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Abstract 

In this paper, we propose a method for creating a ceramic Venus figurine replica from a mold in the Museum of 
Ceramic Techniques collection in Koło, Poland stored at the museum for many years. Moreover, none of the Venus 
figurines in this collection have been preserved to the present day. Our process starts with partially degraded mold 
fragments and ends with an actual copy of the Venus figurine in three forms: faience kilned to bisque, porcelain, and 
glazed faience. The entire process involves understanding old manufacturing technology, conservation supervision, 
and state-of-the-art 3D scanning, data processing, and 3D printing technologies. We began with a preservation state 
evaluation that included a technical analysis of the degradation state of the mold. Then, we applied 3D scanning 
technology using the structured light method. Later, we integrated all mold fragments into front and back 3D models. 
These 3D models were optimized for 3D printing technology and were used to manufacture the mold. Finally, the 
printed fragments were corrected using traditional techniques performed by art conservators. This process took 
comparatively less time and produced a more realistic result than would have been observed if only 3D software had 
been used. This process also enabled us to create educational materials for the Koło museum about old manufactur-
ing technologies. From the point of view of museum visitors, the copies are made with sufficient detail that they are 
indistinguishable from handmade artifacts. Our estimates show that combining both techniques (traditional and 
digital) saved approximately 25% of the time that would have been used if the individual techniques had been used 
separately. We also believe that our use case could be transferred to a broader group of objects that use molding in 
their production processes.
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Introduction
Many objects in the world provide representations of old 
manufacturing processes, and thus conditions of these 
artifacts are deteriorating yearly [1]. This is especially true 
of abandoned and neglected objects, particularly plaster 

molds. Due to a lack of access to suitable methods that do 
not threaten the original matter, museums often decide 
to wait for an appropriate solution to appear before tak-
ing action. The preservation state of a mold determines 
the techniques that can be used for reconstruction [2]. 
In the case of advanced damage states, using traditional 
conservation methods, such as filling in minor surface 
defects, seems complicated and questionable based on 
the expected results. Interference in the form of restora-
tion could disrupt the modeling details preserved on the 
surface of the mold [2]. Any attempt to make a replica 
using traditional methods, such as silicone casts, could 
expose the original to further damage. On the other 
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hand, making a replica is necessary to show museum visi-
tors the actual outcome of the mold casting rather than 
just the mold. And the use of digital technologies in this 
regard will accelerate the virtual reconstruction and visu-
alization of complex shape while also maintaining docu-
mentation [3, 3], which is essential.

Advanced developments in imaging techniques provide 
many solutions to conservation issues, along with new 
opportunities and more efficient and adequate support to 
end-users [5]. There are several non-contact, active, and 
passive optical methods for collecting 3D surface data 
[6], among which the most popular are laser scanning 
(LS) [7], structured light (SL) scanning [8], and struc-
ture from motion (SfM) [9]. Laser scanning is an active 
technique based on projecting a laser point/line or set 
of strings and further analysis of captured images rep-
resenting a deformed line from another perspective. Its 
main limitation is the error caused by speckle noise from 
the laser source [10]. Structured light is an active tech-
nique providing the ability to establish geometrical rela-
tions between all pixels of the camera and the projected 
2D pattern coordinates. Its main limitation is low light 
efficiency in the presence of sunlight or other efficient 
light sources [8]. Structure from motion is a passive pho-
togrammetric technique that requires photos of a recon-
structed object from many directions. Its main drawback 
is the varying quality of reconstruction depending on the 
presence of salient points on the reconstructed surface. 
In areas of their absence, the quality of reconstruction is 
very low [9].

