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Copyright Protection of 3D Digitized Sculptures by Use of Haptic Device for Adding
Local-lmperceptible Bumps
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Abstract: This research aims to improve some approaches for protecting digitized 3D models of cultural heritage objects such as the approach shown in the authors' previous
research on this topic. This technique can be used to protect works of art such as 3D models of sculptures, pottery, and 3D digital characters for animated film and gaming.
It can also be used to preserve architectural heritage. In the research presented here adding protection to the scanned 3D model of the original sculpture was achieved using
the digital sculpting technique with a haptic device. The original 3D model and the model with added protection were after that printed at the 3D printer, and then such 3D
printed models were scanned. In order to measure the thickness of added protection, the original 3D model and the model with added protection were compared. Also, two
scanned models of the printed sculptures were compared to define the amount of added material. The thickness of the added protection is up to 2 mm, whereas the highest
difference detected between a matching scan of the original sculpture (or protected 3D model) and a scan of its printed version (or scan of the protected printed version) is

about 1 mm.
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1 INTRODUCTION

Works of art characterize the creative level of
civilization. Sculptures as works of art are created using a
specific technique closely related to the era in which they
originate [1]. In the authors' previous work [2], a new
approach for protecting digitized 3D cultural heritage was
created. Namely, a sculpture of a man's head which belongs
to the Gallery of Matica Srpska was digitized, and instead
of the, until then, dominant ways of protecting such statues,
a new one was proposed, which boils down to the addition
of noise [3-13]. In cooperation with the sculptor, the zones
on the sculpture were defined, to which some material, i.e.,
clay, was added. Such a sculpture was then scanned, and
furthermore, a comparison of that digitized 3D model with
the 3D model of the original sculpture was made. Of
course, some differences were found in the coordinates of
the vertex of the sculpture where the material was added.
The model with the added material is called the 3D model
with built-in protection. The main idea is to make the
model with built-in protection available to the public for
free use, whereby every user could enjoy the artistic
experience of a given 3D sculpture, without being aware
that the 3D model is minimally different from the original
3D sculpture. Authors' assumption, that the difference is
visually difficult to see, was confirmed by a survey
conducted on 195 respondents [2]. As a continuation of that
research, the present idea is to perform the digital sculpting
and shielding procedure using a haptic device. During
sculpting with a haptic device, there is physical resistance
inside the device that gives us a more realistic impression
during digital sculpting. This kind of sculpting is much
more reminiscent of traditional hand sculpting because
there is physical resistance in contact with the digital
model. The combination of two techniques such as 3D
scanning and digital sculpting is a good way for a visualizer
or artist to use it for 3D reconstruction [14].

The aim of this research is to add protection (masses)
to a 3D virtual model with the use of a haptic device,
instead of physically adding clay masses to cultural
heritage objects, to create built-in protection. In authors'
previous paper [2] it is concluded that there are two reasons

why the use of a haptic device for creating protection of 3D
virtual models is a better solution. The first reason is to
avoid physical contact with the artwork, and therefore
eliminate the possibility of causing damage to it, and the
second one is the reduction of execution time because it is
not necessary to digitize the object two times (i.e., the
original sculpture and the sculpture with added protection),
as was the case in authors' previous research [2]. It is very
important to have haptic feedback for precise and fine
manipulation of 3D objects [15-17].

2 RELATED WORKS

In the current literature in the field, the most frequently
mentioned method for incorporating protection into digital
3D models is the embedding of the so-called watermark.
Embedding a watermark does not imply a specific method
or process. For example, Kulkarni et al. [18] and Ahn et al.
[19] presented a procedure in which embedding the
watermark was done along the pre-defined axis, and 3D
printing of this model must be performed along the same
axis. Pham et al. [20] suggest cutting the model along the
Z-axis and then embedding the watermark by changes over
points on the model contour.

The same author stated that some of the previous
research based on wavelet transformation [21] should
make a difference between the embedding of protection in
3D digital models and in printed 3D models. Some of the
approaches are based on the Gaussian function depending
on which the parameter that defines the level of
modification of the 3D virtual model is changed as Lee et
al. presented in [22]. Hou et al. [23] reviewed intellectual
property protection issues and solutions in the 3D printing
world according to various scenarios. Beugnon et al.
showed that it is also possible to encrypt 3D object binary
formats [24]. Ivanova et al. [25] and Elliot et al. [26]
presented methods for randomly adding dots to the 3D
model's grid aimed to create protection known only to the
manufacturer.

