

Static Model

The most basic need for a static instantiation model is structural
stability, which means that the object is not easily broken or
damaged during the printing process or after completion. The
researchers conducted a printability test on the model to ensure
this property of the model. The over-detailed part of the model is
the key to printability and developed a number of corresponding
judgment criteria before providing the first automatic analysis
model printability algorithm; however, they did not provide a
solution to improve the model’s printability (4). Following that,
Nelaturi et al. improved it in terms of analysis accuracy and
proposed a local thickening correction approach (5). Stava et al.
recognized the weak structure by measuring the model’s
self-weight and potential stress sites when it was picked up and
then altered the model as little as possible by adding pillars,
local thickening, and internal digging, among other things (6).
Furthermore, Umetani et al. investigated structural strength by
examining force information on the section plane in a particular
direction (7). The methods for analyzing printability and struc-
tural stability discussed above are based on for the study of the
physical structure of the model’s external force and its own
gravity, but the forecast of the external force is frequently not
very accurate, reducing the authenticity and trustworthiness of
their analysis conclusions. Modal analysis is the main technolo-
gy. Nevertheless, this is due to the limitations of their assump-
tions, as the proposed algorithm only initially evaluates the line-
ar elasticity of the material and does not completely analyze the
material’s numerous properties.

Balance is another general criterion for static models, but
if a model is printed directly, it may lose balance due to an un-
stable center of gravity. Prévost et al. proposed an interactive
model body (8). Modifications that allow a model to stand or
hang stably in a certain way are permitted alterations, which
include deforming the model’s surface and boring holes in the
model. To make the model spin like a top or yo-yo, B&her et al.
modified the mass distribution by excavating holes in the model
body to keep the model stable during rotation (9). Yamanaka and
coworkers altered the model’s underlying structure to ensure
that the mass distribution met the predetermined predictions (10).
This field of study is being researched. Typically, the optimum
density distribution of the model is first assessed to meet a cer-
tain functional need under research, and then the requirements
are accomplished by modifying the material distribution inside
the model and gently deforming the shape of the model. Aside
from models with specific requirements, new 3D printing mod-
eling approaches have emerged, such as sensible furniture model
design, geometric decoration design, and flat-panel assembly
model design. Furthermore, because design and manufacturing
typically necessitate numerous repeated tests to get the ideal
model and object, quickly printing out the approximate model
design to examine the current existing difficulties can signifi-
cantly speed up the design modification progress.

Dynamic Model
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The dynamic model known as the “articulated model” is one
that is utilized frequently in computer animation. The traditional
articulated model, on the other hand, is typically unable to be
produced directly as the input of a 3D printer, so how to create a
model based on the available data The lack of a joint model that
can be printed out directly has emerged as a major problem.
Béher et al. automatically transform the skinned mesh, which
contains surface geometric information and internal bone infor-
mation, into a single joint that can be printed (11). CalTet al
centered on the design of various joint structures (12). Using
user input, they built comparable joint models for a given com-
mon static mesh. In a similar vein, it is an entire file that can be
printed straight away without assembly. The design of the joint
structure and how to arrange these joints in the input model so
that the finished model may move freely are the key areas of
attention in this kind of research.

The joint model can be placed in various poses by manip-
ulating the joints, and the mechanical model can further animate
the model by modifying the motion of the gears. One after an-
other, mechanical toys, robots, mechanical cartoons, and other
creations have come to fruition and can be produced swiftly
using 3D printing technology. The mechanical model’s design is
based on the specifications of the initial input for the finished
animation, and it chooses and assembles the right pieces from
the library of pre-generated parts in order for the final model to
fully satisfy the input’s specifications for the animation. The
advancement of 3D printing technology has also sparked the
production of other intriguing dynamic models, as demonstrated
by Zhou et al., who were able to fold a voxelized model into a
cube by optimizing the distribution of joint types among them
and the setting of the folding path (13). The interactive tool of
Megaro et al. allowed users to create dynamic models resem-
bling puppets in a shadow play (14).

Printing Process Optimization

The finished 3D model will be fed into the 3D printer for initial
manufacturing. Typically, the model is expressed as a 3D surface
mesh, but 3D printing requires a solid model, so the first step is
to convert the surface mesh to a solid model. After determining
the printing direction, the solid model must be cut into a layer
structure perpendicular to the printing direction, and the entire
model is printed by stacking and accumulating layers by layers.
The next sections will go over the issues that have arisen during
the various stages of printing. The optimization challenges are
introduced briefly to the corresponding researchers.