The research provided in this paper was inspired by 
an attempt to recreate a ceramic Venus figurine from 
the Museum of Ceramic Techniques collection in Koło, 
Poland. A destroyed plaster mold in the museum’s collec-
tion was used in the past for slip-casting small figurines 
depicting Venus. The original plaster mold was in such 
poor condition that further usage was impossible. The 
data acquisition technologies mentioned above can pro-
vide a virtual model of the surface of a destroyed mold 
without interfering with the original structure of the 
plaster. It should be emphasized, however, that precise 
imaging of the surface of the original mold also registers 
all traces of its destruction, including defects and surface 
pitting, which in effect presents the state of preservation 
and does not provide a true basis for the reconstruction 
of the figurine itself. It is feasible to create a replica from 
a mold casting using both traditional and digital meth-
ods depending on the preservation state of the mold. In 
the case of heavily degraded mold, digital methods are 
preferred. However, any additional corrections to the 
digital generated model of the mold would require from 
the operator an appropriate sculptural background. The 
artistic skill of the operator would have a substantial 

impact on the quality of the replica. In such case, a sculp-
ture carrying out corrections would be more reliable. 
However, it should be emphasized that applying correc-
tions to the model (positive) is much easier for the sculp-
tor than shape remodeling on the mold’s surface, which is 
the negative of the representation.

This work aims to provide the best method for pro-
ducing Venus copies. The work is unique in combining 
traditional conservation techniques with 3D scanning 
and printing technology to achieve satisfactory recon-
struction quality while minimizing the effort required 
throughout the process. The proposed pipeline for the 
work includes three stages: 3D scanning, mold recon-
struction, and creation of the Venus figurine replica. To 
achieve this goal, we used 3D scanning technology to 
noninvasively digitize the mold into a virtual representa-
tion with an approximate accuracy of 0,5 mm. To achieve 
a more realistic result, conservators corrected the pre-
pared 3D printing of the object at the stage of filling and 
retouching defects. In our opinion, making a copy based 
on recorded scans provides an appropriate level of accu-
racy while maintaining artistic care to detail, which is 
ultimately judged by the viewer’s eye. Additionally, one 
of the important goals was to reduce the processing time 
required to recreate the figurine.

Literature review
Due to their function, plaster molds are usually not 
treated as works of art and are rarely found in museum 
collections. Often treated as redundant objects made of 
material vulnerable to destruction, plaster molds slowly 
degrade in storage. Although their expositional value is 
often underestimated, they carry considerable educa-
tional value that contributes to understanding the com-
plicated arcana of the casting methods. Above all, plaster 
molds have documentary value and are often the only 
material evidence of objects that have not been pre-
served or have been destroyed over the years. A nega-
tive preserved in a mold makes it possible to determine 
what kind of object the mold was originally used for. 
However, due to the complexity of the inner surfaces, the 
shape presented inside the mold is often difficult or even 
impossible to identify.

In the past, the identification of objects cast in plas-
ter molds was limited to the use of traditional recasting 
techniques to obtain a positive result. This method was 
used in the 1960–1968 period during the Campana Cam-
paign in the Richard Ginori Manufactory collection. The 
project used historical plaster molds to cast over 2000 
porcelain artifacts [11]. The recasting method, however, 
leads to the wear of plaster molds; thus, in the case of 
historical objects, traditional methods are often rejected 
out of concern for the welfare of the historical matter. 
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Moreover, the advanced degradation state of plaster 
molds often makes it impossible to reproduce the image 
preserved in the negative state using traditional materials 
and methods. These concerns underlie conservator and 
restorer’s choice of modern techniques [12].