Haptic devices can be used for different purposes, and
most often for training students in medicine and surgery.
This type of device enables users to touch and manipulate
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3D virtual objects in virtual environments and teleoperated
systems, with the possibility of feeling the roughness of the
surface they touch. Stamm, Altinsoy, and Merchel [27]
used a haptic device with force feedback in a single point
of contact to detect which geometric primitive it is.
Ricardez et al. [28], Escobar-Castillejos et al. [29] and Qin
[30] highlighted the cases of using two such devices at the
same time for training young doctors in the field of surgery
or using a haptic device for synchronization of
manipulations in robotic joint surgeries. A virtual reality
system that will help to accelerate the learning process of
surgeons in the field of laparoscopic rectal surgery is
presented by Pan et al. [31]. Hamza-Lupet al. [32]
presented the most popular hardware and software
components for developing haptic-based laparoscopic
surgical training systems.

Yazdankhoo et al. [33] incorporated a neural network
in a unilateral teleoperation system to predict the future
position of the operator's hand online. Recko et al. [34]
created an integrated haptic device for upper limbs as a part
of an exoskeletal system. Hamza-Lup et al. [35] created a
cost-effective visual-haptic simulator for the liver tissue
which allows for reducing skill acquisition time and risks.

Nikpour et al. [36] designed a unilateral teleoperation
system, where neural networks were used to estimate the
time delay of the communication channel based on the
position and velocity of the master and slave robots (haptic
devices). Another research aimed to estimate the time
delay was created by Li et al. [37].

Haptic devices provide the user with a single point of
contact to feel the surface roughness. According to this,
Lee et al. [38] developed a tactile feedback system for
virtual skin wrinkle simulation. Culbertson et al. [39]
created a pen haptic texture toolkit for evaluating 100
haptic virtual textures and friction models. Papadopoulos
et al. developed some type of algorithm [40] for identifying
the friction and hardness of haptic surfaces for individuals
with and without visual impairments. The method of using
digital textures in close-range photogrammetry has
recently been the subject of numerous investigations [41].

Fenz and Dirnberger designed [42] a training simulator
with haptic interaction for real-time surgery simulation of
intracranial aneurysm clipping with patient-specific
geometries.

3 MATERIALS AND METHODS

Fig. 1 presents the proposed methodology of adding
local, inconspicuous bumps on 3D digitized sculptures
using a haptic device. The entrance point is a digital 3D
model OS (Original Sculpture) without built-in protections
obtained in previous research [2]. Virtual protection is
added to the OS 3D model with the use of a haptic device,
thus creating the OSP (Original Sculpture with Protection)
3D model. This kind of sculpting is much more reminiscent
of traditional hand sculpting because there is physical
resistance in contact with the digital model. In this way, it
is possible to have better control over the amount of added
material. The amount of added material tends to decrease,
and it can be detected by comparing the 3D model with
built-in protection and the original 3D model.

In the next step, 3D models of OS and OSP are printed
on a 3D printer under the same conditions and settings. A

3D printer based on fused deposition modelling FDM
technology is used for 3D printing with polylactic acid
(PLA) material.

Then, the 3D printed models are scanned with a 3D
scanner based on fringe projections, and OS1 and OSP1 3D
models are created. To detect the built-in protection and
measure the thickness of the added layer, a comparison of
the digital 3D models is made using Computer Aided
Inspection (CAI), because this technique is an easy way to
estimate the geometrical accuracy of generated polygonal
3D models [43]. In the first step of CAI the OS 3D model
is compared with the OSP3D model where protection is
added by the use of a haptic device. In the second step, a
comparison is made between the two printed 3D models
OS1 and OSPI.

»f‘ﬁ»

Modifications by OSsP
haptic device 3D model

3D model

3D printing

OS - OSP

OSP1 - OSP1
Figure 1 Proposed methodology of adding local, inconspicuous bumps on 3D
digitized sculptures using a haptic device

This comparison aims to show that the built-in
protection can be detected on printed models, regardless of
the error that occurs during printing. To detect an error that
occurred during printing, digital models OS and OSP are
compared with the printed ones (i.e. their scans), namely,
the original 3D model OS with the printed of that original
OSI (i.e. its scan), and the virtual 3D model with built-in
protection OSP with its printed replica OSP1 (i.e. its scan).
By using this methodology, 3D printing error is minimized
because the final comparison compares two 3D models that
are models obtained by scanning 3D printed models.
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4 RESULTS
4.1 3D Modelling with a Haptic Device

Digitally added protection by adding material in
software restricts the way a sculptor adds material. This
kind of digital sculpting procedure by mouse gives
appropriate results. However, its disadvantage is that it is
not an intuitive way of sculpting, because of the lack of
physical contact with the virtual 3D model. This fact led to
the use of the Phantom Omni haptic device for digital
sculpting in this research, for the purpose of embedding
protection into a 3D virtual model. To create digital
protection, i.e., built-in protection in form of local-
inconspicuous bumps, the Phantom Omni haptic device
shown in Fig. 2 was used.

