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Bridging the Symmetry-related Gap
between Physical and Digital Sculpting
by Application of Reverse Engineering
Modeling

Nowadays 3D technologies are integrated into all aspects of modern lives.
This integration of 3D technologies paved new paths for further expansion
of other fields, most recently the field of arts. In this paper bridging the
symmetry-related gap between physical and digital sculpting by
application of reverse engineering modeling was presented. This approach
enables artists to express their art in physical 3D object form and then
transfer it into a digital world in order to satisfy various prerequisites
(here, the final 3D model is to be ideally symmetrical). In order to describe
this process, one case study is selected. With the use of close-range
photogrammetry based on structure from motion, as a 3D digitization
technique, a physical 3D model of a human head - manually sculpted in
clay was digitized. In order to obtain a final physical or digital 3D model
of sculpted head and to make it symmetrical, the symmetry analysis and
correction was performed. Namely, by comparing digitized 3D model with
its idealized 3D model (that was created based on symmetry-correction),
symmetry analysis was carried out using computer-aided inspection. The
results showed critical regions of the physical i.e. its digitized 3D model
that, because of having no acceptable levels of dimensional deviations
(regarding ideal symmetry), it must be corrected/minimized. This can be
performed either by manual re-sculpting of the physical 3D model, or by
modification of digitized 3D model (if there is no intention to use idealized
3D model for subsequent CNC-fabrication as an example).
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1. INTRODUCTION

Rapid development of three-dimensional (3D) techno—
logies has enabled their integration in different fields of
application, such as biomedicine [1, 2], dentistry [3],
gaming industry [4], automotive industry [5], cultural
heritage [6], civil and architectural engineering [7], etc.
3D technology presents a very general term and it can
be defined as technology that aims to create virtual or
physical 3D models using computers and other devices
that support data processing in digital form [8]. Artists,
now surrounded by 3D technology, can facilitate and
improve their artwork by using them. Based on 3D
technologies in this field digital sculpting was born.
Digital sculpting is a technique in which the artist
(the creator-author) uses the computer as a tool to
express (generate) his/hers creation in a 3D virtual form.
The potential for the combination of 3D scanning and
digital sculpting was assessed for its application to
heritage industry and combining these digital tools so
that the visualizer can get closer to an efficient 3D
representation or reconstruction [9]. Artistic sculptures
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present a form of achievement of free-form surfaces, so
these surfaces are often called sculptured or curved
surfaces and may be classified as complex geometrical
features [10]. Therefore in digital sculpting, because of
the lack of physical interaction between the creator and
the material, a loss of cohesion between the creator and
the work can occur [11].

To contribute in overcoming of this problem, this
paper presents one possible way of integration of
reverse engineering modeling (REM) within the digital
sculpting, and how to perform symmetry analysis if it’s
needed on a sculpted human head.

2. REVERSE ENGINEERING MODELING

REM is the process of data acquisition of 3D coor—
dinates in a digital form from surfaces of the previously
created physical object and their processing in order to
obtain the virtual 3D model ready for subsequent
analysis and investigation [12]. Often REM is connected
with 3D printing, which is today the most popular 3D
technology, because of the fast and easy production of
complex physical models from digital models with free-
form surfaces.

The basic concept of REM is shown in Figure 1. The
first step is to use or create a physical 3D model and
then an appropriate (or several) 3D digitization method
is applied. As a result of 3D digitization, i.e. 3D
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scanning, point cloud is obtained. The pre-processing of
raw 3D scanning data is often necessary due to the
presence of noise in data. However, with the use of
sophisticated devices for 3D scanning this step can be
overcomed. In the final step, the "clean" point cloud is
converted into a polygonal 3D mesh model or free-form
3D surface model i.e digitized 3D model.

V

Physical sculpting

3D digitization (obtained point cloud)

1l

Digitized 3D model
Figure 1. Basic concept of REM
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The sculptors also can use REM to produce their
artworks on a much larger scale [13]. Using REM as a
tool of digital sculpting enables artists to create their
work in a classical manner by removing or adding
material until the desired shape is reached. For this
purpose, the sculptors can work with reduced dimen-
sions, thus avoiding the need of using large amount of
materials. Advantages of digital models are numerous.
Geometrical changes on models can be easily imple-
mented, as well as the applied properties of the mate-
rials, and they can be used for different types of calcu-
lations or simulations which are frequently used in engi-
neering. This is very important, for example, when the
sculpture is planned to be 10 meters tall.