The adaptation of 3D technologies for CH objects has 
revealed a growing interest in preservation, valuation, 
documentation, and heritage transmission [3–13]. High-
resolution 3D scanning has been used on CH objects for 
several purposes, such as for digital documentation [14, 
15] and monitoring change [16, 17]. Several industries 
are dedicated to manufacturing objects using a reverse 
engineering approach [18] to preserve, replicate, and 
document museum objects. However, there are also dedi-
cated research that have also been studied in this regard 
[13–19, 13]. Hernández-Muñozet al.  [19], showed the 
use of 3D technologies in the replication of wax artifacts 
[20] from an original mold which was used for medical 
treatment purposes. Abrace et  al. [13], also showed the 
use of innovative 3D technologies to assist the restora-
tion of the damaged parts of terracotta statue. Neumül-
ler et  al.  [21], replicated museum collections using 3D 
technologies; however, their study was only based on 
replication focused on preservation and accessibility for 
research and education. Balletti et  al. [22], studied the 
museum experience and created replicas of CH objects, 
but their study did not show the reconstruction of miss-
ing parts using 3D printing.

Higueras et al.  [23], digitally restored the missing part 
of a Hispano-Roman architectural ornament using a non-
invasive method. In their work, 3D modeling was per-
formed using photogrammetry, and material restoration 
of the losses was performed by using 3D printing to cre-
ate a piece for reintegration. However, this work required 
the appropriate choice of printing materials, as the object 
itself required restoration.

An alternative to the 3D printing process could be 
using CNC machines that cut a pattern from a gypsum 
block according to a scan. However, it should be noted 
that the use of CNC machines is much more expensive 
than 3D printers. At the same time, as previous studies 
indicate that the final work requires additional manual 
processing [23].

3D scanning is also applied to preserve and docu-
ment plaster molds for slip casting. In Balleri et al.  [24], 
3D scans were used to document the collection of piece 
molds and link them to models. The project’s authors 
assumed further use of the acquired data to make physi-
cal copies of the molds using 3D printers and to make 
new molds from digital 3D models, as well as for conserv-
ing the artistic heritage of gypsum molds. It should be 
noted that this method offers great possibilities; however, 
when gypsum molds show traces of damage, the image of 

the scanned object is marked by losses, and deformations 
resulting from surface degradation are reobtained.

One of the most interesting projects using 3D technol-
ogy in the reconstruction of plaster molds was carried 
out at the Smithsonian Institution [25]. In this project, 
the 3D technique was applied for documentation of an 
incomplete nineteenth-century plaster piece mold of 
a figurine Venus, virtual replacement of missing mold 
pieces, and virtual recreation of the lost cast. During 
the stage of modeling the mold cavities, it was decided 
to correct them in a graphics program based on the scale 
changes of other parts preserved in the mold itself. As 
the authors noted in the article, at this stage, the method 
produced a convincing image of a hand, but it was not 
perfect: the geometry was proportional, but the model 
was too smooth. Moreover, an image of the negative 
contained imperfections that were part of the original 
creative process and signs of wear. In a further step, the 
imperfections were smoothed using graphics programs. 
The article’s authors do not provide the time necessary to 
make all the corrections in the parts of defects and defor-
mations registered on the surface of the mold. This raises 
the obvious question of whether the remodeling process 
would ultimately take less time if the corrections were 
performed on a physical preprinted imperfect model.

Reconstruction, which involves recreating an artwork 
from preserved matter or sources, necessitates special 
care on the part of the art conservator. The decision-
making process for restoration activities is extremely 
complex, relying primarily on aesthetic and ethical argu-
ments and, to a lesser extent, technological ones.

Materials and method
Case study and background
Clay is the most common raw material on the Earth’s sur-
face [26] and has been used by humans since the dawn of 
civilization to make practical and artistic products. Due 
to its plasticity, clay is susceptible to molding, and a given 
shape is fixed through firing. There are several methods 
for forming the desired shape. One of these methods 
involves shaping clay in appropriate molds. This method 
was already known in antiquity, as its origins date back 
to 700 BC [27]. However, a considerable breakthrough 
in the development of clay molding occurred in Europe 
in the middle of the eighteenth century [28], when cast-
ing from a slip in gypsum molds was introduced. This 
method allows one to multiply complicated shapes in a 
simple way. Clay casting is currently the most common 
technique used in the pottery industry mass production 
and is also applied in the production of unique artistic 
products [29].