Figure 2 Phantom Omni haptic device used for adding local-inconspicuous
bumps

Tab. 1 shows the elementary characteristics of the
device.

Table 1 The basic characteristics of the Phantom Omni haptic device
Device workspace 160 x 120 x 70 mm

Positioning accuracy 0.055 mm
Maximum force 33N
Force generation X, ¥, z direction
Positioning X, , z direction + three rotations
Interface for connecting to a [EEE-1394 FireWire
computer

Figure 3 Sculpture modification in Geomagic Freeform software with the
Phantom Omni haptic device

This device has a single point of contact in the pen,
with the help of which the user achieves interaction, i.e.,
contact with the virtual 3D model, getting the impression
of actually touching it. With the help of the force feedback,
the user can get an impression of the shape of the geometry
which is being touched, but also of the texture, especially
with materials with an uneven surface. In digital sculpting,
it is important to know how many layers of clay to add or
subtract. In this particular case, it is essential to add a layer
of clay to certain parts of the sculpture that will not be
visible to an average observer and will not significantly
change the character that is depicted. Fig. 3 shows the OS
3D model in Geomagic Freeform software, in which it was
modified with the Phantom Omni haptic device.

In cooperation with the sculptor, a lock of hair, an
earlobe, and a cheekbone (all three on the left side of the
face) were chosen for the installation of protection [2].
Now, masses of clay were added at the same places, this
time using the Phantom Omni haptic device [44].
Geomagic Freeform [45] software was used for this
purpose. This software is specialized for digital sculpting
with a haptic device. The combination of this software and
the haptic device allowed the process of adding protection
to a 3D virtual sculpture model to be more realistic and
controlled than it was previously possible with a mouse. In
the software, it is defined that the thickness of the added
layer in one passage does not exceed 1.5 mm which means
that if you modify the same area more than once, the
thickness of the added layer may be greater. The final
dimensions of the 3D model (OSP) were unchanged,
Length x Width x Height (L x W x H) 150 x 180 x 220
mm.

4.2 3D Printing

The prepared 3D models OS and OSP are 3D printed
with FDM additive technology, and the available 3D
printer, Creality Ender 6, with a printing volume of 250 x
250 x 400 mm (L x W x H) [46]. 3D printing is a
challenging process that involves several 3D printing setup
parameters, such as:

e material,
e quality,

e support,

e travel and
e walls.

B - ®
Figure 4 Preparing the 3D printing with UltiMakerCura software
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Supported and available material polylactic acid
(PLA) filament from Devil Design was used for 3D
printing. The material is important as a 3D printing
parameter because the build plate and the printing
temperature must be adjusted based on the characteristics
of the material. Those temperatures were set to 60 °C and
205 °C respectively. The quality of a 3D print is usually
related to the height and width of the printing layer. The
printing resolution used (layer height) of 0.2 mm is
characterized by high precision and relatively smooth
transitions between layers.

Fig. 4 shows the preparation of a 3D model for
printing in UltiMakerCura software and the distribution of
support structures around the 3D model.

Besides resolution and support, travel and walls are the
parameters that influence 3D printing time. For optimal 3D
printing speed and strength of 3D printing models, 6.5 mm
retract distance of layer change and 1.5 mm wall thickness
were used as 3D printing parameters. Final 3D printed
models are shown in Fig. 5.

Figure 5 3D printed models OS (left) and OSP (right)
4.3 3D Scanning

The process of 3D scanning enables users to obtain 3D
datasets and geometry of objects in high resolution at a
very low cost [47]. The two 3D-printed models were
scanned with EinScan Pro 2X scanner [48], which was also
used for scanning the original sculpture [2]. The 3D
scanning was done in fixed mode. This mode enables
maximum guaranteed accuracy of 0.05 mm and a
resolution of 0.2 mm. In this way, two new 3D models of
the printed sculptures were obtained. The process of 3D
scanning is shown in Fig. 6.

Because the 3D scanning area is small to cover the
whole 3D printed model, the top half was scanned first,
then the 3D scanner was put lower to cover the rest of the
sculpture. The angle of rotation between the two scans was
approximately between 15° and 25°, and the printed
models were moved manually. In addition, several scans
were made from the top and bottom side to cover the whole
3D model. Each complete 3D model was obtained by a
fusion of 25 partial 3D scans.

Figure 6 The process of 3D scanning in fixed mode using EinScan Pro 2X
optical 3D scanner

4.4 3D Models Comparison CAIl

All comparisons of the 3D models were done in Cloud
Compare [49] software. This software enables
comparisons between two point clouds and represents the
results in colour gradient graphical form as well as
quantitative numerical form.