Capacity Limitation

Every 3D printer has a maximum printable volume; thus, it is
possible that before printing even begins, the machine in use
will not be able to accept the model being printed. The supplied
model will be automatically cut and printed separately for this
issue. Several algorithms for reassembling the original model
have been put forth (15). All of these algorithms employ plane
cutting, and connectors are created and spread across the cutting
surface to allow for flexible part assembly. Luo et al. considered
printability, structural stability, ease of assembly, aesthetic as-
pects, and other information in the cutting process in compari-
son to the prior work, and the number of separated blocks was
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also reduced (16). It is practical to restrict the model’s plane
cutting. The model segmentation problem is changed into the
challenge of locating the ideal BSP tree by the addition of con-
nectors, and the beam search technique then resolves this prob-
lem.

Breaking up the 3D model into interlocking sections ad-
dresses the issue that connectors sometimes cannot give enough
structural assurances between parts and are easily destroyed
during shipping or assembly. This interlocking technique gives
the combined model exceptional stability and guarantees that the
surface of each segmented model is smooth. This segmentation
technique, however, is unable to satisfy both the requirements
for aesthetic traits and ease of assembly.

Print Entity

The final grid is typically considered to be printed solid when
evaluating the model’s printability and altering the model to
obtain additional useful features (except for the hollowed-out
part in the modification process). Yet, most 3D printers will
sparingly fill the body of the object with a structure that is looser
than the surface in order to conserve printing materials and time.
Unfortunately, the built-in software’s sparse filling feature fre-
quently falls short of what users are looking for in terms of time
and resources; hence several academics have suggested alterna-
tive ways to convert 3D surface meshes into printable things.

In order to reduce the volume of the stated item and en-
sure that the printed object meets the necessary physical strength,
stress stability, self-balance, and printability requirements, Wang
et al. expressed the model as a very thin skin with an interior
stiff frame structure (17). As the interior framework of the mod-
el, the honeycomb construction was used to assure the model’s
strength while minimizing material loss. These two works’ pri-
mary contribution is their examination of self-stabilizing sys-
tems and their introduced successfully into the 3D printing pro-
cess. Use a self-stabilizing structure to approximate the model,
which significantly lowers the amount of material needed during
printing while maintaining the stability of the structure. The
force transmission path is maintained throughout the structural
optimization process in order to attain structural geometry and
objects. The method of gradually removing invalid or underuti-
lized internal elements could reduce the printing volume. Be-
cause Vanek et al. did not begin with the self-stabilizing struc-
ture, the model’s stability was compromised (18). Given the
factors, they are more concerned with time and resource con-
servation. They directly reflect the model using the surface thin
layer, which is separated, stacked, and printed all at once to
further reduce printing time and costs.

Hierarchical Approach

The model body is equally layered along the chosen printing
direction according to the printing accuracy in the standard 3D
printing procedure, meaning that each layer has the same thick-
ness. In reality, the best layer thickness will vary since the mod-
el’s fineness varies in different regions of the model. The layer-
ing approach can be optimized to some extent to increase print-
ing efficiency. The geometric approximation between the input
model and the printed model is the major focus. After deciding
on an appropriate printing direction, adaptive segmentation un-
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der the assumption was suggested that the model’s prominent
characteristics will be preserved (20). Layer algorithms, or layer
structures with various thicknesses, are chosen in various re-
gions based on the features. This adaptive layering algorithm’s
conspicuous features are preserved, and the important techno-
logical advancement is to turn it into a sparse optimization
problem with constraints. The model can also be separated into
blocks based on the analysis of the prominent features, and each
block can be adaptively stratified to further reduce printing time.

Printing Materials

Multiple-material 3D printers are an inevitable trend in hard-
ware development, even if the majority of low-end 3D printers
now only have one nozzle and support a single material. This is
because more items are comprised of several materials. Many
goods are formally introduced. It is more natural for users to
provide the material and aesthetic effects that the model wishes
to achieve rather than the exact combination of materials when
dealing with models that need various materials for printing. A
focus of study for multi-material 3D printers is how to combine
a variety of different basic materials to achieve the desired effect.
The layering of various materials was optimized by Bickel and
coworkers so that the final printed model can produce the re-
quired result—the resultant deformation after being hit by a
specific external force (21). By combining simple materials,
HaSan et al. sought to achieve the optimal surface scattering
effect (22). In order to combine the aforementioned procedures,
Chen et al. introduced the Spec2Fab algorithm framework to
handle multiple material synthesis problems with various goals,
based on the novel description of material space and the optimi-
zation process data structure (23). Another programmable pipe-
line approach called OpenFab was suggested by Vidimce to
address several issues with material synthesis (24). They allow
users to specify the specifications directly and properly for the
geometry of the final printed model and the properties of the
material, unlike Spec2Fab. Also, studies on the more popular
low-end 3D printers with two nozzles have been conducted to
reduce interpenetration between the two materials and print a
specific texture image on the model’s surface.