In the second half of the twentieth century, this com-
mon method was most likely used to make a series of 
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small Venus’s figurines in one of the ceramic workshops 
in Koło (Poland). Making a figure of such a complicated 
shape required the use of a multielement plaster mold. 
The mold, preserved to this day, consists of four ele-
ments connected to each other by a system of locking 
keys—male and female. The dimensions of the mold are 
33.1 × 16.4 × 11.8 cm. The front part of the mold consists 
of three separate sections, as shown in Fig.  1a (1, 2, 3), 
while the back part of the mold consists of a single ele-
ment, as shown in Fig. 1b. In the lower part, there is an 
inlet through which the slip was applied after the mold 
was assembled.

The method of manufacturing ceramic products with 
the use of slip and gypsum molds has many advantages. 
It entails low production costs and ensures a high level 
of repeatability of the shapes and dimensions of the 
final product, which is extremely important, especially 
in mass production. The possibility of dividing gyp-
sum molds into sections makes it possible to produce 
complex shapes without the use of additional joints. 

However, the main disadvantage of this method is its 
low production efficiency. Gypsum molds deteriorate 
quickly and must therefore be replaced. The gypsum 
degradation process is irreversible, and changes in the 
material occur after several casting cycles [30]. The 
method of exploitation is no less important and is influ-
enced by the procedures used during the pouring and 
drying of molds [31, 32]. In the process of destruction, 
the number of casting cycles and the mass composition 
play an important role [33]. Gypsum is a material that 
dissolves under the influence of water; hence, every 
time water is absorbed during the casting process, 
it is softened, and the surface layer is partially dam-
aged. Thus, the preservation state of gypsum molds is 
greatly affected by the repeated dissolution and drying 
of the material [29]. As a result, changes in the gyp-
sum microstructure occur, which affects its properties. 
Moreover, gypsum is a relatively delicate material that 
is easily destroyed by mechanical impact.

On the inner surface of the gypsum mold from Koło, 
Poland, numerous traces of degradation were observed, 
and an evaluation of the preservation state of the plas-
ter mold was performed under a 3D microscope. This 
damage (Fig.  2a and   b) indicates that an advanced 
plaster degradation process has made future mold use 
impossible. Additionally, on the edges of elements of 
the mold, spalling and chipping were observed, most 
likely caused by mechanical impact.

In the case of such a degraded plaster mold, the use 
of traditional conservation methods poses a threat to 
the artwork. To provide optimal methods for recon-
structing the Venus figurine, it is necessary to apply 
innovative solutions while optimizing the entire pro-
cess, which was the final goal of our project.

Fig. 1  a. The original multielement plaster mold front b. The original 
plaster mold back

Fig. 2  a. Microphotography of the inner surface of the gypsum mold with hollows b. Profile of the inner surface of the gypsum mold
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Replication of the Mold
Reverse engineering is a powerful way to create digital 
models from physical parts. This was shown to be a valu-
able tool in prototyping CH object preservation using the 
technologies of 3D scanning and 3D printing technolo-
gies. To combine 3D technology and traditional conser-
vation, we created an interdisciplinary team and used 
existing techniques to reduce cost and processing time. 
In this section, we walk through the step-by-step reverse 
engineering tools we used from 3D scanning to generat-
ing the mesh and 3D printing. The pipeline for the repli-
cation of the mold is as presented in Fig. 3.