The results of the comparison of digital 3D models OS
and OSP are shown in Fig. 7. As already mentioned, 3D
virtual models, a model of the original sculpture OS, and a
3D model with built-in protection OSP by a haptic device
were compared. It can be noticed that the thickness of the
added layer has the highest value on the small area of the
lock of hair and is 1.83 mm. Generally, the thickness of the
additional layer does not exceed 1.5 mm, which is twice
less than the added layer in previous research, and the use
of the haptic device contributed to this. The feedback force
that can be felt in the pen of the haptic device has
contributed to a more realistic feel during digital sculpting
and adding protection to a 3D model, thus providing better
control over the amount of layer being added.

Figure 7 Results of the comparison of digital 3D models in CloudCompare
software (OS and OSP)

To detect built-in protection on the printed model, a
comparison of the printed models, originals OS1, and 3D
models with built-in protection OSP1 was made. The
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results of this comparison are shown in Fig. 8. The
representation and arrangement of colours on the model, as
well as on the histogram, already give us visual information
that the values measured are similar to the values in the
comparison of digital 3D models. In this case, the highest
value for the thickness of the added layer on the lock of
hair was also measured and is 1.89 mm. The difference in
the measured values depends on the error that occurred
during the 3D printing and it was expected that the
measured values, in this case, will not match 100% with
the measured values of the virtual 3D models.

Figure 8 Results of the comparison of printed 3D models in CloudCompare
software (OS1 and OSP1)

The comparison of virtual and printed models (OS -
OS1) involves comparing the original models of the
sculpture, i.e., without built-in protection. This means that
the original virtual 3D model of the sculpture OS was
compared with its printed replica OS1.

Figure 9 Results of the comparison of original 3D models in CloudCompare
software (virtual (OS) and printed (OS1))

Fig. 9 shows the results of the comparison of these two
models. On the histogram, it can be seen that the largest
value concerning the difference between the models is 1.15
mm. The points that have this value are marked in red on
the model and are located at the bottom of the sculpture if
we look at it from the front. That is, these are the points
located at the intersection of the neck of the figure and the
horizontal plane that represents the bottom of the sculpture.
The range of the generated error is from 0.002 mm to 0.4
mm, that is, the error in this range was generated at most
points of the model, which can be seen on the histogram.
The model is dominated by dark blue color, and these are
the points that have an error of less than 0.2 mm. The parts

of the sculpture that authors are interested in (the strand of
hair, the earlobe, and the cheekbone, all on the left side of
the face) have an error generated during printing of less
than 0.1 mm.

The last comparison of 3D models with built-in
protection (virtual and printed model) OSP - OSP1 has the
same aim as the previous one, i.e., to identify errors
generated during printing 3D models, and in this step 3D
models with built-in protection, virtual OSP and printed
OSPI (i.e., its scan) are compared. The values measured in
this case are shown in Fig. 10. Similar values for the
generated error during printing were obtained as in the
previous case. The highest measured value is Imm. The
error in the areas of the face that are of interest to us is
about 0.1 mm. Most points of the 3D model have a
generated error between 0.001 mm and 0.40 mm.

Figure 10 Results of the comparison of 3D models with built-in protection in
CloudCompare software (virtual (OSP) and printed (OSP1))

5 DISCUSSION

In this research, authors considered four digital
models: a digital model of the original sculpture OS, a
digital sculpture model with built-in protection OSP, as
well as a scan-printed sculpture obtained by printing the
OS model (OS1), and a scan-printed sculpture obtained by
printing the OSP model (OSP1). Then comparisons were
made to detect differences in the geometry of the following
pairs of sculptures: OS and OSP, OS1 and OSP1, then OS
and OS1, as well as OSP and OSP1. This was done to state
the following: when comparing OS and OSP, it is possible
to easily detect the zones where the material was added, as
well as the thickness of its layer. By comparing OS1 and
OSP1, authors wanted to show that the areas where the
material was added to protect the original model are also
noticeable on the printed models. By comparing OS and
OSI1 authors wanted to prove that the digital model of the
original sculpture is very similar to the scan of the printed
sculpture. And by comparing OSP and OSP1, authors
wanted to prove that the digital's sculpture model with
built-in protection is very similar to the scan of its printed
replica. In this way, it is provided that even by comparing
the printed models, it is possible to determine which of
them was obtained by printing the original 3D sculpture,
and which is a forgery. It has been proven that the digital
sculpting procedure using a haptic device has an advantage
over digital sculpting with a mouse because the haptic
device provides appropriate physical resistance at the
moment of contact with the sculpture, which is associated
with a realistic sculpting procedure. In this way, the
sensibility of the person who digitally sculpts is increased,
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and consequently, the amount of added material in the
selected places is twice as small compared to the amount
of material authors had in their previous research.