Artists are becoming more interested in REM since
the costs of equipment for 3D digitization has decreased
over the last few years and became more accessible to a
larger group of users.

2.1 Physical sculpting - modeling

The art of forming 3D shapes in materials such as stone,
wood, metal, clay, marble, plastics and many other
materials by using various sculpting tools for removal or
addition of material is called sculpturing [11]. From
sculptural techniques, modeling can be marked as a
technique in which clay and wax fit perfectly, since they
are materials that can be easily shaped by adding or
removing them. In sculpture, the mass distribution,
proportion, and symmetry are of exceptional impor—
tance, but it also varies through history from one epoch
to another. In addition to the materials selected, the
artist also uses modeling tools to manipulate the mate—
rial into the desired shape (Figure 2.).

"

Figure 2. Modeling tools for physical sculpting [14]

These sculpting tools come in various shapes, sizes
and styles and are used to cut, scrape or shape the
modeling material to create a specific effect or shape.
They are usually made of carbon steel, stainless steel,
wood and plastic [14]. Full-sized clay models demand
specially protected wood armature to protect clay from
cracking and to withstand its own weight, while for
small clay models, this armature is not needed.

2.2 3D digitization

3D digitization, as an indispensable segment of REM, is
amongst the most important and most complex part of
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3D model reconstruction. A large number of different
3D digitization methods have been developed [15], each
of them with certain advantages and disadvantages.
They can be classified primarily in accordance with the
technology on which they are based, for example, the
level of physical interaction with the object, the type of
material that can be digitized, etc.

The physical 3D model used in this case study is
made out of clay and the properties of this material for
3D digitization are very suitable for scanning by
contactless or transmissive 3D digitization methods.
During 3D digitization method selection, it is necessary
to define the purpose, i.e. to determine which output pa—
rameter will have priority, in relation to other para—
meters that the output digitized 3D model should have.
Also, it is important to consider other parameters from
the aspect of technical realization (access to equipment)
of available 3D digitization methods [15,16]. Amongst
these parameters there should be accuracy, resolution
(detail), data acquisition speed, compatibility of mate—
rials texture for 3D digitization, accessibility and easier
equipment handling, as well as the time for subsequent
processing of digitized 3D models. On the basis of the
analysis of mentioned parameters for 3D digitization, a
close-range photogrammetry based on Structure from
Motion (SfM) approach was chosen [17]. This method
does not require a complex hardware and software
infrastructure, and it is also very flexible in terms of the
dimensions of the objects that can be digitized [18,19].
One of the preconditions for applying this method, is
that the object has pronounced visual texture [20]. This
type of texture is characterized by dynamic range of
colours and characteristic features that are visible on the
surface of the object, regardless of its tactical texture.
Since the sculptural clay, as a material, has homo—
geneous visual texture, it was necessary to previously
correct the visual texture by making random shapes,
dots and lines. The physical 3D model is then mounted
on a vertical carrier, in order to provide easy access
(Figure 3). The overall dimensions of the object are
80x50x70mm.

Figure 3. Prepared physical 3D model for 3D digitization

The acquisition of photographs was carried out with a
DSLR camera equipped with an APS-C CMOS sensor of
22.2x14.8mm (crop factor 1.6) and a lens of 18-55mm.
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The maximum resolution of this camera is 18 Mpix, and
photos capturing is carried out from a distance of
approximately 0.6 m. Lens focal length of 55 mm,
aperture /16 and controlled lighting conditions ensured
satisfying depth of field. The smallest aperture was used
to make a compromise between the field of view and the
depth of field at a certain focal length. Because the
physical 3D model doesn’t have sharp edges, an effect of
light diffraction caused by small aperture size was
avoided. Due to longer shutter speeds during acquisition,
camera management was performed using a laptop in
order to eliminate the blurring effect of captured photos
caused by vibration and/or movement of the camera
during photo capturing. The achievable accuracy of the
digitized 3D model is strongly dependent on various
parameters that are related to both image-acquisition
stage and photogrammetry input-data processing [21].
For the reconstruction of the physical 3D model, a total of
50 photographs were captured (Figure 4).