Support Structure

The studies described above are generally applicable to different
kinds of 3D printers. Because of their low cost and ease of use,
fused deposition modeling (FDM) 3D printers are preferred by
both individual users and educational institutions. As a result, a
lot of study is being done on this kind of 3D printer. The main
drawback of this kind of printer is that in order to attach the
suspended structures, extra support structures must be printed
during printing. Moreover, they support It wastes resources and
time on the one hand, and after printing is finished, these sup-
port materials must be physically removed from the model.
What’s worse is that the printed model can be damaged in the
removal process because of how tough it is to remove them
because of how tightly they are attached to one another. As a
result, the key to maximizing this kind of printing technology is
to minimize the need for support materials, and the techniques
employed in previous research may essentially be split into two
groups.
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The first type of technique involves altering the support
structure while leaving the original model untouched to save
materials for the support structure itself. Currently, the support
structure produced by the 3D printer’s software is often verti-
cally attached to the suspended part and the object immediately
below it. The MakerBot Replicator 3D printer includes a support
structure that was created with software in part. It is clear that
this kind of support system is not ideal because it will require far
more resources than the model actually requires. A stick-like
structure can be used to connect the suspended points with the
closest point on the grid or on the ground in order to strengthen
the support structure by first identifying the suspended points. In
addition, automatic support structure rod and addition process
are also involved modifying the support bar’s precise structure
to improve its stability and removability (25). The skeletal sys-
tem benefits include time and material savings. Moreover,
bridge-shaped support structure was suggested rather than a
tree-shaped one because it is stronger and more stable (26).

The second type of technique involves deforming the
model after cutting it or printing it in blocks to lessen the need
for support structures. Hu et al. proposed a model body based on
the presumption of a specific printing orientation with minimal
utilization of support materials due to the minor degree of de-
formation (27). Wang et al. introduced a method that simultane-
ously optimizes the printing direction and the associated cutting
position after restricting the cutting direction to be perpendicular
to the printing direction (28). The pyramid segmentation prob-
lem of the 3D model is proposed by Hu et al. without making
any assumptions about the printing direction and cutting direc-
tion, and it is converted into a set accurate coverage problem for
an approximative solution (27). To segment the provided 3D
model, solve the pyramid segmentation problem. The pyramid
shape is divided into the fewest possible pyramid shapes, and
each pyramid shape is self-supporting in the correct positive
direction; therefore, printing support is not necessary. The 3D
model is roughly divided into pyramids, and each division block
is further divided by its matching pyramid. The 3D model does
not have to have a pyramid shape to be able to be printed, even
if the pyramid shape does not require any support materials. The
pyramid division of the model cannot ensure the minimum both
the number of split blocks and the maximum material savings

References

1. Ou KL, Hosseinkhani H. Development of 3D in vitro
technology for medical applications. Int J Mol Sci
2014; 15(10):17938-17962. DOI:
https://doi.org/10.3390/ijms151017938

2. D’Aveni R. The 3-D printing revolution. Harv Bus Rev
2015; May:40-48. Available at:
https://hbr.org/2015/05/the-3-d-printing-revolution

3. Hossain MA, Zhumabekova A, Paul SC, Kim JR. A
review of 3D printing in construction and its impact on

https://bonoi.org/index.php/si

are optimal because, during the actual printing process, when the
surface of the 3D model has only a slight inclination angle, it
can be printed directly without the support materials.

Conclusion

The process of creating a model now takes much less time
thanks to the advent of 3D printing, and since printing-related
factors can be fully considered and processed throughout the
design process, the created model will be more useful. Alterna-
tively, for printing the research on further process optimization
has accelerated the advancement of 3D printing technology. This
paper summarizes the present studies from the two stages of
model design and printing with regard to the job of optimizing
model instantiation under the inspiration of 3D printing. The
given digital 3D model was subjected to several analyses and
processing steps in the model design stage based on the many
functional specifications of the final instantiation model to en-
sure that it satisfied the specifications. But in actuality, the func-
tional features that have been researched and the functional
items that can be printed directly are only a small portion of the
various things with various purposes that exist. Researchers can
focus more on the investigation and study of the functionality of
the model to help in the design of items that can be directly
printed and have specific complex functionalities because 3D
printing makes the manufacture of models much more conven-
ient than geometry.