Comparing the models OS and OSP, OS1 and OSP1,
OS and OS1, OSP and OSP1 showed that the differences
measured by the software CloudCompare (minimum 0.002
mm) are such that it shows about 10 times more accurate
error compared to the precision of the scanner EinScan Pro
(0.05 mm). As all four models were scanned with the same
scanner, the same error was generated on all four digital
models, therefore the precision of the scanner has no
influence on the difference interval between the models
that were compared in the four cases mentioned, in the
same software. It is important to have a tendency to clearly
detect the area in which protection has been added by
comparison.

6 CONCLUSIONS

The idea of this paper is to improve the authors'
approach described in paper [2], in which a new approach
for the protection of digitized cultural heritage was
presented. The idea was illustrated using an example of a
human head sculpture, and the same idea can be applied to
any artistic or architectural work, that is, a 3D model. The
novelty in this work is that digital protection is added using
a haptic device, which is a more friendly digital sculpting
procedure compared to mouse sculpting. Another novelty
is that both models were printed, a digitized model of the
original sculpture and a 3D model with built-in protection.
Next, those two printed sculptures were scanned and by
comparing the two 3D models obtained in this way the
areas where the protection was added were located. In this
way, the authors' hypothesis that it is possible to state
which sculpture was obtained by printing the original 3D
model, and which was obtained by printing the 3D model
with built-in protection, was confirmed. In this way, it was
determined which sculpture is an original and which is a
forgery.

6.1 Possibility for Future Research

In recent years, haptic devices have advanced
significantly, so there are so-called haptic hands. A haptic
hand is a robotic hand whose design is simplified and
created to imitate the human hand and provide haptic force
feedback in all joints at the moment of contact with an
object in the virtual environment [42, 50-59]. Authors feel
that using a haptic hand for digital sculpting and adding
protection would allow for a more realistic sculpting
experience than what was achieved with the haptic device
used in this research. As a haptic hand uses a whole hand,
such sculpting is the digital equivalent of real sculpting
because user interacts with the virtual 3D model with each
finger and each segment of the finger, that is, the joint
where the appropriate resistance is achieved. The haptic
device, used in this research, contains a pen that is moved
most often by holding it with three fingers, and yet this
does not fully correspond to the process of real sculpting.

Acknowledgments

This research (paper) has been supported by the
Ministry of Science, Technological Development and

Innovation through project No. 451-03-47/2023-
01/200156 "Innovative scientific and artistic research from
the FTS (activity) domain".

7 REFERENCES

[1] Sargentis, G. F., Frangedaki, E., Chiotinis, M.,
Koutsoyiannis, D., Camarinopoulos, S., Camarinopoulos,
A., & Lagaros, N. D. (2022). 3D scanning/printing: A
technological stride in sculpture. Technologies, 10(1), 9.

[2] Vasiljevi¢, 1., Obradovié, R., Buri¢, 1., Popkonstantinovié,
B., Budak, 1., Kuli¢, L., & Milojevi¢, Z. (2021). Copyright
protection of 3D digitized artistic sculptures by adding
unique local inconspicuous errors by sculptors. Applied
Sciences, 11(16), 7481, 1-28.
https://doi.org/10.3390/app11167481

[3] Pham, G. N., Lee, S. H., Kwon, O. H., & Kwon, K. R.
(2018). A watermarking method for 3D printing based on
menger curvature and K-Mean clustering. Symmetry, 10(4),
97. https://doi.org/10.3390/sym10040097

[4] Tran, T. V., Pham, G. N., Nguyen, B. A., Ta, K. D., &
Nguyen, P. H. (2020). 3D Printing Watermarking Algorithm
Based on 2D Slice Mean Distance. International Journal of
Advanced Trends in Computer Science and Engineering, 9,
57-64.

[5] Praun, E., Hoppe, H., & Finkelstein, A. (1999, July). Robust
mesh watermarking. Proceedings of the 26th annual
conference on Computer graphics and interactive
techniques, 49-56

[6] Wu, H. T. & Cheung, Y. M. (2005, August). A fragile
watermarking scheme for 3D meshes. Proceedings of the 7th
workshop on Multimedia and security, 117-124.

[71 Amar, Y. B., Trabelsi, L., Dey, N., & Bouhlel, M. S. (2016).
Euclidean Distance Distortion Based Robust and Blind Mesh
Watermarking. International Journal of Interactive
Multimedia and Artificial Intelligence, 4(2), 46.
https://doi.org/51. 10.9781/ijimai.2016.428

[8] Nakazawa, S., Kasahara, S., & Takahashi, S. (2010,
October). A visually enhanced approach to watermarking 3D
models. In 2010 Sixth International Conference on
Intelligent Information Hiding and Multimedia Signal
Processing, 110-113.

[9] Cho, J. W, Prost, R., & Jung, H. Y. (2006). An oblivious
watermarking for 3-D polygonal meshes using distribution
of vertex norms. I[EEE Transactions on Signal Processing,
55(1), 142-155.