3D scanning
Among all the data acquisition methods proposed in Sec-
tion.  1, structured light scanning has received the most 
attention for the pixel size on the object’s surface for 
better quality digitization and documentation of small 
objects as the considered case study [8]. We performed 
the scanning step using a custom-made 3D scanner, 
Fig. 4a, developed at the Virtual Reality Technique Divi-
sion (VRTD) of the Faculty of Mechatronics, Warsaw 
University of Technology, Poland, which uses structured 
light scanning. The decision was made to collaborate 
and use this existing device, which meets the accuracy 
expected from the conservators. The main units in the 3D 
scanner are the projector and detector. They are mounted 
on a special base made from carbon fiber composites. 
Custom-made software for calibration and measure-
ment is saved on a microcomputer attached to the scan-
ner. To assist the operator with the measurement volume, 
the scanner is attached to an ultrasonic sensor that can 
display the distance of the sensor from the object on the 
LCD display. The estimated maximum permissible error 
(EMPE) of the used scanner was 0,25 mm [34, 35] and its 
measurement volume is 350  mm × 220  mm × 160  mm. 
The output of the scanner is collected in the form of 
point cloud (.ply) for each scan containing 400 points per 
mm2 from the scanned surface. Using the 3D scanner, the 

broken pieces of the mold were scanned at the Faculty of 
Conservation and Restoration of Works of Art, Academy 
of Fine Arts in Warsaw, Poland, as shown in Fig.  4b. It 
was challenging to collect the surface information from 
the unsmooth parts of the mold which required multiple 
measurements (on average 6 –10 scans from each frag-
ment) from the surface producing approximately 1 GB of 
data in total.

3D reconstruction
After collection of the scans from each separate fragment 
of the mold, the scans were stitched together to create 3D 
models of the surfaces of the pieces. Manual alignment 
and the optimized iterative closest point (ICP) algorithm 
[36] were used to stitch the scans. The stitching was per-
formed using FRAMES, which is written in C +  + and 
developed at the VRTD lab of the Faculty of Mechatron-
ics, Warsaw University of Technology Poland. For the 
stitching of each scan, conditions were set as value to the 
ICP algorithm parameters (Fig. 5).

Each fragment (Fig.  1a, b) was modeled individually 
using the 3D scans, as shown in Fig. 6. Each 3D scan was 
presented in random colors for each mold fragment.

Fig. 3  Pipeline for the replication of the mold

Fig. 4  a. Custom designed 3D scanner b. 3D scanning of the pieces 
of the mold and the respective scans
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After modeling each fragment separately, we assembled 
the pieces from Fig.  1a (1, 2, 3) together digitally using 
the ICP algorithm and obtained the results presented in 
Fig. 7a. The resulting 3D models of the front and back of 
the mold are shown in Fig. 7b.

3D printing
The 3D modeling result was saved in OBJ file (.obj) for-
mat and sent for 3D printing. The 3D printing was 

performed on the SLS FORMIGA P100 device made of 
PA 2200 material, which was available within the col-
laboration and was cost-effective. The layer resolution 
was 0.1 mm, and the method of filling the volume of the 
"Mechanical" model was uniform production over the 
entire surface of the layer (no division into contour and 
filling). The calculated model files were loaded onto the 
device software to verify geometric correctness and the 
possibility of arranging it in the working space.

Fig. 5  ICP algorithm for the modelling of the fragments as well as assembling of the fragments (Source: [16][16])

Fig. 6  Stitching of each scan collected from each fragment of the mold
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After the digitally assembled pieces were obtained, geo-
metric corrections were performed. Actions consisting of 
removing the contour surface and splitting the element 
were applied. Due to the impossibility (and lack of neces-
sity) of distinguishing the particularly indicated division 
boundary, a rectilinear division was made based on best 
fit to the working space Additional file 1: (Fig. A.1).

Due to the free shapes of the models and the inability 
to distinguish or indicate the preferred direction of laying 
the layers, the arrangement was based on the best volu-
metric adjustment of the elements to each other allow-
able while maintaining the minimum distance of 0.9 mm 
Additional file 1: (Fig. A.1.1).

The next step was to divide the model into layers with 
a resolution of 0,1 mm. The errors result from the qual-
ity of the triangle mesh representing the model surface 
and from the method of mapping the layer when dividing 
individual areas of the model. The list of errors provides 
information but does not constitute a basis for abandon-
ing further steps leading to the creation of the model 
Additional file 1: (Fig. A.1.1).