4 gy

Figure 4. Camera positions during image acquisition

They were captured from three level-paths in a cer—
tain way so that the distance from the object was main—
tained constant, i.e. the object has not exceeded the
camera depth of field. For photos processing, Agisoft
PhotoScan software was used [22].

2.3 3D model generation and its idealization

On the basis of results of 3D digitization, the digitized
3D model of the physical 3D model was generated
(Figure 5. top). The ideal proportions of the human
head, its form and harmony, as well as symmetry are
considered as a measures of beauty [23]. Since
achieving ideal symmetry by classical physical
modeling is very difficult this problem can be easily
solved by defining the symmetry plane. This operation
was performed in Meshmixer software [24]. The next
step was to remove one half of the digitized 3D model
(left or right half), and then mirror the remaining half
according to the defined symmetry plane. In this way an
idealized 3D models of a digitized 3D model was
obtained by means of achieving the ideal symmetry
(Figure 5. middle). By observing idealized 3D models
(Figure 5. middle) small differences in facial shape can
be noticed. For further analysis, one of idealized 3D
model, which is in this case obtained by mirroring right
half of digitized 3D model, was used (Figure 5. bottom).
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Figure 5. 3D model generated based on the 3D digitization
results —digitized 3D model (top); symmetry corrected
idealized 3D models (middle left/right); chosen idealized 3D
model (bottom)

3. RESULTS

The symmetry analysis was carried out by comparing
the idealized 3D model with the digitized 3D model as a
reference model by Computer Aided Inspection (CAI)
technique. This is performed in order to provide visual
and numerical inspection, but also to identify regions
that have to be readjusted/remodeled. For symmetry
evaluation GOM Inspect software was used [25].
Alignment of digitized 3D model and idealized 3D
model was carried out by using the “best—fit” method.
One half of the idealized 3D model had flawless
alignment (as expected). CAI included the inspection of
complete idealized 3D model (Figure 6), specific 2D
cross-section (Figure 7.) and the mirrored half of the
idealized 3D model (Figure 8.). Regions marked with a
light green color on the idealized 3D model represents
the regions that have a very small dimensional deviation
compared to the digitized 3D model (reference 3D
model). Yellow, orange and red colors represent the
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regions that are above (positive dimensional deviations)
and light blue and blue color represents the regions
below (negative dimensional deviation) the reference
3D model, respectively. Inspection of the complete 3D
model also includes initial half, which has flawless
overlap, and the mirrored half. CAI shows that
deviations are in range from -0.729mm to +3.588mm.
For the complete idealized 3D model calculated mean
value is +0.439mm and a standard deviation distance
(std) is +0.75mm. Mean value presents the average
value of all points included in measurement, while
standard deviation is a statistical measure that represents
a dissipation of measurement deviation from a mean
value. The reason for low mean value is due to an ideal
overlap of initial half of the 3D model.

2D cross-section .[mm]

line 3.588
3.000
2.500

- 2.000
1.500

| 1.000

I 0.500

- 0.000

-0.729

Figure 6. CAl of the complete idalized 3D model

CAI in a specific 2D cross-section (orthogonal on
the symmetry plane) is very interesting from symmetry
aspect. Figure 6 shows position of 2D cross-section.
Figure 7 shows deviations present on defined 2D cross-
section.

|

+0.319
+0.998

+0.800

777

+1.532

+2.784

Jidtk,

+2.896

Figure 7. CAl in specific 2D cross-section

Specific 2D cross-section analysis provides a fast
insight of the critical spots. As it can be seen, the left
side has no deviations (as expected), while deviations
on the right side varies in range from -0.043mm to
+2.922mm where mean value is +0.585mm and std is
+0.886mm.

In order to eliminate the effect of overlapped initial
(ideal) half of the 3D model, CAI was carried out only
on mirrored half (shown in Figure 8). The biggest
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deviation (+3.588mm) is located on the neck area and
lowest (-0.729mm) is located on temple area. Other
positive deviations are mostly located on the occiput
and neck area.
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Figure 8. CAl on mirrored half of the idalized 3D model

From deviation histogram on the right side (Figure
8) much better deviation distribution can be noticed.
The main deviation peak is on Omm mark, and the
second deviation peak is located around +0.8mm mark.
The mean value is +0.858mm, while std is +0.86mm.
On the basis of CAI results, the idealized 3D model is
bigger than the digitized 3D model, so the physical 3D
model must be remodeled.