[10] Botta, M., Cavagnino, D., Gribaudo, M., & Piazzolla, P.
(2020). Fragile watermarking of 3D models in a transformed
domain. Applied Sciences, 10(9), 3244.
https://doi.org/10.3390/app10093244

[11] Cox, L. J., Miller, M. L., Bloom, J., Fridrich, J., & Kalker, T.
(2008).  Digital watermarking and  steganography
morgankaufinann publishers. Amsterdam/Boston.

[12] Wang, K., Lavoué, G., Denis, F., & Baskurt, A. (2011).
Robust and blind mesh watermarking based on volume
moments. Computers & Graphics, 35(1), 1-19.
https://doi.org/10.1016/j.cag.2010.09.010

[13]Hu, R., Xie, L., Yu, H., & Ding, B. (2014). Applying 3D
polygonal mesh watermarking for transmission security
protection through sensor networks. Mathematical problems
in engineering, 2014. https://doi.org/10.1155/2014/305960

[14] Santodi Z., Budak 1., Sokac M., & Pavleti¢ D. (2019).
Bridging the Symmetry-related Gap between Physical and
Digital Sculpting by Application of Reverse Engineering
Modeling. FME Transactions, 47(2), 304-309.

[15] Kohli, L. & Whitton, M. (2005, May). The haptic hand:
providing user interface feedback with the non-dominant
hand in virtual environments. Proceedings of Graphics
Interface 2005, 1-8.

2006

Technical Gazette 30, 6(2023), 2001-2008



Ivana VASILJEVIC et al.: Copyright Protection of 3D Digitized Sculptures by Use of Haptic Device for Adding Local-Imperceptible Bumps

[16] Wylezol, M., MuzaleWska, M., & Szczodry, B. (2015).
Computer aided and 3D printing in pre-operative planning of
orbital reconstruction surgery. Advanced Technologies in
Mechanics, 2, 20-30. https://doi.org/10.1115/1.4024981

[17] Hamza-Lup, F. G., Bogdan, C. M., Popovici, D. M., &
Costea, O. D. (2019). A survey of visuo-haptic simulation in
surgical training. arXiv preprint arXiv:1903.03272.
https://doi.org/10.48550/arXiv.1903.03272

[18] Kulkarni, P. & Dutta, D. (1996). An accurate slicing
procedure for layered manufacturing. Computer-Aided
Design, 28(9), 683-697.

[19] Ahn, D., Kim, H., & Lee, S. (2007). Fabrication direction
optimization to minimize post-machining in layered
manufacturing. International Journal of Machine Tools and
Manufacture, 47(3-4), 593-606.

[20] Pham, G. N., Lee, S. H., Kwon, O. H., & Kwon, K. R.
(2018). A 3D printing model watermarking algorithm based
on 3D slicing and feature points. Electronics, 7(2), 23.
https://doi.org/10.3390/electronics 7020023

[21] Hamidi, M., Chetouani, A., El Haziti, M., El Hassouni, M.,
& Cherifi, H. (2019). Blind robust 3D mesh watermarking
based on mesh saliency and wavelet transform for copyright
protection. Information, 10(2), 67.
https://doi.org/10.3390/info10020067

[22] Lee, C. H., Varshney, A., & Jacobs, D. W. (2005). Mesh
saliency. ACM SIGGRAPH 2005 Papers, 659-666.

[23]Hou, J. U., Kim, D., Ahn, W. H., & Lee, H. K. (2018).
Copyright protections of digital content in the age of 3d
printer: Emerging issues and survey. /[EEE Access, 6, 44082.
https://doi.org/44093. 10.1109/ACCESS.2018.2864331

[24] Beugnon, S., Puech, W., & Pedeboy, J. P. (2018, July). From
visual confidentiality to transparent format-compliant
selective encryption of 3d objects. 2018 IEEE International
Conference on Multimedia & Expo Workshops (ICMEW), 1-
6. https://doi.org/10.1109/ICMEW.2018.8551510

[25] Ivanova, O., Elliott, A., Campbell, T., & Williams, C. B.
(2014). Unclonable security features for additive
manufacturing. Additive Manufacturing, 1, 24-31.

[26] Elliott, A. M. (2014). The effects of quantum dot
nanoparticles on the polyjet direct 3D printing process.
Doctoral dissertation, Virginia Polytechnic Institute and
State University.

[27] Stamm, M., Altinsoy, M. E., & Merchel, S. (2010).
Identification accuracy and efficiency of haptic virtual
objects using force-feedback. 3rd International Workshop on
Perceptual Quality of Systems.

[28] Ricardez, E., Noguez, J., Neri, L., Munoz-Gomez, L., &
Escobar-Castillejos, D. (2014, September). SutureHap: A
Suture Simulator with Haptic Feedback. VRIPHYS, 79-86.