At each level of designing the manufacturing process, it 
is possible to view its parameters understood as the loca-
tion and occupancy of the working space by the model 
(Table 1). In this section, we have listed the final numeri-
cal parameter of the stacked models, from which it is 
possible to read the following important information in 

terms of material consumption can be obtained and thus 
also the cost parameters of the process Additional file 1: 
(Fig. A.1.1).

The manufacturing process lasted 17 h, and the result 
is shown in Fig. 8a and  b, where Fig. 8a shows the model 
divided into five front and two back parts. Although this 
can be printed in two pieces, we have chosen to use the 
3D printer as indicated above and further process the 
printed portions manually due to the limited volume of 
the printer and the low cost. A rectilinear boundary was 
applied without considering the specific geometric con-
nectors. Figure 8b shows an exemplary image of mapping 
the intricacies of the model geometry.

Processing of 3D prints to reconstruct the figurine
The data collected during the scanning would have been 
completely reasonable and sufficient for documentation 
of the original mold. Printing plastic polyamide elements 
based on scans was the first step in the intended multi-
stage process. Each of the seven printed elements was 
an actual negative image of the surviving original plaster 
mold.

The plastic fragments had to be further processed 
to make the new plaster mold. Some of the prepared 
printed models had equal contact edges, while others 
were printed with excess material. The processing of the 
plastic prints would have been easier if the front and the 
back would be printed only in two fragments. Excess 
material at the edges was removed manually, and each 
piece of the 3D prints was joined together. A strong and 
not very flexible bond glue was chosen to make the joint 
sufficiently solid and durable. The edges of the joined ele-
ments were further strengthened by gluing cotton gauze 
soaked in gypsum crosswise to the line of fractures. After 
applying a thin layer of hydrophobic substance, the poly-
amide mold was suitable for making a cast of the model 
from plaster. The plaster model retained all traces of the 

Fig. 7  a. Assembly of the fragments from the front part of the mold b. 3D models of the two fragments of the mold (front and back)

Table 1  The parameters for the printing of the mold and 
respective values

Printing parameters Values

Occupied height of the model in the working space 190,776 mm

Model volume 174 170,365 mm3

Model area 241 747,373 mm2

Number of triangles 2.434, 040
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use of the original plaster form, captured faithfully by 
means of scans of plastic models. These imperfections are 
an important historical testimony; however, an attempt 
to preserve them in the reconstructed figure would dis-
turb the shape intended by the artist and, consequently, 
the reception of the work. With the museum’s consent, 
the plaster prototype was appropriately corrected. First, 
small losses at the edges were filled in with plaster putty 
applied by tools to smooth the surface and eliminate 
deep pits, the evidence of the degradation of the origi-
nal plaster form. These adjustments were necessary and 
indispensable to the further process of making the recon-
struction from the cast. Since the extent of the repair 
work undertaken could have influenced the final recep-
tion of the work, the process of restoration was charac-
terized by reliability and an approach free from subjective 
creation on the part of the conservator, which meant that 
the corrections in the plaster model were made to a mini-
mum and necessary extent.

The professional molding workshop made a new plas-
ter mold from the plaster model. The new gypsum mold 
consists of four elements connected, as the original is, 
by a system of keys (Fig.  9). The final reconstruction of 
the Venus figurine was performed using the traditional 
ceramic technique of slip casting. However, it should 
be noted that ceramic objects are one of the few where 
full reconstruction could be justifiable. The validity of 
the reconstruction of historical objects made of clay and 
slip results from the original technique, which consisted 
of multiple multiplications of products from one mold. 
Thus, the idea of multiplication lies at the very basis of 
the method of making casts from slip.