Researchers have adjusted each printing step during the
physical printing stage in order to make the printing go smoothly,
to further reduce printing time and resources, or to make the
model’s appearance have a certain effect after printing. None-
theless, every assignment frequently favors one particular objec-
tive over other crucial aspects. For instance, dividing a model
result in structural instability, whereas optimizing the support
structure results in cost and time savings. It assumes that the
model is printed in solid form rather than considering the mod-
el’s physical structure. As a result, a thorough analysis of the
potential optimization techniques for each printing step as well
as a thorough model instantiation system in conjunction with the
many functional qualities that the model should have been con-
ducted.m

the labor market. Sustainability 2020; 12(20):8492.
DOI: https://doi.org/10.3390/su12208492

4. What are the advantages and disadvantages of 3d
printing? Available at:
https://www.twi-global.com/technical-knowledge/fags/
what-is-3d-printing/pros-and-cons

5. Nelaturi S, Kim W, Kurtoglu T. Manufacturability
feedback and model correction for additive manu-
facturing. J Manuf Sci Eng 2015; 137:021015. DOI:

Sl | February 28, 2023 | vol. 42 | no. 2 830


https://doi.org/10.3390/ijms151017938
https://hbr.org/2015/05/the-3-d-printing-revolution
https://doi.org/10.3390/su12208492
https://www.twi-global.com/technical-knowledge/faqs/what-is-3d-printing/pros-and-cons
https://www.twi-global.com/technical-knowledge/faqs/what-is-3d-printing/pros-and-cons

10.

11.

12.

13.

14.

15.

16.

17.

https://doi.org/10.1115/1.4029374

Stava O, Vanek J, Benes B, Carr N, Méch R. Stress
relief: Improving structural strength of 3D printable
objects. ACM Trans Graph 2012; 31(4):48. DOI:
https://doi.org/10.1145/2185520.2185544

Umetani N, Schmidt R. Cross-sectional structural
analysis for 3D printing optimization. In SIGGRAPH
Asia 2013 Technical Briefs (SA’13) 2013; Association
for Computing Machinery, New York, NY, USA, 5:1-4.
DOI: https://doi.org/10.1145/2542355.2542361

Prévost R, Whiting E, Lefebvre S, Sorkine-Hornung O.

Make it stand: Balancing shapes for 3D fabrication.
ACM Trans Graph 2013; 32(4):81. DOI:
https://doi.org/10.1145/2461912.2461957

Bacher M, Whiting E, Bickel B, Sorkine-Hornung O.
Spin-it: Optimizing moment of inertia for spinnable
objects. ACM Trans Graph 2014; 33(4):96. DOI:
https://doi.org/10.1145/2601097.2601157

Yamanaka D, Suzuki H, Ohtake Y. Density aware
shape modeling to control mass properties of 3D
printed objects. In SIGGRAPH Asia 2014 Technical
Briefs (SA’14). Association for Computing Machinery,
New York, NY, USA, 7:1-4. DOI:
https://doi.org/10.1145/2669024.2669040

Bécher M, Bickel B, James DL, Pfister H. Fabricating
articulated characters from skinned meshes. ACM
Trans Graph 2012; 31(4):47. DOI:
https://doi.org/10.1145/2185520.2185543

Cali J, Calian D A, Amati C, Kleinberger R, Steed A,

Kautz J, Weyrich T. 3D-printing of non-assembly, ar-
ticulated models. ACM Trans Graph 2012; 31(6):130.
DOI: https://doi.org/10.1145/2366145.2366149

Zhou Y, Sueda S, Matusik W, Shamir A. Boxelization:
Folding 3D objects into boxes. ACM Trans Graph
2014; 33(4):71. DOI:
https://doi.org/10.1145/2601097.2601173

Megaro V, Thomaszewski B, Gauge D, Grinspun E,
Coros S, Gross M. ChaCra: An interactive design
system for rapid character crafting. In Proceedings of
the ACM SIGGRAPH/Eurographics Symposium on
Computer Animation (SCA '14), 2014; Eurographics
Association, Goslar, DEU, 123-130.