[29] Escobar-Castillejos, D., Noguez, J., Neri, L., Magana, A., &
Benes, B. (2016). A review of simulators with haptic devices
for medical training. Journal of medical systems, 40, 1-22.
https://doi.org/10.1007/s10916-016-0459-8

[30] Qin, Y., Ma, M., Shen, L., Wang, H., & Han, J. (2022).
Virtual and Real Bidirectional Driving System for the
Synchronization of Manipulations in Robotic Joint
Surgeries. Machines, 10(7), 530.
https://doi.org/10.3390/machines10070530

[31] Pan, J. J., Chang, J., Yang, X., Zhang, J. J., Qureshi, T.,
Howell, R., & Hickish, T. (2011). Graphic and haptic
simulation system for virtual laparoscopic rectum surgery.
The International Journal of Medical Robotics and
Computer Assisted Surgery, 7(3), 304-317.

[32] Hamza-Lup, F. G., Bogdan, C. M., Popovici, D. M., &
Costea, O. D. (2019). A survey of visuo-haptic simulation in
surgical training. arXiv preprint arXiv:1903.03272.

[33] Yazdankhoo, B., Nikpour, M., Beigzadeh, B., & Meghdari,
A. (2019). Improvement of operator position prediction in
teleoperation systems with time delay: simulation and

experimental studies on Phantom Omni devices. JJIMIE,
13(3).

[34] Re¢ko, M., Dzierzek, K., Gradzki, R., & Zivéak, J. (2022).
A Cost-Effective, Integrated Haptic Device for an
Exoskeletal System. Sensors, 22(23), 9508.
https://doi.org/10.3390/s22239508

[35] Hamza-Lup, F. G., Seitan, A., Popovici, D. M., & Bogdan,
C. M. (2018). Medical Simulation and Training:" Haptic"
Liver. arXiv preprint arXiv:1812.03325.

[36] Nikpour, M., Yazdankhoo, B., Beigzadeh, B., & Meghdari,
A. (2021). Adaptive online prediction of operator position in
teleoperation with unknown time-varying delay: simulation
and experiments. Neural Computing and Applications, 33,
7575-7592.

[37] Li, L., Liu, Z., Ma, Z., Huang, P., & Guo, S. (2022). Adaptive
neural learning fixed-time control for uncertain teleoperation
system with time-delay and time-varying output constraints.
International Journal of Robust and Nonlinear Control,
32(16), 8912-8931. https://doi.org/10.1002/rnc.6319

[38] Lee, O., Lee, K., Oh, C., Kim, K., & Kim, M. (2014).
Prototype tactile feedback system for examination by skin
touch. Skin Research and Technology, 20(3), 307-314.
https://doi.org /10.1111/srt.12120

[39] Culbertson, H., Lopez Delgado, J. J., & Kuchenbecker, K. J.
(2014). The penn haptic texture toolkit for modeling,
rendering, and evaluating haptic virtual textures.

[40] Papadopoulos, K., Koustriava, E., Georgoula, E., & Kalpia,
V. (2022). Individuals with and without Visual Impairments
Use a Force Feedback Device to Identify the Friction and
Hardness of Haptic Surfaces. Sensors, 22(24), 9745.
https://doi.org/10.3390/s22249745

[41] Santosi Z., Budak L., Sokac M., Kuzmanovi¢ M., & Vukeli¢
b. (2022). An innovative photogrammetric system for 3D
digitization of dental models. Tehnicki vjesnik - Technical
Gazette, 29(5), 1560-1566.

[42] Fenz, W. & Dirnberger, J. (2015, March). Real-time surgery
simulation of intracranial aneurysm clipping with patient-
specific geometries and haptic feedback. Medical Imaging
2015: Image-Guided Procedures, Robotic Interventions, and
Modeling, 9415, 111-120. https://doi.org/10.1117/12.2082053

[43] Santosi, Z., Budak, I., Sokac, M., Hadzistevi¢, M., & Vukeli¢

b. (2019). Influence of high dynamic range images on the

accuracy of the photogrammetric 3D digitization: A case

study. Advances in  Production Engineering and

Management, 14(4), 391-399.

See https://www.3dsystems.com/haptics

See https://oqton.com/geomagic-freeform/

See https://www.creality.com/products/ender-6-3d-printer

Moyano, J., Cabrera-Revuelta, E., Nieto-Julian, J. E.,

Fernandez-Alconchel, M., & Fernandez-Valderrama, P.