Similar to the original, the inlet for the slip was 
designed at the lower part of the mold. The new mold 
repeated the shape of the historical figurine; however, 

due to the repair works at the stage of the plaster 
model, its internal surfaces were free of visible traces 
of damage characteristic of the original. The recon-
structed plaster form was transported to the Ceram-
ics Design Studio at the Faculty of Design, Academy of 
Fine Arts in Warsaw, Poland. In the studio, a trial figu-
rine was made with the use of slip. The clay figurine 
taken out of the mold had a smooth and homogene-
ous surface but also a few seams in places where the 
joints of individual mold elements were located. The 
presence of seams in mold casts is a characteristic fea-
ture and is relatively easy to correct. Before firing, the 
excess material in the seams was removed by gentle 
polishing with felt Additional file 1: (Fig. A.2). The cast 
figurine was fired after it dried completely. The fir-
ing conditions were adapted to the individual require-
ments of the casting slip.

Fig. 8  a. Model element divided into 5 front parts and 2 back parts b. View of the method of mapping the complexities of the model geometry

Fig. 9  New plaster mold (front and back)
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Results and discussion
The original mold, as well as a new plaster mold, was 
donated to the collection of the Museum of Ceramic 
Techniques in Koło, Poland after the project was com-
pleted. As previously agreed, only three versions of the 
Venus figurine were cast during the project. Two figures 
were cast from two types of clay used in slips: faience 
and porcelain, which were fired to bisque. Additionally, 
one figurine was made of faience mass, which was cov-
ered with powder glaze in an ivory color after firing and 
fired again (Fig. 10). In 2021, three copies were displayed 
in a temporary exhibition in the Museum’s gallery. The 
exhibition was devoted to new technologies in ceramics 
conservation. Each version on display was appropriately 
labeled as a copy, along with an explanation of the meth-
ods of its creation. In the future, the museum plans to use 
the copies as educational aids, each time the fact that it is 
a copy will be emphasized by the staff.

The reconstructed figurines and the new plaster mold 
are intended to be educational aids, and they will be 
used as teaching materials by the museum’s education 
department in the future. The 3D models and data col-
lected (raw scans) during the scanning process will be 
given to the museum as an additional form of digital 
documentation of the conservation status of the object. 
The use of the 3D scanning method made it possible to 
use the historical mold without physically interfering 
with its surface. This case study indicates the possibility 
of applying this method to other artworks whose state of 

preservation does not allow any other form of attempt to 
show the original appearance.

The application of 3D scanning in reconstructing the 
original appearance of the Venus figure based on the 
preserved gypsum mold for slip casting yielded posi-
tive results. The results of 3D measurements and 3D 
prints based on these measurements allowed us to reli-
ably reconstruct the appearance of the sculpture from 
the point in production where the original manufac-
turer decided to discontinue using the mold. The per-
formed measurements, 3D prints, and final replication 
of the Venus figurine in the ceramic technique point to 
an interesting issue in correlating scanning accuracy with 
subsequent technological processes related to ceramic 
production.

It is also worth performing a comparative analysis of 
the entire reconstruction and manufacturing process 
with the individual digital and traditional techniques 
approaches. Table  2 identifies the required resources 
(working days) for each approach. In Table  2, we also 
highlight (in green) the stages of our project and the rea-
sons for combining both techniques. It should be noted 
that the time estimation for each individual approaches 
are based on previous experience and consultation with 
conservators-restorers and software engineers. The 
hybrid option was chosen to have better outcome and 
save at least a little time than doing it at individual level.

This study shows that the combination of modern and 
traditional techniques significantly reduced the amount 
of time used at each stage of work. At the stage of repro-
ducing the shape of the original gypsum form, the 3D 
scanning process proved to be much faster than using 
traditional techniques. On the other hand, correcting 
the 3D prints using traditional techniques took com-
paratively less time and produced a better, more realis-
tic result than would have been observed if this process 
were carried out by software. Our estimates show that 
the combination of both techniques saves approximately 
25% of the time. The involvement of 3D technologies also 
allowed a digital documentation of the state of the mold 
and would allow for another copy of the mold to be made 
if needed.