4. CONCLUSION

Digital sculpting, as a relatively new technique for
creating free-form virtual 3D shapes, primarily
represented in sculptures, can be improved and raised to
a higher level with the application of REM. Artists with
"trained eye" are capable of closely achieving ideal
symmetry during physical sculpting, but with the use of
REM that effort can be minimized. The concept of REM
implementation in digital sculpting that is presented in
this paper is simple and allows easy achievement of
desired results. Pretty satisfactory results, as shown, can
be obtained using a close range photogrammetry as a
3D digitization method, but other available 3D
digitization methods can be applied as well. Because of
its advantages in digital sculpting, it is expected that
REM will continue to develop in this field, although
nowadays there are various haptic devices that
significantly contribute to digital sculpting which are
also available. However, due to their high price, they are
still inaccessible to the majority of the users.
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INPEMOIII'RABAIBE JA3A Y BE3U CUMETPUJE
N3MEBY ®U3NYKOI' U IMT'UTAJIHOT
BAJAIBA IPUMEHOM PEBEP3UBUJIHOI'
NHXXEBEPCKOI' MOJAEJIOBAIBA

K. Cantomn, U. bynak, M. lllokau. /1. [laBieTuh
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3/ TexHONOrHje Cy JaHAC MHTETPUCAHE Y CBE aCleKTe
caBpemeHor xuBoTa. OBa unTerpanuja 3/ TexHomnoruja
CTBOpWJIa je HOBE IIyTE€BE 3a Jajbe LIMPEHE APYrHX
obnacty, Mehy kojuma je u 00JIacT YMETHOCTH. Y OBOM
paay mpencTaB/beHO je mnpemoinhaBame ja3a y Be3d
cuMeTpuje n3Mely ¢GU3MUKOr M IMIMTAHOT Bajarba
MIPUMEHOM PEBEP3NOMIIHO WHXKEHEPCKOT MOJEI0Bamba.
Ogaj npucTyn oMoryhaBa yMEeTHHLIMMA Ja U3pa3e CBOjY
KPETHBHOCT y 00HKY (hU3HIKOT 00jeKTa, a 3aTUM Ja ra
peHecy y JWTHTATHH CBET TakKo Ja 3aJ10BOJbE
pasznmuuTe 3axTeBe (OBHE, HMIealHo cuMerpmdaH 3]
mpou3Boxa). Jla O6m TO ommcanm wW3BpIIEHA je jenHa
cryauja ciydaja. Haume, ymorpebom Onucko mpen—
MeTHe (OTOrpaMeTpuje 3acHOBaHE HA ECTHMAIIHjU
CTPYKTYpe U3 Kperawa, kao Merone 3J| aurura—
nuzanuje, Gusuuku 3J] Momen JbyACKE TiIaBe PydHO
n3Bajan y mmHMA je 3/ murutwnmsosaH. Jla Om ce
Io0Mo Kpajibu GU3NYKH win aurutanan 3J] momen
W3BajaHe IyiaBe, a Ja OM Ce YYMHHO CHUMETPHYHHM,
M3BpIIICHA je aHaj3a M KOopekiuja cuMerpuje. Hanme,
mopehemem 3]] OTUTHTATU30BAHOT Ca HMIICATHO CHMET—
puarnM 31 MomenoM (KpeHpaHHM Ha OCHOBY KOPEK—
LMje CHUMETpHje), M3BpILIEHA je CHMETpHUjcKa aHau3a
(momohy padyHapoM moapKaHe HHCIIEKLIH]E).
Pesynrati mnoka3syjy KpuTu4yHe 00nacTH (PU3HYKOT Tj.
BEroBor jurutanusoBanor 3JI momena, koju 300r
HCOCTAaTKa NPUXBATJbBMBUX AUMCH3MOHHUX OACTYyIlabkha
(y omHOCHM Ha WICIHY CHMETPHjy) MOpajy OuTH
KopuroBanu/cMambeHd. OBo ce Moxe moctuhu pemo—
nenupatbeM ¢usmukor 3/1 Mozena WM MOAU(PHKO—
BatbeM JuruTanusoBaHor 3J] mozena (YKOIMKO Hema
HaMepe KOpPHUCTUTU ujeanu3oBanu 3/ momen kao
y3opak 3a HakHanHy LIHI] npomBoamy).
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