Medellin H, Lim T, Corney J, Ritchie JM, and Davies
JBC. Automatic subdivision and refinement of large
components for rapid prototyping production. ASME J
Comput Inf Sci Eng 2007; 7(3):249-258. DOI:
https://doi.org/10.1115/1.2753162

Luo L, Baran I, Rusinkiewicz S, Matusik W. Chopper:
Partitioning models into 3D-printable parts. ACM
Trans Graph 2012; 31(6):129. DOI:
https://doi.org/10.1145/2366145.2366148

Wang W, Wang T Y, Yang Z, Liu L, Tong X, Tong W,
Deng J, Chen F, Liu X. Cost-effective printing of 3D

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

objects with skin-frame structures. ACM Trans Graph
2013; 32(6):177. DOI:
https://doi.org/10.1145/2508363.2508382

Lu L, Sharf A, Zhao H, Wei Y, Fan Q, Chen X, Savoye
Y, Tu C, Cohen-Or D, Chen B. Build-to-last: Strength
to weight 3D printed objects. ACM Trans Graph 2014;
33(4):97. DOI:
https://doi.org/10.1145/2601097.2601168

Vanek J, Galicia J A, Benes B, Méch R, Carr N, Stava
O, Miller GS. PackMerger: A 3D print volume opti-
mizer. Comput Graph Forum 2014; 33(6):322-332.
DOI: https://doi.org/10.1111/cgf.12353

Filin S, Pfeifer N. Segmentation of airborne laser
scanning data using a slope adaptive neighborhood.
ISPRS J Photogramm Remote Sens 2006;
60(2):71-80. DOI:
https://doi.org/10.1016/}.isprsjprs.2005.10.005

Bickel B, Bacher M, Otaduy M A, Lee HR, Pfister H,
Gross M, Matusik W. Design and fabrication of mate-
rials with desired deformation behavior. ACM Trans
Graph 2010; 29(3):63. DOI:
https://doi.org/10.1145/1833349.1778800

HaSan M, Fuchs M, Matusik W, Pfister H,
Rusinkiewicz S. Physical reproduction of materials
with specified subsurface scattering. ACM Trans
Graph 2010; 29(4):61. DOI:
https://doi.org/10.1145/1833349.1778798

Chen D, Levin D I W, Didyk P, Sitthi-Amorn P, Matusik
W. Spec2Fab: A reducer-tuner model for translating
specifications to 3D prints. ACM Trans Graph 2013;
32(4):135. DOI:
https://doi.org/10.1145/2461912.2461994

Vidimée K, Wang S P, Ragan-Kelley J, Matusik W.
OpenFab: A programmable pipeline for multi-material
fabrication. ACM Trans Graph 2013; 32(4):136. DOI:
https://doi.org/10.1145/2461912.2461993

Jiang J, Xu X, Stringer J. Support Structures for Ad-
ditive Manufacturing: A Review. J Manuf Mater Pro-
cess 2018; 2(4):64. DOI:
https://doi.org/10.3390/jmmp2040064

Dumas J, Hergel J, Lefebvre S. Bridging the gap:
Automated steady scaffoldings for 3D printing. ACM
Trans Graph 2014; 33(4):98. DOI:
https://doi.org/10.1145/2601097.2601153

Hu K, Jin S, Wang CCL. Support slimming for single
material based additive manufacturing. Comput Aid
Design, 2015, 65:1-10. DOI:
https://doi.org/10.1016/j.cad.2015.03.001

Wang WM, Zanni C, Kobbelt L. Improved surface
quality in 3D printing by optimizing the printing direc-
tion. Comput Graph Forum 2016; 35:59-70. DOI:
https://doi.org/10.1111/cgf.12811

Received: December 09, 2022 |

Revised: January 07, 2023 |

Accepted: January 15, 2023

https://bonoi.org/index.php/si

S| | February 28, 2023 | vol. 42 | no. 2

831


https://doi.org/10.1115/1.4029374
https://doi.org/10.1145/2185520.2185544
https://doi.org/10.1145/2542355.2542361
https://doi.org/10.1145/2461912.2461957
https://doi.org/10.1145/2601097.2601157
https://doi.org/10.1145/2669024.2669040
https://doi.org/10.1145/2185520.2185543
https://doi.org/10.1145/2366145.2366149
https://doi.org/10.1145/2601097.2601173
https://doi.org/10.1115/1.2753162
https://doi.org/10.1145/2366145.2366148
https://doi.org/10.1145/2508363.2508382
https://doi.org/10.1145/2601097.2601168
https://doi.org/10.1111/cgf.12353
https://doi.org/10.1016/j.isprsjprs.2005.10.005
https://doi.org/10.1145/1833349.1778800
https://doi.org/10.1145/1833349.1778798
https://doi.org/10.1145/2461912.2461994
https://doi.org/10.1145/2461912.2461993
https://doi.org/10.3390/jmmp2040064
https://doi.org/10.1145/2601097.2601153
https://doi.org/10.1016/j.cad.2015.03.001
https://doi.org/10.1111/cgf.12811