(2023). Evaluation of Geometric Data Registration of Small

Objects from Non-Invasive Techniques: Applicability to the

HBIM Field. Sensors, 23(3), 1730.

https://doi.org/10.3390/s23031730

[48] See https://3dscanexpert.com/shining-3d-einscan-pro-plus-
3d-scanner-review-2/

[49] See https://www.danielgm.net/cc/

[50] Fontana, M., Fabio, S., Marcheschi, S., & Bergamasco, M.
(2013). Haptic hand exoskeleton for precision grasp
simulation. Journal of Mechanisms and Robotics, 5(4),
041014. https://doi.org/10.1115/1.4024981

[51]Ramzy, M. R., Mohamed, E. F., Ibrahim, H. E. A., &
Hossamel-deen, Y. H. (2016, July). A Multi Finger Haptic
Hand with Force Feedback. In ICINCO (2).178-184.

[52] Berdahl, E. & Huber, D. (2015, May). The haptic hand. In
NIME. 32-33.

[53] Gonzalez, F., Gosselin, F., & Bachta, W. (2014). Analysis of
hand contact areas and interaction capabilities during
manipulation and exploration. /EEE transactions on haptics,
7(4), 415-429. https://doi.org/10.1109/TOH.2014.2321395

[44
[45
[46
[47

—_

Tehnicki viesnik 30, 6(2023), 2001-2008

2007



Ivana VASILJEVIC et al.: Copyright Protection of 3D Digitized Sculptures by Use of Haptic Device for Adding Local-Imperceptible Bumps

[54] Khan, R., Azam, F., Ahmed, S., Anwar, W., Chughtai, R., &
Farid, A. (2020, November). Comparative Analysis of
Interaction Techniques in Virtual Reality. 2020 IEEE 23rd
International Multitopic Conference (INMIC), 1-6.
https://doi.org/10.1109/INMIC50486.2020.9318194

[55] Tong, Q., Wang, Q., Zhang, Y., Liao, X., Wei, W., Zhang,
Y., Wang, D. et al. (2022). Configuration-Based
Optimization for Virtual Hand Haptic Simulation. /EEE.

[56] Adilkhanov, A., Rubagotti, M., & Kappassov, Z. (2022).
Haptic Devices: Wearability-Based Taxonomy and
Literature Review. /EEE Access.
https://doi.org/10.1109/ACCESS.2022.3202986

[57] Martinez, J., Garcia, A., Oliver, M., Molina, J. P., &
Gonzélez, P. (2014). Identifying virtual 3D geometric shapes
with a vibrotactile glove. IEEE computer graphics and
applications, 36(1), 42-51.
https://doi.org/10.1109/MCG.2014.81

[58] Sato, Y., Hiraki, T., Tanabe, N., Matsukura, H., Iwai, D., &
Sato, K. (2020). Modifying texture perception with pseudo-
haptic feedback for a projected virtual hand interface. IEEE
Access, 8, 120473-120488.
https://doi.org/10.1109/ACCESS.2020.3006440

[59] Pacchierotti, C., Sinclair, S., Solazzi, M., Frisoli, A.,
Hayward, V., & Prattichizzo, D. (2017). Wearable haptic
systems for the fingertip and the hand: taxonomy, review,
and perspectives. /[EEE transactions on haptics, 10(4), 580-
600. https://doi.org/10.1109/TOH.2017.2689006

Contact information:

Ivana VASILJEVIC, PhD, Assistant Professor
(Corresponding author)

University of Novi Sad, Faculty of Technical Sciences,
Trg Dositeja Obradovi¢a 6, 21000 Novi Sad, Serbia
E-mail: ivanav@uns.ac.rs

Zeljko SANTOSI, PhD, Assistant Professor
University of Novi Sad, Faculty of Technical Sciences,
Trg Dositeja Obradovi¢a 6, 21000 Novi Sad, Serbia
E-mail: zeljkos@uns.ac.rs

Milos OBRADOVIC, MSc Eng., Teaching Assistant
University of Novi Sad, Faculty of Technical Sciences,
Trg Dositeja Obradovié¢a 6, 21000 Novi Sad, Serbia
E-mail: milos_obradovic@uns.ac.rs

Branislav POPKONSTANTINOVIC, PhD, Full Professor
University of Belgrade, Faculty of Mechanical Engineering,
Kraljice Marije 16, 11120 Belgrade, Serbia

E-mail: bpopkon@mas.bg.ac.rs

Igor BUDAK, PhD, Full Professor

University of Novi Sad, Faculty of Technical Sciences,
Trg Dositeja Obradovi¢a 6, 21000 Novi Sad, Serbia
E-mail: budaki@uns.ac.rs

Ratko OBRADOVIC, PhD, Full Professor

University of Novi Sad, Faculty of Technical Sciences,
Trg Dositeja Obradovi¢a 6, 21000 Novi Sad, Serbia
E-mail: obrad_r@uns.ac.rs

2008

Technical Gazette 30, 6(2023), 2001-2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