Conclusion and future perspective
The case studies conducted indicate the possibility of 
applying this method for historic plaster molds over a 
wider range of objects. In our experience, the process 
presented in the paper could be improved if 3D models 
were printed in only two parts (front and back). In our 
case, printing five parts for the front part of the mold 
and two parts for the back part considerably prolonged 
the whole process due to the required edge correc-
tions and merging of the individual prints. The process 

Fig. 10  Venus’s figurine, from left faience kilned to bisque, porcelain, 
glazed faience
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presented in this paper could be improved if it was 
possible to print the positive from the 3D scan with all 
missing parts and deformations. However, such a solu-
tion would be even more effective if a different material 
were to be used for printing; for example, instead of a 
hard and insoluble polymer, 3D printing from clay may 
be used.

In a future note, it would be interesting to develop a 
reverse engineering method that compares the physi-
cal reconstructed mold to the initial digital model (after 
assembly). Furthermore, the morphological differences 
between two retro-engineering models: the recon-
structed mold and the original mold used for this work, 
could be quantified.

Abbreviations
LS	� Laser scanning
SfM	� Structure from motion
SL	� Structured light

EMPE	� Estimated maximum permissible error
ICP	� Iterative closest point
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Additional file 1: Figure A.1.1 a. Arrangement of an element in the 
working space b. Limiting the model outline c. Division of the model d. 
Elements fitted into the working space. Figure A.1.2 a. Arrangement 
of elements in the working space - view parallel to the layer plane b. 
Arrangement of elements in the workspace - isometric view c. The overall 
model prepared for division into layers. Figure. A.1.3a shows an example 
image of a single-layer surface with the model outlines extracted. Figure. 
A.1.3b shows the list of errors generated from splitting the model into 
layers. Figure. A.1.3c shows an example layer view prepared for transfer 
directly to the generating device. Figure A.1.3 a. An example layer with 
the model outline extraction b. List of mesh errors resulting from the 
division of the model into layers c. View of an exemplary layer seen by the 
manufacturing system. Figure A.1.4 Numerical parameters of the manu-
facturing process. Figure A.2.1 Correcting and removing seams from the 
surface of a cast figurine using felt

Table 2  Comparison of working days required for the manufacturing process of the mold using digital and traditional techniques 
individually (the green color indicates the stages selected in our approach)

Task Technique Method Time
Reason for using the 
proposed approach

Replication of the
Mold

Physical 
replication

Silicon, plaster

Depends on the 
state of 

preservation of the 
plaster mold (3-4

days).

The preservation state of 
the mold caused us to 
select the digital 
technique at this stage to 
avoid further damage of 
the mold.3D digitization

3D scanning and 
3D modeling

1 day

3D printing 17 hours

Corrections of missing 
surface parts and voids 

of the Figurine

Manual 
corrections

Silicon, plaster 1 day

Corrections at the 
software level depend on 
the input parameters with 
comparatively less control 
over final effect, making 
surface of the figurine too 
smooth. Therefore, in this 
stage, we decided to 
perform the corrections 
using traditional 
techniques to have more 
artistic control over the 
corrections to the surface.

Digital 
corrections

Virtual correction 
of the 3D model of 
the mold 
fragments to 
obtain the shape of 
the figurine from 
the mold

2 days

Manufacturing of the 
Figurine

Traditional 
replication

Silicon, plaster 2 days
3D printing of the figurine 
would not be as real as the 
handmade artifacts, which 
also depends on selection 
of the material for the 
printing. Therefore, we 
decided to adapt the 
traditional technique to 
have a more realistic 
outcome for the human’s 
eye.

Additive 
manufacturing 
from 3D model

3D printing 1 day

https://doi.org/10.1186/s40494-023-00870-2
https://doi.org/10.1186/s40494-023-00870-2
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